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Abstract Carbon nanomaterials have attracted great interest
over past decades owing to their unique physical properties,
versatile functionalization chemistry, and biological compati-
bility. In this article, we review recent progress in application
of carbon nanomaterials in laser desorption/ionization mass
spectrometry (LDI MS). Various types of carbon
nanomaterials, including fullerenes, carbon nanotubes,
graphene, carbon nanodots, nanodiamond, nanofibers,
nanohorns, and their derivative forms, are involved. The ap-
plications of these materials as new matrices or probes in
matrix-assisted or surface-enhanced laser desorption/
ionization mass spectrometry (MALDI or SELDI MS) are
discussed. Finally, we summarize current challenges and give
our perspectives on the future of applications of carbon
nanomaterials in LDI MS.
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Introduction

Since its invention in the 1980s [1, 2], matrix-assisted laser
desorption/ionization mass spectrometry (MALDI MS) has
gained a wide range of applications in analysis of various
types of compounds, such as polymers, proteins, peptides,
and nucleic acids, etc. MALDI MS is a soft ionization tech-
nique, which uses a matrix for laser energy absorption and
analyte desorption/ionization. The LDI can also be assisted
by the surface of substrate materials, namely, surface-
assisted laser desorption/ionization (SALDI) [3]. Currently,
the most widely used matrices are weak organic acids, such
as α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid
(SA), and 2,5-dihydroxybenzoic acid (DHB). The important
advantages of MALDI MS include high throughput, high
speed, wide mass range (up to 900 kDa), low sample con-
sumption, and modest tolerance of buffer and salt contamina-
tion. However, it also suffers from some drawbacks. For ex-
ample, the application of MALDI MS in analysis of small
molecules (Mw<500 Da) is usually limited by serious matrix
interference in low-mass regions. Its sensitivity also needs
further improvement to satisfy the demand of trace analysis.
In order to extend the application range and improve the sen-
sitivity ofMALDIMS, many efforts have beenmade by using
new materials as matrices, such as graphite materials [4, 5],
porous silicon [6], organic materials [7], and metallic nano-
particles [8, 9], etc.

Carbon nanomaterials consist of a large family of carbon-
based materials, including fullerenes, carbon nanotubes
(CNTs), graphene, carbon nanodots, nanodiamond, nanofi-
bers, nanohorns, etc. These materials have attracted intensive
interest in MALDI MS owing mainly to their strong optical
absorption at laser wavelengths as well as other exceptional
properties, which can efficiently assist the LDI process. They
can also form homogeneous co-crystallization with analytes to
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afford little or no fragmentation. Thus, carbon nanomaterial-
based MALDI matrices are usually also applicable for analy-
sis of small molecules. In particular, carbon nanomaterials
have shown great promise in surface-enhanced laser
desorption/ionization mass spectrometry (SELDI MS).
SELDI is a variant mode of MALDI [10]. It uses a probe for
the purification, extraction, amplification, desorption, and ion-
ization of the analytes. Carbon nanomaterials have been dem-
onstrated to be an excellent class of sorbent materials for ex-
traction and enrichment of a wide variety of analytes [11–13].
Thus, the capabilities of assisting both extraction and LDI
processes make carbon nanomaterials particularly suitable as
probes for SELDI MS.

The applications of carbon nanomaterials in LDI MS are
now increasing rapidly, and these materials are expected to
play more and more important roles in MS technology. There-
fore, it is very necessary to publish a review article to summa-
rize recent progress and guide future studies in this area. Some
related reviews have been published on the application of
nanomaterials in MS [11, 12, 14–17]. For example, Lei et al.
[18] presented a broad overview on the application of
nanomaterials in MS techniques. Guo et al. [19] reviewed
the use of nanomaterials in LDI MS for biological applica-
tions. Li et al. [20] summarized recent progress in the appli-
cation of nanomaterials in sample preparation for MS analysis
of proteins. Liu et al. [21] discussed the application of
nanomaterials in analysis of emerging chemical pollutants.
Here we present a specific review of recent progress in the
application of carbon nanomaterials in LDIMS.We select and
discuss some representative applications rather than listing
exhaustively all the related publications.

Applications of carbon nanomaterials in LDI MS

Carbon nanomaterials consist of a group of members with di-
verse morphologies and varied physical and chemical proper-
ties. Up to now, almost all members of carbon nanomaterials
have been applied in LDIMSwith different degrees of success.
Table 1 lists selected applications mentioned in this review.

Fullerenes

Fullerenes are hollow spheres formed from sp2-hybridized
carbon atoms. They have an extremely conjugated and
electron-deficient alkene system. Fullerenes have been used
as matrices in MALDI MS mainly owing to their strong opti-
cal absorption in the UV–near-infrared region.

Bare fullerenes The Willett group reported the first example
of use of fullerene as a MALDI matrix in 1994 [22, 23].
Proteins such as cytochrome c (12 kDa) and bovine albumin
(66 kDa) could been successfully analyzed with the method,

but it suffered from low sensitivity and narrow detectable
mass range as a result of poor dispersion of polar analytes in
the nonpolar fullerene.

Fullerene derivatives The surface polarity and water
dispersibility of fullerenes can be significantly increased by
derivatization with polar functional groups. For instance,
Shiea et al. [24] synthesized a water-soluble fullerene deriva-
tive, hexa(sulfonbutyl)fullerene (C60[(CH2)4SO3

−]6), and
used it to selectively precipitate positively charged com-
pounds and as a matrix in MALDI MS detection. Vallant et
al. [25] reported the use of [60]fullerene derivatives
(dioctadecyl methano[60]fullerene, [60]fullerenoacetic acid,
and iminodiacetic acid-[60]fullerene) as material-enhanced la-
ser desorption/ionization (MELDI) carrier materials for the
selective enrichment of low-mass peptides and proteins and
their analysis withMALDI–time-of-flight (TOF)MS.MELDI
is considered as a refinement of SELDI, which includes par-
ticle morphology beyond surface chemistry of support mate-
rials to affect the MS peak patterns, thereby multiplying the
amount of data for screening of biological samples. By using
fullerene derivatives as MELDI supports, they provided an
approach for biomarker identification of bound analytes in
the low-mass range (m/z 1000–4000).

Fullerene–silica composites More frequently, fullerenes
were used after binding to a support material, e.g., silica.
Vallant et al. [26] synthesized C60-fullerene-bound silica for
solid-phase extraction (SPE) of biomolecules. Böddi et al.
[27] reported the use of fullerene, octadecyl, and triaconthyl
silica for SPE of tryptic peptides obtained from unmodified
and in vitro glycated human serum albumin and fibrinogen.
They found that fullerene–silica with a pore size of 30 nm
showed better recoveries at low peptide concentrations than
C18- and C30-modified silicas. Szabo et al. [28] also devel-
oped fullerene–silica materials as matrices for the analysis of
biologically important small molecules. The fullerene mole-
cules were immobilized at the surface of different pore sized
silica gels. They found that both the pore size and surface area
affected the LDI process: the large pores can make the
analytes desorb easily; the high surface area can facilitate the
transfer of laser energy from the fullerenes to the analytes.
These derivative fullerenes were useful for the measurement
of small molecules at the low picomole level while eliminat-
ing the matrix background interference.

Chen et al. [29] reported the use of C60 fullerene-
functionalized magnetic silica (C60-f-MS) microspheres for
the enrichment of trace levels of peptides in tryptic protein
digest and human urine using MALDI–TOF MS. The C60-
f-MS microspheres were prepared by coating magnetite parti-
cles with silica microspheres via a sol-gel approach (Fig. 1a).
3-(Trimethoxysilyl)propyl methacrylate (MPS) was used to
link C60 to the surface of the magnetic silica microspheres.



Table 1 Applications of carbon nanomaterials in LDI MS

Carbon nanomaterial Analyte Sample matrix LOD References

Fullerenes C60 Insulin, cytochrome c (Cyt C), and
bovine serum albumin (BSA)

Water 0.2 fmol (for insulin),
8 fmol (for Cyt C),
2 fmol (for BSA)

[23]

Hexa(sulfonbutyl)fullerene Positively charged surfactants, amino
acids, peptides, and proteins

Commercial conditioner
solution, trypsin-digested
protein solution, and
biological fluids

– [24]

Dioctadecyl
methano[60]fullerene,
[60]fullerenoacetic acid,
and IDA-[60]fullerene

Proteins and peptides Human serum – [25]

C60-aminosilica Peptides, phosphopeptides, flavonoids,
and proteins

Phosphate buffer solution
(PBS)

– [26]

C60-aminopropylsilica Phosphopeptides Water and low-fat milk – [27]

Fullerene–silica Polymers, amino acids, and proteins Deionized water – [28]

C60-functionalized magnetic
silica microsphere
(C60-f-MS microspheres)

Peptides/proteins Water and human urine 0.2 ng μL−1 (for Cyt C) [29]

C60-fullerene Uranium Doubly distilled water ~50 fmol [30]

Mixture of fullerenes
(C60/C70)

Organometallic compounds Water – [31]

Carbon nanotubes (CNTs) Peptides, organic compounds,
β- cyclodextrin, and Nα-benzoyl-L-
arginine ethylester hydrochloride
(BAEE)

Water ∼50 amol (for BAEE) [33]

Multiwalled carbon nanotubes
(MWCNTs)

Eicosanoic acid (C20:0), docosanoic acid
(C22:0), tetracosanoic acid (C24:0)
and hexacosanoic acid (C26:0)

Plasma 0.5–1 μg mL−1 [34]

Oxidized carbon nanotubes
(oxidized CNTs)

Neutral oligosaccharides, peptides,
and insulin

Water 10 fmol mL−1 (for xylose)
300 fmol (for insulin)

[47]

Oxidized CNTs Organotin, organoarsenic,
organophosphate, organomecury,
alkyl phenol and bisphenol A (BPA),
polycyclic aromatic hydrocarbons
(PAHs), anilines, atrazine derivatives,
naphthol derivatives, chlormequat
chloride, diquat, paraquat, humic acid,
and decabromodiphenyl oxide
(BDE209)

Chinese traditional medicines,
seawater, wastewater,
and tap water

0.5 pg (for paraquat) [48]

Polystyrene/oxidized carbon
nanotubes (PS/OCNTs)
film

Benzo[a]pyrene (BaP) and
1-hydroxypyrene (1-OHP)

Water and urine <0.1 ng mL−1 (for BaP);
<0.5 ng mL−1 (for 1-OHP)

[58]

Magnetite/oxidized carbon
nanotube composite
Fe3O4@SiO2/OCNT

BaP Water 2 μg L−1 [59]

Graphene Amino acids, polyamines, anticancer
drugs, nucleosides, and steroids

Water 0.2 μM (for squalene) [63]

Graphene nanoflakes Lipids PBS – [64]

Few layer graphene (FLG) Polyethylene glycol (PEG, 1000 Da)
and poly(methyl methacrylate)
(PMMA, 650 Da)

Water – [65]

Graphene Cyt C and ssDNA PBS 1 pM (for Cyt C);
100 fM (for ssDNA)

[66]

Nanosized graphene oxide
(NGO)

Cellobiose, Leu-enkephaline, glutamine,
glutathione, lysine, mannitol,
phenylalanine, serine,
benzoyldibenzo-p-dioxin (BDPD),
BaP, and perfluorobutyric acid (PBA)

Water BDPD: 15 fg
BaP: 150 fg
PBA: 15 pg

[83]

Acid-oxidized graphene
(AOG)

Organochlorine pesticide (PCP),
endocrine disrupter (E2), brominated

Water PCP: 60 fg
E2: 0.25 ng
BDE-47: 0.5 ng

[84]
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Then, C60-f-MS microspheres were obtained by using 2,2-
azobisisobutyronitrile (AIBN) as an initiator to trigger the po-
lymerizationwith C60. Figure 1b shows the procedures for the
enrichment of peptides by C60-f-MS microspheres and sub-
sequent MALDI–TOF MS detection. With the aid of an ex-
ternal magnetic field, the captured peptides can be separated
from the complex samples and enriched for the subsequent
MS detection. The process of enrichment was rapid
(~5 min), convenient, and efficient.

In addition, fullerene matrices have also been used for de-
tection of trace uranium [30] and organometallic compounds
by MALDI MS [31].

Carbon nanotubes

Since being discovered by Iijima [32] in 1991, CNTs have
gained tremendous applications in various fields owing to
the unique dimension, large surface area, hollow and
nanosized layered structures, high mechanical strength,
and remarkable electrical, physical, and chemical proper-
ties. CNTs have also been demonstrated to be useful ma-
trices for MALDI MS analysis in which CNTs serve as
both laser radiation receptor and energy transporter for
desorption/ionization of analytes with little or no matrix
ion interference.

Table 1 (continued)

Carbon nanomaterial Analyte Sample matrix LOD References

flame retardants (BDE-47),
and perfluorochemical (PFOS)

PFOS: 10 fg

AOG PFOS, brominated flame retardants
(BDE-47 and TBBPA), E2, PCP,
industrial additive (BPS), linear
surfactants (CTAB and TTAB),
aromatic surfactants (HDBAC,
TDBAC, and DDBAC),
and inorganic AsIII

Human serum, urine,
and river water

PFOS: 10 pg mL−1

TBBPA: 1 × 104 pg mL−1

E2: 50 pg mL−1

BDE-47: 0.5 pg mL−1

BPS: 100 pg mL−1

PCP:0.1 pg mL−1

AsIII:1 × 104 pg mL−1

CTAB, TTAB: 10 pg mL−1

HDBAC, DDBAC,
TDBAC: 50 pg mL−1

[85]

Antibody-functionalized
graphene oxide
nanoribbons
(GONR-PEG-Ab)

Chloramphenicol River water and human
serum

10 pg mL−1 [86]

1-Pyrenebutyryl chloride
functionalized graphene
oxide (PCGO)

Glycans Ammonium bicarbonate
buffer

<10 ng [96]

Graphene-encapsulated
magnetic microspheres
(Fe3O4@SiO2@G)

Cyt C, myoglobin (Myo),
β-lactoglobulin (β-Lac)

Water and human saliva 3.8–68 fmol [112]

Polydopamine-coated
graphene and
functionalized with
titanium ions
(Ti4+-G@PD)

Phosphopeptides Human serum and standard
peptide mixtures

1 fmol [120]

Nanodiamond Proteins Ammonium bicarbonate
buffer

<125 pM
(for Arg-vasopressin);
<2 pM (for Myo)

[121]

Diamond nanopowder Phosphopeptides Human serum, egg yolk,
and non-fat milk

<100 fmol [122]

Derivatized graphitic
nanofibers (GNF)

Peptides and proteins Human serum 50 fmol μL−1 (for insulin) [123]

Carbon nanodots Glucose and uric acid Human serum and urine 0.2 fmol
(for octadecanoicacid);

10 fmol (for glucose)

[124]

Carbon dots Anti-inflammatory drug
mefenamic acid

Serum 0.51 ng in positive mode and
0.46 ng in negative mode

[125]

Functional single-walled
carbon nanohorns
(SWNHs)

Peptides, amino acids, fatty acids,
and adenosine triphosphate (ATP)

Urine 1.0 μM (for ATP) [126]

– not reported
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Bare CNTs Xu et al. [33] reported the use of CNTs as matrix
inMALDIMS for analysis of small biomolecules. The sample
solutions were dropped onto the CNTs on the target plate, and
CNTs acted as a matrix to trap the analyte molecules. CNTs
could greatly simplify sample preparation procedures, reduce
background interference, and improve sensitivity. The method
was applied to analysis of peptides, organic compounds, and
β-cyclodextrin. However, the poor solubility of pristine CNTs
in water or organic solvent made them difficult to deposit onto
the sample target and to form a homogeneous layer with
analytes, which led to relatively poor reproducibility and
low resolution of analytes. Moreover, CNTs might not have
been tightly trapped on the sample target and therefore might
easily have escaped from the target under vacuum to cause
contamination of the ion source.

To improve the sensitivity, Hsu et al. [34] described a
screening assay of very long chain fatty acids (VLCFAs) in
human plasma with multiwalled CNTs (MWCNTs) as a
SELDI MS probe. In this study, MWCNTs acted as both ad-
sorbent for enrichment of VLCFA derivatives and as matrix
for MALDI MS analysis. This approach showed advantages
such as pre-purification and concentration of samples without
eluting and evaporation and low background peak interfer-
ence in low-mass range.

CNTs with different dimensions and immobilization
methods have also been used as matrices for analysis of other
types of compounds, such as carbohydrates and amino acids
[35–40].

Oxidized CNTs To improve the dispersibility of CNTs in
solution and on the MALDI target, CNTs can be chemically
oxidized to introduce polar groups at the surface [41–46]. Ren

et al. [47] developed oxidized CNTs as a MALDI matrix.
After oxidization, hydroxyl and carboxyl groups were intro-
duced onto the CNTs. Thus, oxidized CNTs generated better
dispersion of analytes and reproducibility than pristine CNTs
in MALDI MS analysis. In addition, the ionization efficiency
of analytes was improved because the hydroxyl and carboxyl
groups at the CNTs surface provided basic sites to which a
proton can attach. Meanwhile, the obtained spectra showed
low matrix background over a wide mass range.

Hu et al. [48] also introduced oxidized CNTs as a matrix for
analysis of low-mass compounds in environmental samples.
To evaluate the validity of this method, they detected a num-
ber of environmentally meaningful chemicals, including
organotin, organoarsenic, organophosphate, organomecury,
alkyl phenols, polycyclic aromatic hydrocarbons (PAHs), an-
iline and its derivatives, atrazine derivatives, naphthol deriva-
tives, humic acid, etc. They achieved simultaneous measure-
ment of multiple polar low-mass compounds in environmental
samples with high sensitivity. Compared with pristine CNTs,
carboxylic groups at the surface of oxidized CNTs not only
provide additional proton sources but also increase the surface
polarity and solubility of the CNTs. The homogeneous distri-
bution and adsorption on the MALDI plate can also avoid the
electric discharge and contamination of the ion source, en-
hance the efficiency of LDI, and improve the reproducibility
of peak intensities.

Functional CNTs and CNT-based composite materials
CNTs can be modified with functional groups or integrated
with other materials to achieve better selectivity, sensitivity, or
to simplify the analytical procedures. These functional groups
or materials include organic ligands [49, 50], graphene [51],

Fig. 1 a Synthesis of C60-
functionalized magnetic silica
microspheres. b Schematic of a
fast and convenient enrichment
protocol for MALDI–TOF MS
analysis
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nanoparticles [52, 53], dendrimers [54], SA [55], magnetic
materials [53, 56], and polyelectrolytes [57].

He et al. [58] reported polystyrene/oxidized CNTs (PS/
OCNTs) film as both adsorbent in thin-film microextraction
(TFME) and MALDI matrix to quantitatively determine
benzo[a]pyrene (BaP) in environmental water and 1-
hydroxypyrene (1-OHP) in urine samples by MALDI MS.
BaP and 1-OHP could be detected at a concentration of
50 pg/mL and 500 pg/mL, respectively. After extraction, the
PS/OCNTs film was directly fixed on a MALDI plate for
analysis without any extra desorption process, which could
avoid possible loss of analyte. The procedures are shown in
Fig. 2.

Li et al. [59] investigatedmagnetite/oxidized CNTcompos-
ite (Fe3O4@SiO2/OCNT) as a magnetic SPE sorbent and a
matrix for the MALDI MS detection of BaP. They compared
five types of carbon-based materials, graphene, graphene ox-
ide (GO), CNT, oxidized CNT (OCNT), and C60. They found
that OCNT showed the highest desorption/ionization efficien-
cy and S/N ratio among the studied materials owing to the
abundant π-conjugated networks and the residual oxygenated
functional groups of OCNT. Because of the strong π–π inter-
action between OCNTand BaP, Fe3O4@SiO2/OCNTcan also
act as a good SPE sorbent for selective enrichment of BaP
from both organic solvent and aqueous solution.

Graphene

Graphene is a two-dimensional, single-layered, and sp2-hy-
bridized carbon sheet with a hexagonal packed structure. Its
applications are exponentially increasing in various fields
since its preparation by Novoselov and Geim in 2004 [60].
Owing to the unique structure, graphene shows many excep-
tional physical and chemical properties, such as ultrahigh

surface area, high thermal conductivity, excellent optical
transparency, etc. Similar to CNTs, graphene has also emerged
as an excellent matrix or adsorbent for LDI MS owing to its
strong optical absorption and energy transfer capability. No-
tably, although it appeared later, graphene has gained more
applications than fullerene and CNTs in LDI MS, probably
because of its easy preparation from graphite by chemical
methods and facile functionalization via graphene oxide
(GO) [61, 62].

Pure grapheneDong et al. [63] utilized graphene as a matrix
in MALDI–TOFMS for the analysis of small molecular com-
pounds, such as amino acids, polyamines, steroids, anticancer
drugs, and nucleosides. Hua et al. [64] demonstrated
graphene nanoflakes as a matrix for the analysis of cancer
cell and cancer stem cell lipids. In this study, graphene
nanoflakes produced a noise-free and good quality mass spec-
trum for the lipid extracts obtained from normal breast, can-
cer, and cancer stem cells. Cho et al. [65] employed few-
layered graphene (FLG) as a matrix for the analysis of low
molecular weight polymers, polar polyethylene glycol (PEG)
of 1000 Da, and nonpolar polymethylmethacrylate (PMMA)
of 650 Da. High quality MS spectra with low background
interference were obtained without any extra sampling
procedures.

Compared with conventional organic matrices, graphene as
a new matrix shows several advantages:

1. Simple sample preparation procedures
2. Elimination of the fragmentation of analytes
3. High efficiency in analyte desorption/ionization
4. Good reproducibility of peak intensities for analytes
5. High salt tolerance, etc.

Fig. 2 Schematic of the TFME
technique coupled with MALDI–
TOF MS analysis using
electrospun PS/OCNTs film
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Graphene has also emerged as a superior SELDI probe
because it can act as both a highly efficient adsorbent and
effective MALDI matrix for the target analytes. Tang et al.
[66] reported graphene as an ultrahigh efficiency SELDI
probe for single-stranded DNA and proteins. The binding
forces of graphene with biomolecules such as hydrophobic
and π–π interactions improved the efficiency of extraction
and sensitivity of detection. The limit of detection (LOD)
was 100 fM for DNA and 1 pM for protein.

In addition, pure graphene as a matrix has also been suc-
cessfully applied to the LDI MS analysis of polymers [67],
drugs [68], biomolecules [69, 70], organic pollutants [71–73],
fatty acids [69, 74], active ingredients in herbs [75–77], metals
and metal–organic complexes [78, 79], and glycan [80].

GO Pristine graphenemay suffer from aggregation, which can
significantly impair the LDI efficiency. Like oxidized CNTs,
chemical oxidation can improve the water dispersibility and
prevent the aggregation of the material. Notably, GO is easier
to obtain than oxidized CNTs because it is actually an inter-
mediate in the synthesis of graphene from graphite by chem-
ical methods. Therefore, a number of papers have reported the
application of GO as a matrix or a probe forMALDI or SELDI
MS [66, 73–75, 81–83]. Whether graphene or GO shows bet-
ter performance in LDI MS seems to be associated with the
nature of the target analytes [66, 73–75]. Kim and Min [83]
showed that the lateral size of GO played an important role in
affecting its performance in MALDI MS. Small GO sheets
were more stable to resist fragmentation under laser irradiation
than large GO sheets.

Liu et al. [84, 85] reported the synthesis and application of
nitric acid-oxidized graphene (AOG) as aMALDImatrix. The
AOG had excellent water dispersibility to prevent the aggre-
gation in solution or on the MALDI target; meanwhile, they
found that the oxidation sites were mainly located at the edges
of the AOG sheets, thereby maintaining the intactness of the
π-electron conjugation structure of AOG to obtain high per-
formance in LDI processes. AOG yielded significantly higher
MS signals than graphene, GO, and CHCA in detection of
nonpolar compounds.

Liu et al. [86] also demonstrated the use of graphene oxide
nanoribbons (GONRs), elongated strips of graphene with high
length-to-width ratio and straight edges, as a SELDI probe for
simultaneous detection of multiple small molecules and pro-
filing of small molecules in complex environmental samples
(Fig. 3b). GONRswere prepared by chemical oxidation which
resulted in longitudinal unzipping of CNTs (Fig. 3a). GONRs
showed good water dispersibility and strong optical absorp-
tion properties for SELDI application. Compared with pristine
CNT, graphene, GO, and CHCA, GONRs gave the highest
MS signals in detection of environmental pollutants. In addi-
tion, the GONRs prepared from wide CNTs performed better
than those from narrow CNTs.

Functionalized graphene The aims of functionalization of
graphene mainly include:

1. To enhance the LDI efficiency (e.g., N-doping [87] and
modification with SA [88])

2. To improve the selectivity of the SELDI probe [89–91]
3. To endow graphene with multiple functions (e.g., enzyme

[92–95])

Zhang et al. [96] developed a highly efficient and visual
method for glycan enrichment by using 1-pyrenebutyryl chlo-
ride functionalized GO (PCGO) and identification by direct
MALDI–TOF MS analysis. Glycan was captured by revers-
ible covalent bond formation between the hydroxyl groups of
glycan and acyl chloride groups in GO introduced by π−π
stacking of 1-pyrenebutyryl chloride on the GO surface. The
large specific surface area of free PCGO and heavy
functionalization of highly active 1-pyrenebutyryl chloride
improved the efficiency of enrichment.

Liu et al. [90] developed antibody-functionalized GONR
(GONR-PEG-Ab) as a SELDI probe for selective enrichment
and MS detection of small molecules in complex media. As
the antibody can recognize and specifically bind with the an-
tigen, GONRs modified with antibody can greatly improve
the specificity of the probe. The probes combined the speci-
ficity of an antibody and the exceptional properties of
GONRs, thus providing a high-throughput analysis and rapid
screening of small molecules in complex media without any
complicated sample preparation.

Graphene-based composite materials Graphene is often
used combined with other materials to achieve better LDI
efficiency or easy operations. These strategies include:

1. Hybridization with other nanomaterials to obtain better
selectivity for specific analytes (e.g., with TiO2 for
phosphopeptides [97–100]; poly(methyl methacrylate)
for peptides [101])

2. Formation of composite materials or multilayered films to
further enhance the LDI efficiency on the basis of syner-
gistic effects (e.g., with MWCNTs [102–104], metal
nanoparticles [105–108], and silica [109–111])

3. Modification with magnetic nanoparticles to make the
materials responsible for the external magnetic field
[91, 99, 103, 112–119]

Liu et al. [112] demonstrated graphene-encapsulated mag-
netic microspheres (Fe3O4@SiO2@G) in enrichment and
desalting of proteins and peptides for their subsequent
MALDI–TOF MS analysis. Owing to the high adsorption ca-
pacity of graphene for biomolecules, Fe3O4@SiO2@G showed
excellent performance in enhancement of MALDI–TOF MS
signals of proteins and peptides in highly saline solutions.

Application of carbon nanomaterials in LDI MS 2867



Yan et al. [120] reported an IMAC (immobilized metal ion
affinity chromatography) material with polydopamine coated
on the surface of graphene and functionalized with titanium
ions (Ti4+-G@PD) as an immobilized metal ion affinity chro-
matography platform for phosphoproteome followed by
MALDI–TOF MS. In this approach, the application of the
Ti4+-G@PD material enhanced hydrophilicity and biological
compatibility. Compared to Ti4+-Fe3O4@polydopamine mi-
crospheres (Ti4+-Fe3O4@PD), the Ti4+-G@PD material ex-
hibited better specificity, sensitivity, and recovery. The re-
placement of Fe3O4 by graphene improved the phosphopep-
tide enrichment performance.

Other forms of carbon nanomaterials

Nanodiamond Nanodiamond (normal size 3–10 nm) is
another member of the carbon family that shows many
interesting properties like optical absorption, chemical
stability, biocompatibility, and low biotoxicity. Wei et al.
[121] reported the use of nanodiamond as inorganic sub-
strates for the MALDI target and developed an effective
and useful approach for quantification and identification
of proteins. Owing to the high absorbability of laser en-
ergy, nanodiamond could enhance the sensitivity by three
to four times compared to conventional MALDI sample
preparation methods. Moreover, nanodiamond showed
good tolerance for salt (up to 500 mM NaCl). Besides,
good reproducibility (RSD<11.8 %) among sample spots
was achieved with nanodiamond as a matrix.

Nanodiamond is also an excellent platform for protein ad-
sorption and immobilization. Hussain et al. [122] employed
functionalized diamond nanopowder as IMAC and reversed
phase to enrich phosphopeptides from standard casein (α, β,
k) as well as real samples like non-fat milk, egg yolk, and
serum for MALDI–TOF MS analysis. Diamond nanopowder
was applied as a separation medium with multifunctional use
to cancer protein profiling for diagnosis and biomarker
identification.

Carbon nanofibers Carbon nanofibers (CNFs) are fibers
with diameters of 100–200 nm, lengths of 5–20 μm, and typ-
ically carbonaceous structures comprising stacked graphite
layers. CNFs have been used as gas adsorbents and catalyst
supports owing to their large specific surface, high chemical
stability, and unique mechanical properties.

Greiderer et al. [123] reported CNF derivatives as carrier
materials for protein profiling in MELDI for the enrichment
and screening of biofluids. Owing to their high surface area,
CNFs allowed effective enrichment of analytes without prior
albumin and immunoglobulin depletion. High protein-binding
capacity (2000 μg/mL for insulin) and high sensitivities (LOD
was 50 fmol/μL for insulin) were obtained.

Carbon nanodots Carbon nanodots (C-dots) are a newly
emerged member of the carbon nanomaterial family. They
have well-defined, nearly isotropic shapes together with their
ultrafine dimensions, tunable surface functionalities, and
biocompatibility.

Chen et al. [124] reported the application of C-dots as a
matrix for the analysis of low-mass molecules by MALDI–
TOF MS in both positive and negative ion modes and quan-
tification of glucose and uric acid in real samples. A wide
range of small molecules including amino acids, peptides,
fatty acids, β-agonists, and neutral oligosaccharides were an-
alyzed using C-dots as matrix. In comparison with different
carbonmaterials including graphene, CNT, C60, and graphite,
C-dots produced the highest sensitivity. The LOD for
octadecanoic acid was 0.2 fmol.

Gedda et al. [125] reported citric acid-derived C-dots as
a matrix for the detection of the anti-inflammatory drug
mefenamic acid (MFA) by SELDI–TOF MS. Compared
with DHB, C-dots generated less background signals and
fragmentation of MFA. The LOD of MFA in serum was
0.51 and 0.46 ng in positive and negative ion mode, re-
spectively. The success of C-dots as matrix was ascribed to
the following reasons:

Fig. 3 Scheme showing a
procedures for the synthesis of
GONRs and b detection of small
molecules by SELDI–TOF MS
using GONRs as a probe. In a the
blue spots indicate the oxidation
sites in GONRs
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1. Low background interference in low-mass range.
2. Applicable in both positive and negative ion modes, thus

providing more molecular information.
3. The abundant carboxylic acid groups on the surface of C-

dots could facilitate the co-crystallization with analytes.
4. The small size (∼3 nm) of C-dots could reduce the cover-

age and make the analytes easy to desorb. In addition, the
simple preparation, high stability, low toxicity, and low
cost are also favorable for its applications.

Carbon nanohorns Carbon nanohorns (CNHs) are graphitic
cone-shaped horns with closed ends. Similar to other graphitic
nanomaterials (e.g., CNTs and graphene), CNHs have large
surface area and high energy transfer efficiency. Furthermore,
the special shape endows CNHs with plentiful inner
nanospaces and extensive sites for functionalization after
chemical oxidation. Ma et al. [126] demonstrated the use of
CNHs as a matrix for SALDI MS analysis of small biological
molecules with high sensitivity and low background interfer-
ence. They also showed the modification of CNHs with
aptamer to obtain a selective assay for adenosine triphosphate
(ATP) in biological samples with an LOD of 1.0 μM.

Conclusions and perspectives

In summary, we have reviewed recent applications of carbon
nanomaterials in LDI MS analysis. Carbon nanomaterials can
play multiple roles in LDI MS. First, they can used as new
matrices in MALDI MS to offer high LDI efficiency and high
sensitivity. Second, carbon nanomaterials as matrices can re-
duce MS background noise over a wide mass range. This
feature expands the application target of MALDI MS from
large molecules to small molecules. Third, carbon
nanomaterials are also a class of highly efficient adsorbents
for analyte extraction and enrichment. Combination of the
adsorption properties of carbon nanomaterials with their high
performance in LDI can generate new SELDI techniques and
increase the analytical sensitivity. Modification of carbon
nanomaterials with functional groups can further improve
the selectivity of detection. Conclusively, the application of
carbon nanomaterials in LDI MS has opened a new vista for
MS technology.

At the same time, it is important to recognize that many
challenges still remain in the application of carbon
nanomaterials in LDI MS. Most of the newly developed
methods have only been evaluated in the laboratory and their
application potentials in complex real samples require further
verification. In our opinion, the future studies in this area
should pay more attention to the following points:

1. Technical improvements in the purification and refine-
ment of the carbon nanomaterials are required to offer
more reliable analytical results and better reproducibility
(especially inter-laboratory and long-term reproducibili-
ty). This actually is a universal problem for the application
of nanomaterials in analytical science. New methods are
also needed to recycle the materials after use.

2. Studies on the application of MALDI MS in quantitative
analysis need to be strengthened. Since carbon
nanomaterials can formmore homogeneous matrices than
conventional materials to provide more sensitive and pre-
cise measurement, we are looking forward to seeing more
quantitative applications of MALDI MS using carbon
nanomaterials as matrices or probes.

3. Safer techniques are demanded to immobilize
nanomaterials on the MALDI target to prevent possible
contamination of the ion source under vacuum without
sacrifice in analytical performance.

4. More studies on the mechanism of carbon nanomaterial-
enhancing LDI process are desired to establish general
guidelines for the selection of carbon nanomaterials or
modification strategies with regards to different target
analytes.

5. Stronger capability to direct analysis of complex real sam-
ples without complicated sample pretreatment procedures
is highly valued for newly developed MS methods. Only
in this way will the new methods really become practical
tools in the framework of modern analytical science.
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