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Graphene-based materials have emerged as a new class of matrix for matrix-assisted laser desorption/ionization
time of flight mass spectrometry (MALDI-TOF MS), but the factors governing the performance of graphene are
not fully understood. In this study, we show two independent novel approaches to tune the performance of
graphene as a dual-ion-mode MALDI matrix, i.e., chemical modification of graphene (e.g., oxidation, fluorination, amination, and carboxylation) and incubation of samples with graphene. We found that both approaches
could significantly affect the MS signals, enabling a deep optimization of the performance of graphene in both
positive and negative ion mode MALDI-TOF MS. Results showed that the performance of graphene in MALDI was
dependent on its inherent chemical properties, self-assembly behavior, and interaction with targets. The two
approaches were also validated in surface-enhanced laser desorption/ionization (SELDI). Under the optimized
conditions, high sensitivity and good reproducibility were obtained for targets. To our knowledge, this is also the
first report that aminated and carboxylated graphene were used as MALDI matrices. This work shows novel
approaches to tailor graphene for its applications, and it also helps better understand the mechanism of the LDI
process.

1. Introduction
Since its invention by Karas et al. [1], matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
has been widely used in analysis of large molecules (e.g., polypeptides,
proteins, and polymers) due to its distinguished merit of highthroughput, speediness, simple sample preparation, and high salt-tolerance [2–5]. In MALDI, an organic matrix is essential to facilitate
analytes to desorb and ionize under laser irradiation. Surface-enhanced
laser desorption/ionization (SELDI) is a variant mode of MALDI, which
combines the steps of extraction, enrichment, desorption, and ionization by using a probe [6,7]. However, the application of MALDI- or
SELDI-TOF MS in small molecule analysis is greatly limited by its low
sensitivity, poor reproducibility, and strong matrix interference in lowmass regions [8–12]. Various new materials, such as carbon nanotubes
[13], graphite [14–16], metal-organic frameworks (MOFs) [17], covalent organic frameworks (COFs) [18], fullerene [19,20], and graphene
(G)-based materials [21,22], have been developed as MALDI matrices
or SELDI probes to enable the small molecule analysis by MALDI-TOF
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MS with different degrees of success [8,23,24].
Up to now, however, there still are some limitations in MALDI
technology. First, only limited types of matrix are applicable for MALDI,
especially in the dual-ion-mode, which seriously restricts the application range of this technique. Second, the mechanisms of laser desorption/ionization (LDI) process are still not fully understood, which
leads to the extreme difficulty in predicting the performance of a matrix
in MALDI-TOF MS with regard to specific targets. Third, only few
means are available for optimizing the performance of a MALDI matrix.
Therefore, the performance of MALDI-TOF MS is still underestimated
and should have plenty of room for further improvement.
Graphene (G)-based materials have shown tremendous promise in
different fields owing to their remarkable properties, including unique
two-dimensional nanostructure and excellent optical and electronic
properties [25–27]. Particularly, the strong optical-absorption properties and efficient electron-phonon coupling of G make it an excellent
matrix for MALDI [21,28]. Nevertheless, application of G usually suffers from the aggregation of material, which may greatly compromise
its performance [29–31]. Chemical modification of G has been shown to

Correspondence to: 18 Shuangqing Road, Haidian District, Beijing 100085, China.
E-mail address: qianliu@rcees.ac.cn (Q. Liu).

https://doi.org/10.1016/j.talanta.2019.03.010
Received 14 January 2019; Received in revised form 22 February 2019; Accepted 2 March 2019
Available online 02 March 2019
0039-9140/ © 2019 Elsevier B.V. All rights reserved.

Talanta 199 (2019) 532–540

X. Huang, et al.

Fig. 1. Scheme showing the procedures for LDI-TOF MS analysis by using graphene-based materials as MALDI matrices or SELDI probes.

be an effective way to improve the performance of G in applications by
tuning the polarity and solubility of G and controlling the affinity of G
for target analytes [22,24,32–36]. Typical chemically modified formats,
such as graphene oxide (GO), sulfonated graphene (G-S), fluorinated
graphene (G-F), doped graphene, and different geometry of G, such as
graphene oxide nanoribbon (GONR) and graphene quantum dot (GQD),
have been used as MALDI matrices or SELDI probes in MALDI-TOF MS
analysis [8,22,24,32,35,37–39]. However, there is a lack of comparative studies on diverse forms of G, and mechanisms governing the
performance of G-based matrices are still poorly understood.
In this study, we propose two independent novel approaches to tune
the performance of G matrix in dual-ion-mode MALDI-TOF MS, i.e.,
chemical functionalization of G and incubation of targets with G for
different periods of time (Fig. 1). Five types of chemically functionalized G-based materials, including unmodified G, G-F, aminated graphene (G-NH2), carboxylated graphene (G-COOH), and GO, were selected as matrices. The performance of matrix was evaluated by using
ten typical low-mass chemical contaminants as targets in both positive
and negative ion mode. We found that functional groups of G and the
incubation time of matrix with targets could greatly affect the analytical performance. The two approaches were also tested in SELDI-TOF
MS with G as a probe. To the best of our knowledge, this is also the first
report that G-NH2 and G-COOH were used as MALDI matrices or SELDI
probes.

China). N-Methyl-2-pyrrolidone (NMP, 99.0%) was purchased from
Alfa Aesar (Ward Hill, MA, USA). Ultrapure water produced by a Millipore Milli-Q system (Billerica, MA, USA) was used throughout. All
reagents were of analytical grade unless otherwise noted.
2.2. Characterization of materials
SEM images were captured by a Hitachi SU-8020 scanning electron
microscope (Tokyo, Japan). FT-IR spectra were collected by a JASCO
FT/IR Fourier transform infrared spectrometer (Victoria, B. C., Canada)
after mixing and grinding the sample with KBr followed by pressing
into transparent disks. XPS spectra were obtained by using a Thermo
Scientific Escalab 250Xi X-ray photoelectron spectrometer
(Massachusetts, USA) with Al Kα X-ray radiation as the X-ray source
excitation. UV–visible absorption spectra were obtained on a Shimadzu
UV-3600 UV–vis-NIR spectrophotometer (Kyoto, Japan).
2.3. MALDI-TOF MS
For direct MALDI-TOF MS analysis, MALDI-TOF MS was performed
on a Bruker Daltonics Autoflex III Smartbeam MALDI-TOF mass spectrometer in reflector mode controlled by the FlexControl software. A
355 nm Nd: YAG laser with the frequency of 100 Hz was used. The
spectra were recorded by summing 200 laser shots. The sample solution
and MALDI matrix dispersion was mixed at a ratio of 1:1 (v/v) by aid of
vortex oscillator, and then incubated at room temperature for a period
of time. Finally, 2 μL of the mixture was placed on a stainless steel MTP
target frame III (Bruker Daltonics) followed by air drying for MS analysis. The data process was performed by FlexAnalysis 3.4 software.
For SELDI-TOF MS analysis, the probe was first dispersed in water at
10 mg mL−1 by the aid of ultrasonication. Next, to extract target chemicals, the dispersion of probe (500 μL) was added to a sample solution
(2 mL) and then incubated at room temperature. The mixture was separated by centrifugation at 9000 rpm for 15 min. Finally, the precipitates were collected and deposited on the MALDI target for analysis
(2 μL).

2. Materials and methods
2.1. Chemicals and materials
Pristine G power, GO, G-COOH, and G-NH2 were bought from
XFNANO Co. (Nanjing, China). G-F was prepared by using the previously reported methods [40]. Bisphenol S (BPS), tetradecyldimethylbenzylammonium chloride hydrate (TDBAC), and tetrabromobisphenol A (TBBPA) were from TCI (Tokyo, Japan). 2,2′,4,4′Tetrabromodiphenyl ether (BDE-47) was purchased from AccuStandard
(New Haven, CT, USA). Pentachlorophenol (PCP) and estradiol (E2)
were
from
Dr.
Ehrenstorfer
(Augsburg,
Germany).
Perfluorooctanesulfonate (PFOS), cetyltrimethylammonium bromide
(CTAB), dodecyldimethylbenzylammonium chloride (DDBAC) and tetradecyltrimethylammonium bromide (TTAB) were purchased from
Sigma (St. Louis, MO, USA). Chlorosulfonic acid (HSO3Cl, 99.0%) and
sodium peroxide (Na2O2, 95%) were from SinoPharm (Shanghai,

3. Results and discussion
3.1. Characterization of chemical functionalization of G materials
We selected four different types of chemical functionalization to
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Fig. 2. Typical SEM images of materials. (A, F) G film after incubation for 1 h (A) and 48 h (F), (B, G) G-F film after incubation for 1 h (B) and 48 h (G), (C, H) G-NH2
film after incubation for 1 h (C) and 48 h (H), (D, I) G-COOH film after incubation for 1 h (D) and 48 h (I), and (E, J) GO film after incubation for 1 h (E) and 48 h (J).
(B) and (G) are reprinted from Ref. 37 with permission.

Fig. 3. Characterization of materials. (A) FT-IR spectra of G, G-F, G-NH2, G-COOH and GO; (B) UV–vis absorption spectra of G, G-F, G-NH2, G-COOH and GO; (C) C1s
XPS spectra of G, G-F, G-NH2, G-COOH and GO.

modulate the polarity and charge of G. In this way, we obtained five
types of G-based materials, including unmodified G, GO, positively
charged G-NH2, negatively charged G-COOH, and G-F.
We first characterized these materials by different techniques.
Considering that the effect of incubation time of G with targets was
investigated, the variation in morphology of the materials after incubation at room temperature for different periods of time was characterized. As shown in Fig. 2A-E, all functionalized G materials showed
a two-dimensional lamellar structure on the MALDI target without

obvious aggregation when the incubation time was set to 1 h. Specifically, G formed an inhomogeneous and rugged film (Fig. 2A) and
tended to aggregate when further prolonging the incubation time to
48 h (see Fig. 2A). G-F could form a three-dimensional (3D) honeycomb
structure due to the self-assembly of G-F sheets driven by hydrophobic
interaction and hydrogen bonding [41,42]. Previous studies suggested
that fluorination could transform the sp2-bonding planar crystal structure of G into a sp3-bonding 3D structure. For G-NH2, it also showed a
rugged surface but the morphology did not change greatly with the
534
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Fig. 4. Comparison of performance of different matrices in MALDI-TOF MS detection of typical chemical contaminates (BPS, BDE-47, PCP, E2, PFOS, TBBPA, TDBAC,
DDBAC, CTAB, and TTAB) with an incubation time of 1 h. Matrix: (A) G, (B) G-F, (C) G-NH2, (D) G-COOH, and (E) GO. The left and right column represent the spectra
obtained in negative and positive ion detection mode, respectively. Analyte concentration: BPS, 10 μg mL−1; BDE-47, 5 μg mL−1; PCP, 10 μg mL−1; E2, 50 μg mL−1;
PFOS, 1 μg mL−1; TBBPA, 10 μg mL−1; TDBAC, 5 μg mL−1; DDBAC, 5 μg mL−1; CTAB, 1 μg mL−1; and TTAB, 1 μg mL−1.
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Table 1
The performance of different G materials as matrices in detection of typical chemical contaminant by MALDI-TOF MS.a
Compound

After 1 h incubation

BPS
BDE-47
PCP
E2
PFOS
TBBPA
TTAB
CTAB
DDBAC
TDBAC

G
G
G-NH2
G
G-NH2
G-COOH
G
G
G-NH2
G-NH2

a

>
>
>
>
>
>
>
>
>
>

After 48 h incubation

G-NH2
G-COOH
G
G-NH2
G-COOH
G
G-NH2
G-NH2
G
GO

>
>
>
>
>
>
>
>
>
>

GO
GO
G-COOH
GO
GO
G-NH2
GO
GO
GO
G

>
>
>
>
>
>
>
>
>
>

G-COOH
G-NH2
GO
G-COOH
G
GO
G-COOH
G-COOH
G-COOH
G-COOH

>
>
>
>
>
>
>
>
>
>

G-F
G-F
G-F
G-F
G-F
G-F
G-F
G-F
G-F
G-F

>
>
>
>
>
>
>
>
>
>

G-F
G-NH2
G-F
G-F
G-NH2
G-F
G-NH2
G-NH2
G-NH2
G-NH2

>
>
>
>
>
>
>
>
>
>

GO
GO
G-COOH
G
GO
GO
G
G
GO
GO

>
>
>
>
>
>
>
>
>
>

G-COOH
G
G
GO
G-COOH
G-COOH
GO
GO
G
G

>
>
>
>
>
>
>
>
>
>

G
G-COOH
GO
G-COOH
G
G
G-COOH
G-COOH
G-COOH
G-COOH

The “ > ” means that the feature peak intensities of analyte obtained on the left matrix was higher than that on the right one.

Table S2.
We first performed the experiments at an incubation time of 1 h.
From Fig. 4 and Table 1, it can be seen that all five types of G-based
materials could be successfully used as MALDI matrices, including GNH2 and G-COOH that have not been reported as MALDI matrices before. Meanwhile, different G-based materials produced different MS
patterns, indicating that functional groups greatly influenced the LDI
process. Taking into account dual ion mode together, G and G-NH2
showed the best performance because all analytes were detected with
high intensities (see Figs. 4A and 4E). The performance obtained with
G-F matrix was poorer than other materials at 1 h of incubation in the
absence of any 3D honeycomb structure (Fig. 2B). In addition, some
compounds are worth special attention (Table 1). For example, the MS
signals of PFOS differed from other compounds in negative ion mode,
probably because PFOS is an ionic compound that is very easy to ionize
and desorb from the target. As a result, the functionalization of G
showed no obvious effect on the LDI efficiency of PFOS. The quaternary
ammonium salts in positive ion mode showed the highest peak intensities on G-NH2 matrix but much lower intensities on negatively
charged matrices (e.g., G-COOH and GO), suggesting that too strong
electrostatic interaction might be not favorable for the analyte desorption on the target.
To further demonstrate the role of functional groups of G in LDI MS,
we also tested these materials as SELDI probes in detection of the targets. Compared with MALDI, SELDI includes extraction and enrichment
procedures prior to the LDI process, and the probe serves as both extractor and MALDI matrix. As listed in Table 2, similar to that in
MALDI, the functional groups also greatly affected the performance of G
as a probe in SELDI. However, the rule obtained in SELDI was different
from that in MALDI due to the presence of extraction and enrichment
procedures. In SELDI, G-F and unmodified G probe with less polarity
and water-solubility showed excellent performance, probably because
they could efficiently extract and enrich analytes via extra strong hydrophobic interaction with targets. G-F could also form strong hydrogen
bonding with specific compounds. However, for G-NH2, although it
showed the best performance in MALDI, its performance as a SELDI
probe was poor. GO was not suitable to be used as a SELDI probe,
probably because its excellent water solubility reduced the adsorption
of analytes and also make it difficult to fully retrieve from aqueous
solution.
In summary, for analytes detectable in positive ion mode such as
halogenated surfactants, unmodified or aminated G are suitable to be
used as MALDI matrices. Furthermore, owing to the difference in mechanism and procedures of MALDI and SELDI, a material may show
totally distinct performance in MALDI- and SELDI-TOF MS. Thus, the
MALDI and SELDI method need separate optimization even with the
same material as a matrix or probe.

Table 2
The performance of different G materials as probes in detection of typical
chemical contaminant by SELDI-TOF MS.a
Negative ion mode
BPS
G-F >
BDE-47 G
>
PCP
G-F >
E2
G-F >
PFOS
G-F >
TBBPA
G-F >
Positive ion mode
TTAB
G-F >
CTAB
G-F >
DDBAC G-F >
TDBAC G-F >
a

G-NH2
G-F
G-NH2
G-NH2
G-F
G-NH2
G-F
G-F
G-F
G-F

G
G-NH2
G
G
G
G-COOH

>
>
>
>
>
>

G-NH2
G-COOH
G-NH2
G-COOH
GO
G-NH2

>
>
>
>
>
>

G-COOH
G-F
G-COOH
G-NH2
G-NH2
G

>
>
>
>
>
>

GO
GO
GO
GO
G-COOH
GO

G
GG
G

>
>
>
>

G-COOH
G-COOH
G-COOH
G-COOH

>
>
>
>

G-NH2
G-NH2
G-NH2
G-NH2

>
>
>
>

GO
GO
GO
GO

The meaning of “ > ” is the same as that in Table 1.

incubation time increasing. The surface morphology of G-COOH was
similar with that of GO because of their similar chemical structure
(Figs. 2D and 2E). The unmodified G had a higher specific surface area
(582.4 m2 g−1) than other materials (see Table S1).
Fig. 3C shows the C1s XPS spectra of five functional G materials. All
materials yielded the peak of C-C bond at 284.5 eV. The peaks at 285.4,
287.8, and 288.9 eV corresponded to C-O, C˭O, and O-C˭O bonds, respectively. The highest ratio of C-C and C-O bond was obtained with G.
For G-COOH, the peak ratio of C-C and C-O bond was less than 1, indicating the higher degree of oxidation and carboxylation than other Gbased materials. Furthermore, different functional G materials showed
their feature peaks of functionalities, e.g., G-NH2 yielded the peak of CN bonds at 285.8 eV, and G-F showed the peaks of F-C-F and CF3 bonds
at 290.8 and 292.7 eV. The ratio of C to F atoms in G-F was 6.8:1 given
by EDX measurement (Supporting information Fig. S1). The FT-IR
spectra also confirmed different functionalities in modified G, e.g., the
peaks at 1218, 1352, 1671, 1734, 3232, and 3415 cm−1 were assigned
to C-F stretch, F-C-F stretch, N-H bending vibration, C˭O stretching
vibration, symmetric N-H stretching vibration, and O-H stretching vibration (Fig. 3A). Considering that a MALDI matrix should be able to
adsorb the laser energy, we also investigated the UV–visible absorption
properties of the materials. Fig. 3B shows that all materials had a strong
optical absorption at 355 nm that well matched the wavelength used in
MALDI.
3.2. Effect of chemical modification on the performance of G in LDI-TOF
MS
We selected a variety of typical chemical contaminants as target
analytes (< 1000 Da), including brominated flame retardants (TBBPA
and BDE-47), a synthetic fluorosurfactant (PFOS), an endocrine disrupter estradiol (E2), an organochlorine pesticide (PCP), an industrial
adhesive (BPS), linear surfactants (CTAB and TTAB), and aromatic
surfactants (TDBAC and DDBAC). Their chemical structures are listed in

3.3. Effect of sample incubation on the performance of G in LDI-TOF MS
Considering that the incubation time may greatly affect the
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Fig. 5. Comparison of performance of different matrices ((A) G, (B) G-F, (C) G-NH2, (D) G-COOH, and (E) GO) in MALDI-TOF MS detection of typical chemical
contaminates (BPS, BDE-47, PCP, E2, PFOS, TBBPA, TDBAC, DDBAC, CTAB, and TTAB) with an incubation time of 48 h. The left and right column represent the
spectra obtained in negative and positive ion detection mode, respectively. Analyte concentrations were the same as those stated in Fig. 4.
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Fig. 6. Effect of incubation time on the MALDI-TOF MS signals of TBBPA by using (A) G, (B) G-COOH, (C) G-F and (D) G-NH2 as matrices. Analyte concentrations
were the same as those stated in Fig. 4.

Fig. 7. Effect of incubation time on the MALDI-TOF MS signals of PFOS by using (A) G and (B) G-NH2 as matrices. Analyte concentrations were the same as those
stated in Fig. 4.

interaction between targets and matrix, we investigated the effect of
incubation time of sample with matrix on the performance of G. Prior to
MALDI-TOF MS measurement, the sample was incubated with matrix
for 0–175.5 h. The results are shown in Fig. 5 and Table 1. Generally,
we found that the MS signals of all targets changed significantly with
prolonging the incubation time, demonstrating that the incubation time
is an important factor affecting the LDI process. Interestingly, different
matrices showed different variations with prolonging the incubation
time. For example, unmodified G and GO showed a more significant
decline than other matrices probably due to the aggregation of G materials; while G-F showed better performance after incubation (Figs. 4B
and 5B). This could be well explained by the structural variation of the
G-F film (i.e., formation of a 3D honeycomb structure via self-assembly
driven by strong hydrophobic interaction and hydrogen bonding; see
Fig. 2) [37]. The formation of this structure could enhance the MALDI
performance by increasing the surface area for the laser energy

absorption and transfer and suppressing the aggregation of G. PCP and
PFOS showed better MS response after a long time incubation probably
because G-F has a special affinity for polyhalogenated compounds via
the formation of F…F and Cl…F bonds. The MS signals obtained with GNH2 and G-COOH as matrices changed less than other functional G after
incubation, suggesting that the amination and carboxylation could
improve the temporal stability of the system. The typical mass spectra
using G-based materials as matrices obtained at different periods of
incubation time (up to 175.5 h) are shown in Fig. S2–S6.
To more clearly elucidate the effect of incubation time, we plot the
MS intensity versus incubation time of two targets (non-polar TBBPA
and ionic compound PFOS). The MS signal of TBBPA obtained at different periods of incubation time with G, G-COOH, G-NH2, and G-F
matrix are shown in Fig. 6. It can be seen that different trends were
obtained with different matrices. Using G as a matrix, the MS signals
showed a sharp decline trend with the incubation time increasing due
538
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sample RSDs were improved from 36.7% to 67.5% and 38.5–75.3% to
17.3–26.5% and 20.6–32.3%. The limit of detections (LODs) of targets
by using different materials as matrices were listed in Table S5. With a
short incubation time, the lowest LODs were obtained on unmodified G
matrix in the range from 10 to 5.0 × 105 pg mL−1, suggesting that the
sensitivity of G was higher than other modified G. But after incubation,
the LODs obtained with G matrix were sharply declined to 1.0 × 1025.0 × 106 pg mL−1. Under the optimal conditions, LODs obtained with
G-F matrix were in the range of 1–5.0 × 106 pg mL−1, which were
better than those previously reported [37]. Overall, combining these
two optimization means enabled a deeper optimization of the performance of G in LDI-TOF MS.
4. Conclusions
In summary, chemical functionalization and sample incubation
provide two independent novel approaches to tune the performance of
G as matrix or probe in dual-ion-mode LDI-TOF MS analysis, which
enable a deeper optimization of the performance of G. Five G-based
materials, including first reported G-NH2 and G-COOH, were systematically compared when being used as MALDI matrices and SELDI
probes in small molecule analysis. We also found that the sample incubation time is a general factor that greatly affected the G performance. The performance of G was found to be highly dependent on its
inherent chemical properties, self-assembly properties, and interaction
with targets. This work not only greatly improves the flexibility and
versatility of G as a matrix or probe in LDI MS, but also help better
understand the mechanism of LDI process.

Fig. 8. The heat map of normalized MS signals (n = 6) in MALDI-TOF MS with
different incubation times on different matrices. Analyte concentrations were
the same as those stated in Fig. 4.

to the aggregation of G sheets; in contrast, the MS signals obtained on
G-F matrix increased significantly due to the self-assembly of G-F
sheets. G-COOH showed a slightly decline trend and G-NH2 first increased and then declined; however, the change trends on both GCOOH and G-NH2 were not significant as that on G and G-F. Fig. 7
shows the temporal variations of MS signals of PFOS on G and G-NH2
matrix (no clear trends were observed with other matrices). Like
TBBPA, the MS signals of PFOS on G matrix also had an obvious decline
trend. However, the PFOS signals on G-NH2 matrix was rather stable
with the incubation time increasing. The reason might be that the interaction between PFOS and G-NH2 could rapidly reach equilibrium via
strong electrostatic attraction, so further prolonging the incubation
time would not affect the LDI process.
From the discussion above, we can learn that the factors affecting
the LDI process are rather complex. The performance of G in LDI-TOF
MS is highly dependent on its inherent chemical properties, self-assembly properties, and interaction with targets. Furthermore, the variations of MS signals with the incubation time increasing (Figs. 6 and 7)
reveal that MALDI-TOF MS may be useful for studying the structural
variation of materials and the interaction of materials with specific
compounds, which will be explored in our future studies.
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