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ABSTRACT: Gas-phase N-doped graphene (gNG) was
synthesized by a modiﬁed thermal annealing method using
gaseous melamine as nitrogen source and then for the ﬁrst time
applied as a matrix in negative ion matrix-assisted laser
desorption/ionization time-of-ﬂight mass spectrometry
(MALDI-TOF MS) for small molecule analysis. Unlike the
complicated adducts produced in positive ion mode, MS
spectra obtained on gNG matrix in negative ion mode was only
featured by deprotonated molecule ion peaks without matrix
interference. By the gNG assisted desorption/ionization (D/I)
process, some applications were carried out on a wide range of
low-molecular weight (MW) analytes including amino acids,
fatty acids, peptides, anabolic androgenic steroids as well as
anticancer drugs, with an extraordinary laser desorption/ionization (LDI) eﬃciency over traditional α-cyano-4-hydroxycinnamic
acid (CHCA) and other carbon-based materials in the negative ion detection mode. By comparison of a series of graphene-based
matrixes, two main factors of matrix gNG were unveiled to play a decisive role in assisting negative ion D/I process: a wellordered π-conjugated system for laser absorption and energy transfer; pyridinic-doped nitrogen species functioning as
deprotonation sites for proton capture on negative ionization. The good salt tolerance and high sensitivity allowed further
therapeutic monitoring of anticancer drug nilotinib in the spiked human serum, a real case of biology. Signal response was
deﬁnitely obtained between 1 mM and 1 μM, meeting the demand of assessing drug level in the patient serum. This work creates
a new application branch for nitrogen-doped graphene and provides an alternative solution for small molecule analysis.
morphology (porous silicon,9 metal nanoparticles, metal
oxides,10−12 and carbon-based materials13−18) have been
experimented to be eﬀective MALDI matrixes. Among the
numerous candidates, carbon-based species like fullerene,13
graphite,14,15 carbon nanotubes (CNTs),16 and graphene17,18
triggers great attention and displays the advantageous eﬃcacy
in laser desorption/ionization (LDI) because of their
remarkable charge mobility and universal optical absorption
property, which feed the demand of an ideal MALDI matrix.
Moreover, to further improve the MALDI eﬃciency and
sensitivity, great endeavors were also devoted to combination,19
acidiﬁcation,20 and oxidation21,22 of carbon-based materials. At
another level, to minimize the probable contamination to ion
source derived from these conductive carbon materials, material
immobilization,23 ﬁlm construction,19,24 and hydrophilic
modiﬁcation25 were adopted to decrease the tendency to ﬂy
oﬀ into the instrument when laser pulse was applied.

Matrix-assisted laser desorption/ionization time-of-ﬂight mass
spectrometry (MALDI-TOF MS), since its ﬁrst introduction by
Karas et al.,1 has become an eﬀective instrumental tool for
analysis of nonvolatile large molecules, such as proteins,
peptides, carbohydrates, oligonucleotides, oligosaccharides,
and synthetic polymers.2−4 Its superior advantages including
easy sample preparation, soft ionization, low fragmentation,
high sensitivity, good salt tolerance, as well as fast and highthroughput data acquisition all make MALDI-TOF MS an
increasingly popular technique for sample detection and
identiﬁcation.5−7 Despite its outstanding performance in
analyzing high-molecular weight (MW) compounds, the
application of MALDI is still limited for small molecule
characterizations (<500 Da), since MS analysis based on
conventional organic matrixes suﬀers from strong background
interferences from intrinsic matrix-related ions in the low-mass
region, resulting in suppressed analyte signals and indistinguishable MS spectra.8
To overcome this drawback, researchers in analytical science
have turned to the world of nanomaterials for alternative
assisting matrixes special for small molecule analysis. Up to
now, various kinds of materials with diﬀerent composition and
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mg of melamine, respectively, into separated two crucibles,
which were both subjected to the same tubular furnace. After
purged with high purity nitrogen gas for 30 min to remove the
oxygen, the tube was heated to 800 °C at a heating rate of 5
°C/min in a slow and stable ﬂow of nitrogen gas. The
temperature was maintained for 30 min after heated to 800 °C
and then the furnace was cooled down to room temperature
slowly. Solid-phase N-doped graphene (named as sNG) was
prepared according the original approach. GtO and melamine
were previously mixed in one crucible and grinded into uniform
gray powder before being placed into the tubular furnace. The
doses of GtO and melamine as well as other reaction
parameters were kept constant as gNG. Thermal annealingreduced graphene (named as tG) was prepared by heating GtO
under the same experimental condition but in the absence of
melamine. Hydrazine-reduced graphene (named as hG) was
synthesized in accordance to the previously developed
approach.43 Hydrazine hydrate (100 μL, 3.21 mmol) was
added to 20 mL of graphene oxide (GO) solution (∼0.5 mg/
mL) and the mixture was heated in an oil bath at 95 °C for 16
h. The stock solution of GO was generated by sonicating GtO
in water for 1 h, followed by centrifugation to remove
unexfoliated GtO.
Sample Preparation for MALDI-TOF MS Analysis. The
CHCA matrix was prepared as a solution in acetonitrile/water
(2:1, v/v) containing 0.1% TFA at a concentration of 5 mg/
mL. Carbon-based matrixes were dispersed in methanol/water
(1:1, v/v) and sonicated for 5 min to form homogeneous
suspension solutions (1 mg/mL). Each sample was spotted
using a dried-droplet preparation technique. 0.5 μL of CHCA
or 1 μL of carbon-based matrix was ﬁrst pipetted on the
stainless steel target probe, and left in the air at room
temperature for about 15 min to form a thin matrix layer.
Afterward, 1 μL of analyte solution (0.5 μL for fatty acids) was
dropped onto the matrix layer and similarly kept in the air
under room temperature for another 15 min until dry. Before
loading target plate into mass spectrometer, 120 psi nitrogen
was blown toward each spot to remove the loosely attached
matrix materials.
MALDI-TOF MS Analysis. MALDI-TOF MS experiments
were performed on a 4800 Plus MALDI-TOF/TOF Mass
Spectrometer (AB SCIEX) equipped with a pulsed Nd:YAG
laser operated at 355 nm in positive and negative reﬂection
mode. A ground-steel sample target with 384 spots was utilized.
MS spectra were collected by the average of 16 subspectra
acquired from spot with sum of 25 laser shots per subspectrum.

However, because of the universality of positive-ion MS in
majority of chemicals, most development of carbon-based
matrixes was accordingly based on the MS detection platform
of positive ion mode, while paid less attention to the
application and in-depth mechanism study on negative ion
mode. The application potential of graphene materials in
negative ion mode was ﬁrst demonstrated by the successful
story in analyzing low-MW compounds of bioanalytical
interests.26 In principle, the negative ion spectrum was proved
to be much clearer and easier to interpret with only one
deprotonated ion peak present.24,25 Furthermore, better
sensitivity can be obtained in negative mode than in positive
mode for analytes such as peptides, amino acids, lipids, glycans,
fatty acids, as well as nucleosides and nucleotides.26−,30 Given
the advantages of negative ion mode for small molecule
analysis, discovering negative ion mode-compatible matrixes
and improving the LDI eﬃciency by matrix modiﬁcation and
optimization are of crucial signiﬁcance for sensitive MALDITOF MS readout of low-MW compounds.
Doping nitrogen atoms into carbon-based materials is an
eﬀective way to tailor the electronic properties of materials,
which exerts considerable eﬀects on the applications of
graphene-based devices.31,32 The lone electron pairs of nitrogen
atoms could form a delocalized conjugated system with the sp2hybridized carbon frameworks, resulting in great improvement
of their reactivity and electrocatalytic performance.33,34 So far,
N-doped carbon materials, such as N-doped graphite (NGt),
N-doped graphene (NG), and N-doped CNT (NCNT), have
been successfully applied in supercapacitors,35 lithium-ion
batteries,36 advanced catalyst support,37 or as active electrocatalysts of oxygen-reduction reactions (ORR) in fuel
cells.38−40 Despite the merits they displayed in the aforementioned aspects, the attempt to extend the application of Ndoped carbon materials into MALDI-TOF MS as a modiﬁed
carbon-based matrix by making use of their unique electron
distribution and energy transfer property is still absent.
In this work, we prepared N-doped graphene using gaseous
melamine as nitrogen source and ﬁrst introduced it into
negative ion MALDI-TOF MS system as the matrix for analysis
of small molecules. Inheriting from graphene materials, Ndoped graphene was born with continuous π-conjugated
network, which paved a freeway for highly eﬃcient laser
absorption and energy transfer. More importantly, its unique
electronic structure of doped nitrogen atoms facilitated the
deprotonation of analytes during negative ion D/I process,
endowing N-doped graphene more advantageous properties as
a matrix for negative ion LDI. Screened from various graphene
and N-doped graphene species prepared by diﬀerent methods,
the gas-phase N-doped graphene (gNG) was used as the
optimal matrix with easy interpreted MS peaks, enhanced signal
intensity and free matrix background. Finally, its universal
applicability, good salt tolerance and high sensitivity were
demonstrated by employing gNG as matrix for negative ion
MALDI-TOF MS analysis of amino acids, fatty acids, peptides,
anabolic androgenic steroids, and even anticancer drugs in the
spiked human serum.

■

RESULTS AND DISCUSSION
Characterization of Materials. In this work, we modiﬁed
the previously documented synthesis strategy of N-doped
graphene by employing the gaseous melamine as the nitrogen
doping source. Prepared from GtO, gas-phase N-doped
graphene (gNG) turned out to be successfully exfoliated and
displayed as an irregular stack of multilayer crumpled
nanosheets (Supporting Information Figure S1a). The TEM
image (Supporting Information Figure S1b) shows that the
ultrathin gNG nanosheets were characterized as micron-scale
two-dimensional nanostructures, assuring unrestricted charge
and energy transfer all through this layer, the key prerequisite
for the D/I process in MALDI. For the purpose of comparison,
thermal annealing-reduced graphene (tG) was prepared in the
similar strategy with the morphology similar to that of gNG,
characterized by the wrinkled nanostructure and composed of

■

EXPERIMENTAL SECTION
Synthesis of Carbon-Based Materials. Graphite oxide
(GtO) was prepared from natural graphite (Gt) powder by a
modiﬁed Hummer’s method.41 gNG was obtained by a
modiﬁed method slightly diﬀerent from the previous
literature.42 We placed the precursors 50 mg of GtO and 500
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Figure 1. MALDI-TOF MS spectra of an amino acid mixture analyzed by using diﬀerent matrixes in positive and negative ion modes. For positive
ion mode detection, CHCA (a), tG (b), and gNG (c) were applied as matrix, respectively. For negative ion mode detection, CHCA (d), tG (e), and
gNG (f) were applied as matrix in the same manner. Laser intensities of 4000 and 3500 were applied for all samples in positive and negative mode,
respectively.

in positive ion mode, the [M + H]+ ions of all ﬁve amino acid
and [M + Na]+ ion of His at m/z 177.98 were only detectable
at fairly low intensity, and the proton and alkali adducts of
CHCA molecule and its fragments (marked with asterisk)
dominated the spectrum (Figure 1a), seriously suppressing
analyte signals. On the other hand, by using graphene-based
material tG, multiple amino acid-related positive ions were all
clearly detected with strong intensities (Figure 1b). In the case
of matrix gNG (Figure 1c), a similar spectrum was obtained
with the same MS peak locations but relatively lower intensities
compared with that produced by tG. In addition to [M + H]+
ions derived from Orn (132.83) and His (155.96), the sodium
adduct [M + Na]+ and potassium adduct [M + K]+ ions of all
AA were reﬂected in the spectra, corresponding to Pro (137.98,
153.95), Orn (154.93, 170.98), His (177.99, 193.96), Tyr
(203.99, 219.96), and Trp (227.00, 242.98). What complicate
the spectrum even more seriously are the double sodium
adduct [M + 2Na − H]+, double potassium adduct [M + 2K −
H]+, sodium and potassium adduct [M + Na + K − H]+ ions
for Pro (159.97, 175.95, 191.91), His (199.97, 215.94, 231.92),
Tyr (225.98, 241.95, 257.93), and Trp (249.00, 264.97,
280.95), thus rendering the positive ion spectrum especially
diﬃcult to interpret.
On the contrary to the complicated signals in positive ion
mode, negative ionization is an ideal solution to avoid the
adduct ions and clarify the spectrum. By ionization in CHCA,
there were only matrix-related ions ([M − H]− at m/z 188.01
and [M − CO2−H]− at m/z 144.02) but no analyte signal
detected in the negative ion mode (Figure 1d), which implied
the infeasibility of conventional CHCA in assisting negative
ionization. In the case of graphene-based matrix tG and gNG
(Figure 1e and f), much clearer background were obtained than
the spectra in positive ion mode. Unlike positive ion mode that
produced multiple ions, only characteristic [M − H]− ions of
Pro, Orn, His, Tyr, and Trp at m/z 114.03, 131.05, 154.03,
180.03, and 203.05 predominated the negative ion spectra. In
this sense, negative ion mode could be considered as the better

massive few-layered nanosheets with micron scale (Supporting
Information Figure S1c and d). However, behind the consistent
appearance, atmosphere of nitrogen source is expected to result
in variation of inner components, which is testiﬁed by X-ray
photoelectron spectrometry (XPS) (Supporting Information
Figure S2) as well as elemental analysis (Supporting
Information Table S1). As illustrated in the overall spectrum
(Supporting Information Figure S2a), the oxygen content of
GtO was greatly decreased after thermal annealing treatment, as
evidence of deoxygenation during this process. This deduction
could be further conﬁrmed by the deconvolution of C 1s peak
(Supporting Information Figure S2c), which shows the
markedly weakened peaks centered at 286.6 and 288.2 eV
(assigned to C−O and CO groups, respectively), in
comparison with the one of GtO (Supporting Information
Figure S2b). On the other hand, addition of melamine gave rise
to the N 1s peak in the spectrum of gNG, indicating the
incorporation of nitrogen element into the material, and the
doping content was measured to be 6.17% (atom %). The C 1s
spectrum of gNG (Supporting Information Figure S2d) can be
ﬁt to two peaks at 285.8 and 287.5 eV, respectively,
corresponding to sp2 and sp3 carbon atoms bonding with
nitrogen atoms, verifying the existence of doped nitrogen. From
the featured N 1s peak and nitrogen-linked carbon species
interpreted by peak ﬁtting, we can reach the conclusion that
gaseous melamine was also able to implement the nitrogen
doping into graphene nanosheets.
MALDI-TOF MS Analysis of Amino Acids. In the
preliminary application test, we took an amino acid mixture
as model small molecules to evaluate the performance of gNG
as a matrix for MALDI-TOF MS analysis. Displayed in Figure 1
were the MALDI-TOF MS spectra of an amino acid mixture
consisting of proline (Pro, MW = 115.13), ornithine (Orn, MW
= 132.16), histidine (His, MW = 155.15), tyrosine (Tyr, MW =
181.19), and tryptophan (Trp, MW = 204.23) analyzed with
graphene-based matrixes as well as CHCA in both positive and
negative ion mode. When traditional matrix CHCA was applied
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Figure 2. (a) MALDI-TOF MS spectra of the amino acid mixture solution by using diﬀerent graphene-based matrixes in negative ion mode. The
same laser intensity of 3500 was applied for all. Inset is ampliﬁed spectra of amino acid mixture with sNG, tG, and hG as matrixes. (b) Raman spectra
of graphene-based matrixes. (c and d) High-resolution XPS spectra of N 1s in gNG and sNG, respectively.

spectrum of GO, proving that GO provided no assistance to the
D/I process.
On the basis of the MALDI-TOF MS spectra generated on
diﬀerent graphene-based matrixes, we attempted to elucidate
the principle how the variation of graphene structure and
composition inﬂuenced its eﬃcacy in inducing ionization. First,
π-conjugated network of graphene is reported as a crucial
structure to assist D/I process,17,44 as laser absorption and
energy transfer are highly dependent on this continuous πconjugated system. To characterize the inner structure of the
graphene-based materials, Raman spectrometry was carried out
to obtain their overall structural information. As illustrated in
Figure 2b, the peak intensity ratio of D band (1350 cm−1, the
symmetry A1g mode) to G band (1585 cm−1, the E2g mode of
sp2 carbon atoms) could sensitively reﬂect the structural
disorder degree of graphene.45,46 As the classical architecture of
stacked π-conjugation, precursor Gt had an extremely small D/
G ratio of 0.07. When oxidized into GO, the inner sp2 plane
defects grew signiﬁcantly because of the introduction of oxygen
atoms. Once reduced by hydrazine hydrate, the product hG had
an even higher D/G ratio of 1.36, which could be explained by
the structural disorder within the material or the intensively
reduced size of the in-plane sp2 conjugate domains.43,46
Moreover, the extremely violent reaction with high-activity
reductant hydrazine seriously damaged the regularity of sp2
conjugate structures, and induced hG nanosheets to curl up
into small pieces rather than the large intact tG nanosheets
(Supporting Information Figure S3), resulting in the lower
electron and energy transfer along the graphene layer. On the

option to measure the target molecules in the low mass region
when graphene-based materials are applied. To give insight into
the negative ion MS spectra produced from diﬀerent graphenebased matrixes, we can see that the peak intensity generated in
gNG was signiﬁcantly stronger than that in tG under the same
laser energy, demonstrating that nitrogen doping into graphene
is beneﬁcial to the D/I process and highly contributive to the
improvement of LDI eﬃciency in negative ion mode.
Investigation of Improved LDI Eﬃciency. Having seen
the inﬂuence on D/I process exerted by nitrogen doping, we
next turned our eﬀort direction to uncover the deep laws
underneath the phenomenon. To include as many factors as
possible in our consideration, we prepared a series of graphenebased materials with various morphologies and compositions
for evaluating their properties in assisting detection of small
molecules by MALDI-TOF MS. In addition to gNG and tG,
another type of N-doped graphene was synthesized by thermal
annealing solid-phase mixture of GtO and melamine (named as
sNG). For comparison with thermal annealing reduction
method, contrast graphene was reduced from GO by hydrazine
hydrate (named as hG). As shown in the negative ion MS
spectra of amino acids (Figure 2a), gNG was still the optimal
matrix among them, with the highest sensitivity for amino acid
detection. By contrast, the ionization eﬃciency was sharply
reduced by more than four-ﬁfths in the case of sNG. Using hG
was proved to further weaken the signals from amino acid
negative ions, down to only 20% of the peak intensity derived
from tG. Lastly, there was no signal beyond the baseline in the
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Therefore, graphitic nitrogen would impede the acceptance of
protons and production of negatively charged ions, ultimately
going against the negative ion D/I process.
As listed by Supporting Information Table S2, doping in the
melamine gas introduced more pyridinic nitrogen but less
graphitic nitrogen than solid-phase doping, which greatly raised
the production of negative ions during the D/I process. For
comparison with undoped tG, pyridinic doping nitrogen species
in gNG provided numerous deprotonation sites for sample
ionization in the negative ion mode, thus compensating for the
relative weakness in energy absorption and transfer. On the
other hand, doped nitrogen species had no capability for giving
protons or cations, so no contribution it could make to positive
ionization of analytes. To further verify the signal improvement
was indeed ascribed to N-doping, commercial carbon nanotubes (CNTs) and N-doped carbon nanotubes (NCNTs) were
tested as the matrixes for MALDI-TOF MS analysis of the
amino acid mixture (Supporting Information Figure S4).
NCNTs appeared to be a far more eﬃcient matrix than
CNTs in the negative ion mode, providing another evidence
that it is N-doping that enhanced the analyte signal in negative
ionization. Overall, in addition to the low-defect π-conjugated
structure obtained in gaseous melamine, higher proportion of
pyridinic nitrogen and lower content of graphitic nitrogen was
another key factor enabling gNG to outperform sNG and tG
for ionization in the negative ion MS detection mode.
Evaluation of Salt Tolerance and Signal Reproducibility. Testiﬁed to be the winner among the graphene-based
competitors, gNG was selected for our next performance
evaluations and applications. Targeted analysis of certain
chemical from the real sample is always suﬀering coexistence
of high-concentration salt, which may seriously lower ionization
eﬃciency and suppress the analyte signal. To evaluate the salt
tolerance of our optimized matrix gNG in negative ion mode,
NaCl solution with concentration ranging from 10−1000 mM
was used as the solvent of amino acids to simulate the real
sample environment (Supporting Information Figure S5).
Upon addition of 10 mM NaCl, the peak intensity of ﬁve
analytes witnessed a decline by approximate 50% of the initial
intensity. But with further concentrated salt solution, the signals
turned out to be relatively stable, and the amino acids (0.5
mM) could be unambiguously detected with the signal-to-noise
(S/N) ratio of higher than 787.69 even at the salt concentration
of 1000 mM, showing that matrix gNG can well endure the salt
interference on detection of amino acids.
Carbon-based matrixes, especially the pioneer carbon
nanotubes (CNTs), had the risk of causing instrument
contamination and time-limited signals, due to the possibility
that the loosely attached matrix itself may ﬂy oﬀ upon exposure
to laser pulse.23,24 From this view, the matrix homogeneousness
and signal reproducibility should be taken into account for
developing a robust MALDI matrix. The CNTs and gNG
matrix spots deposited on a steel plate similar to the MALDI
target plate were subjected to morphology characterization.
From the comparison in Supporting Information Figure S6, we
can see the stark diﬀerence of matrix distribution between
CNTs and gNG. Other than the aggregates of CNTs, gNG was
able to spread more uniformly on the plate surface after the
solvent evaporation, even though not so homogeneous to form
a ﬁlm. SEM images provided the more detailed information on
the two matrixes. As shown in Supporting Information Figure
S7, CNTs with an out diameter of around 40 nm were loosely
interweaved with each other. By contrast, thanks to the instinct

other hand, thermal annealing approach could give rise to the
product tG with fewer defects (D/G ratio of 1.02) because of
the self-repairing process of the two-dimensional ordered
region within GO along with the deoxygenation.42,45 The
restored sp2 skeleton oﬀered a large-domain platform for fast
charge transfer, thus enabling high-eﬃciency ionization in
MALDI-TOF MS analysis. With regard to N-doped graphene
species, using gaseous melamine (gNG) instead of powder
(sNG) as the nitrogen doping source would create lower-defect
NG, agreeing well with the result that the stronger MS peak
intensity was generated for gNG compared with sNG.
However, an exception against above principle that gNG with
lower D/G ratio produced much stronger signal than tG urged
us to seek more determinative factors contributing to the D/I
process.
Unlike oxygen element introduction disabling the D/I
process, N-doping featured by replacing the original carbon
atoms in the π-conjugation, was measured to promote the
negative ion signals. To clarify the details of structural variation
brought by N-doping, X-ray photoelectron spectroscopy (XPS)
was utilized to characterize the chemical environment of N
element in gNG and sNG. In the components of N 1s peak
(Figure 2c and d), the four peaks ﬁtted at 398.0, 399.7, 401.3,
and 402.8 eV were, respectively, corresponded to pyridinic,
pyrrolic, graphitic, and oxidized nitrogen (percentages are
shown in Supporting Information Table S2).32,47,48 As the
major component of nitrogen dopants, pyridinic nitrogen
atoms possessed one pair of sp2 electrons out of the aromatic
ring conjugation (Figure 3a), which acted as a Lewis base49 and

Figure 3. Schematic distribution of N atoms in the N-doped graphene
network and the electron conﬁguration of pyridinic (a), pyrrolic (b),
and graphitic (c) nitrogen species.

tended to capture protons from the analytes upon their
desorption. Consequently, in the negative ion mode, pyridinic
nitrogen in NG was supposed to accelerate the negativecharged process and yield abundant negative ions. The next
nitrogen species located in a pentagon ring was referred to as
pyrrolic nitrogen (Figure 3b), featured delocalization of the
lone pair of p-orbital electrons in the π-conjugation.50 Since
potential protonation results in loss of aromaticity, it exhibited
extremely weak basic, thus unfavorable to attract protons under
negative ionization. Graphitic nitrogen species connected to
neighbor carbon atoms with three sp2 electrons and delocalized
p-electrons to the π-conjugated system (Figure 3c), so these
defects were positively charged and acted as a Lewis acid.
9126
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Figure 4. MALDI-TOF MS spectra of standard fatty acids (a) and peptides (b) by using diﬀerent matrixes under negative ion mode. Each fatty acid
concentration was set as 0.5 mM. The concentrations of Ala-Gln, Leu-Leu, Glu-Val-Phe, and Gly-Pro-Arg-Pro were, respectively, adjusted to 0.5, 0.5,
1, and 2 mM. The same laser intensity of 4000 was applied for all.

intersheet π−π stacking and two-dimensional nanostructure,
gNG nanosheets stacked with adjacent ones, thus reducing the
possibility of individually ﬂying oﬀ at the nanoscale. In the
experiments, the concentration of matrix gNG was ﬁxed at 1
mg/mL to avoid thick layer while guaranteeing uniform
distribution. Furthermore, high-pressure nitrogen (120 psi)
was blown toward the dry spots of matrix to ﬂush oﬀ the
loosely attached materials and ensure the remaining matrix was
attached tightly enough. We employed a model molecule
histidine (His) to investigate the MS signal reproducibility,
which was highly related to the homogeneousness and
durability of matrix layer. For the same sample spot detection,
the intensity of 15 acquisitions was stabilized at around 8000
(Supporting Information Figure S8a). Meanwhile, the signal
from diﬀerent spots also exhibited good reproducibility with
low standard deviation (Supporting Information Figure S8b).
Unlike the previously reported time-limited signal by using
CNTs, no obvious intensity decline was found during repeated
acquisition, reﬂecting that there was basically no matrix ﬂying
oﬀ from the target plate into instrument.
MALDI-TOF MS Analysis of Fatty Acids. Acting as an
important fuel source of biological body, fatty acids are widely
distributed in blood and organs, and highly involved in the
energy production and metabolism process. Herein we applied
these species as the analytes in negative ion mode to assess the
performance of gNG matrix. Figure 4a shows the MALDI-TOF
MS spectra of a fatty acid mixture consisting of n-dodecanoic
acid (C12, MW = 200.31), n-tetradecanoic acid (C14, MW =
228.36), n-hexadecanoic acid (C16, MW = 256.43), noctadecanoic acid (C18, MW = 284.48), and n-eicosanoic
acid (C20, MW = 312.53) ionized by CHCA, tG and gNG as
matrix under negative ion detection mode. First, matrix CHCA
helped nothing but detection of its own deprotonated ions. By
using tG as matrix, the exclusive [M − H]− ions for the ﬁve
homologues could be acquired without any interference.
Moreover, behavior of gNG got a higher grade for the even
more intensiﬁed peaks in the form of [M − H]− ions, about 2.3
times enhanced in comparison to the case of tG. In addition,
two unsaturated fatty acids of palmitoleic acid and oleic acid
were subjected to analysis by above method. Similar to the
results of saturated fatty acids, the peaks at m/z 253.10 and
281.12 corresponding to unsaturated fatty acids emerged in the
spectrum as well with clean matrix background by using matrix
gNG (Supporting Information Figure S9).

Sensitivity is an important indicator for measuring the
feasibility and practicality of analytical method. In this case, ntetradecanoic acid (saturated fatty acid) and palmitoleic acid
(unsaturated fatty acid) were selected for the sensitivity
evaluation (Supporting Information Figure S10). Along with
the concentration decline, the signal intensity and S/N ratio
were accordingly decreased. The [M − H]− peaks could be
observed with the S/N ratio of 217.89 and 72.52 for
tetradecanoic acid and palmitoleic acid, even when 1 μM
samples were applied. In the assessment of salt tolerance
(Supporting Information Figure S11), addition of NaCl indeed
extended a slightly downward inﬂuence on the signal intensities
of the ﬁve saturated fatty acids. When the concentration of
NaCl was raised by 3 orders of magnitude, the ﬁnal signals only
dropped by less than 40%, showing again the matrix gNG has
good tolerance toward high salt concentration.
MALDI-TOF MS Analysis of Peptides. To date, α-cyano4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic
acid (DHB) are the most commonly used matrixes for peptide
analysis by MALDI-TOF. But for the low-MW peptides
polymerized by less than ﬁve amino acids, their MS signal
would be located at the m/z range of matrix and compromised
by conventional matrix background. Encouraged by the good
performance of matrix gNG in the low-MW range, we prepared
a standard solution containing four peptides of Ala-Gln (MW =
217.22), Leu-Leu (MW = 244.33), Glu-Val-Phe (MW =
393.43), and Gly-Pro-Arg-Pro (MW = 425.20) to examine its
capability for the detection of short-chain peptides (Figure 4b).
At the aid of gNG, deprotonated ions of four peptides yielded
strong signals at m/z 216.03, 243.09, 392.07, and 424.11 with
relatively low background. The only group of alkali adducts [M
+ Na − 2H]− and [M + K − 2H]− (m/z 414.05, 430.02) were
derived from the acidic peptide Glu-Val-Phe (pI = 4.00),
probably owing to its intrinsic preference for losing protons. As
the opposite of the behavior of gNG, CHCA was proved
unavailable again in negative ion mode for ionizing small
molecules. Low-defect graphene tG represented the universal
advantage of graphene-based matrix in observing small
molecules for its remarkable energy absorption and transfer
but still lost to gNG in LDI eﬃciency. In the future practice, the
proposed gNG assisted LDI-TOF MS also holds the promise to
be an eﬀective and fast analytical approach for low-MW
peptides.
MALDI-TOF MS Analysis of Anabolic Androgenic
Steroids (AAS). For the purpose of improving athlete
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Figure 5. MALDI-TOF MS spectra of anabolic androgenic steroids (a) and anticancer drugs (b) analyzed by using diﬀerent matrixes in negative ion
mode. Insets show their detailed molecular structures. The concentration of all analytes was set as 1 mM. The same laser intensity of 4300 was
applied for all.

the aid of matrix gNG. As presented in Figure 5b, three drug
molecules at concentration of 1 mM were all detectable as the
[M − H]− ions at 527.91, 492.01, and 485.93 with signiﬁcant
intensity. On the other hand, CHCA was still not able to ionize
the drug molecules and tG matrix only produced much lower
signal intensities in negative ion mode.
Therapeutic drug monitoring (TDM), such as measuring
concentration of drugs and metabolites in serum, is regarded as
an essential workﬂow for optimizing dosage and evaluating
adherence.55 As a representative tyrosine kinase inhibitor
(TKI), nilotinib was routinely dosed for the treatment chronic
myeloid leukemia in case of imatinib failure.56 MALDI-TOF
MS with gNG as the matrix was adopted to determine nilotinib
in the spiked human serum sample. The nilotinib spiked serum
was ﬁrst diluted with 4-fold acetonitrile to precipitate the highabundance proteins, remaining the supernatant collected for
negative ion MALDI-TOF MS analysis with the matrix gNG.
Figure 6 presents the MS peak of nilotinib in human serum

performance, the abuse of doping agents has existed as a longterm problem in sports for about half a century. Typically,
anabolic androgenic steroids (AAS) are the most widely
misused synthetic forbidden drugs and, consequently, become
the well-known target objective in doping control.51 In the
recent years, mass spectrometric methods as well as the
combination with gas/liquid phase chromatography are the
most reliable pathway for the authorities to verify the doping
fact.52 Employing epiandrosterone (MW = 290.44), testosterone (MW = 288.42), and methyltestosterone (MW = 302.45)
as the analytes, we further tested the applicability of matrix
gNG in the determination of banned drugs. As can be seen in
Figure 5a, all the three AASs were respectively detected as the
only deprotonated [M − H]− ions at m/z 289.05, 287.05, and
301.05 with the assistance of matrix gNG. Although the
background here was not that smooth as the baseline of
previous analytes, the [M − H]− peaks were all dominating the
spectra with a high S/N ratios of 462.85, 1105.35, and 1648.61
respectively for the three substances, winning the victory over
matrix tG, in which case the S/N ratios were 212.45, 545.02,
and 402.63 for each. Note that diﬀerent from the acidic
chemicals (e.g., fatty acids) and amphiprotic molecules (e.g.,
amino acids and peptides) tending to lose a proton, the AASs
exhibit neutrality in most case. To this extend, the above
attempts in detection of AAs based on matrix gNG gave us
more conﬁdence for exploring its application potential in a
rather broad range of chemicals.
MALDI-TOF MS Analysis of Anticancer Drugs.
Detection and monitoring of anticancer drugs and their
derivates during metabolic process played a vital role in
pharmacodynamic and pharmacokinetic studies and held great
signiﬁcance in cancer-related biomedical research.53,54 As a
powerful tool for fast and high-throughput analysis, MALDITOF MS was however unfortunately stuck with its limitation in
detection of drug molecules due to the lack of proper matrix. In
our study, three common anticancer drugs of nilotinib (MW =
529.52), imatinib (MW = 493.60), and dasatinib (MW =
488.01) were, respectively, analyzed by established method with

Figure 6. MALDI-TOF MS spectra of nilotinib at concentration of 1
mM (a), 6 μM (b), and 1 μM (c) in spiked human serum analyzed by
using matrix gNG in negative ion mode. The same laser intensity of
4300 was applied for all.
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after sample preparation. Besides the [M − H]− ion at m/z
528.08 discussed above, the peaks located at m/z 509.08 and
550.06 were assigned to [M − H − F]− and [M − H + Na]−
(Figure 6a). At the same concentration of 1 mM, the signal
intensity in the spiked serum was comparable to that in
standard test solution (Figure 5b), exhibiting its good resistance
to the complex substrate of real sample. After step-by-step
concentration decrease down to 6 μM (Supporting Information
Figure S12 lists the spectra of nilotinib spiked serum at a series
of concentrations), the characteristic peak could still be
observed with S/N ratio of 82.12 from a clear background
(Figure 6b). Even in the case of 1 μM, the signal also emerged
in the spectra with S/N ratio of 13.16 (Figure 6c). According to
the clinical monitoring, the nilotinib serum level of a normally
dosed patient was examined from 0.79 to 4.18 μM,57 which
could be mainly included by our analysis range. Stimulated by
the results in a real sample, we believe that the matrix gNGbased MS tool can be further broadened to monitor and
quantify other speciﬁc drugs and small molecules in biological
cases.
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Yangzhou University and the Testing Center of Yangzhou
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■

CONCLUSIONS
To summarize, we synthesized N-doped graphene (gNG) via a
gas-phase doping method and employed it as an eﬃcient matrix
for negative ion MALDI-TOF MS analysis of small molecules.
By comparing its composition and performance with the
homologue graphene-based materials, it was pointed out that
the highly eﬃcient D/I process was associated with its relatively
conserved π-conjugated network for laser absorption and
energy transfer, and largely attributed to the pyrodinic nitrogen
species as active electron donors facilitating deprotonation of
analytes. In the application of a series of small molecules, matrix
gNG was favored for its clear matrix background, good salt
tolerance, wide applicability and higher detection sensitivity
over other graphene-based materials and conventional matrix.
Furthermore, the analysis of nilotinib in the spiked real sample
at a low limit-of-detection allowed the possibility for direct
clinical monitoring drug level in patient serum. The N-doping
strategy provides a new idea of electron structure modiﬁcation
for enhancing the performance of MALDI-TOF MS analysis.
Given the likelihood that matrix gNG might be also feasible to
other analytes, it is believed that the gNG assisted LDI-TOF
method would be an alternative tool to solve more analytical
challenges.
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