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ABSTRACT: Carbon-based nanopowders have been used as
ionization materials for laser desorption ionization-mass spectrom-
etry (LDI-MS) and are very efficient at detection in low m/z
regions. In this study, we aimed to develop a new sheet-type
graphite material that possessed a randomly grooved nano-
structured surface consisting of developed sp2-conjugated atomic
carbon to facilitate the desorption/ionization of small compounds
in LDI-MS. The graphite sheet exhibited higher UV absorption
and provided higher ionization efficiency and survival yield in the
LDI-MS detection of a thermometer ion, 4-chloro-benzopyridi-
nium, than those of highly oriented graphite plates. These
properties demonstrate that the present graphite sheet is suited
for use as an LDI-MS material. Graphite sheet-assisted LDI-MS successfully detected various substances, including amino acids,
peptides, and polyethylene glycol polymers, with higher ion intensities and less noise than those associated with conventional organic
matrix-assisted LDI-MS (MALDI-MS). Furthermore, graphite sheet-assisted LDI-MS analysis provided more peaks (252 peaks)
derived from soy sauce than those obtained by MALDI-MS (36 peaks) and required fewer preparation processes (dilution and air-
dried) compared with previously established graphite carbon black-assisted LDI-MS (171 peaks) in the positive mode. This study
demonstrates that graphite sheet-assisted LDI-MS has the potential for small organic compound analyses in the biomedical and food
science fields.

■ INTRODUCTION
Recently, surface-assisted laser desorption ionization-mass
spectrometry (SALDI-MS), a soft ionization technology, has
attracted increasing attention in fields such as food safety,1,2

medical diagnosis,3,4 and environmental evaluation.5 Com-
pared with matrix-assisted laser desorption ionization-mass
spectrometry (MALDI-MS), which uses organic materials such
as α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydrox-
ybenzoic acid (DHB), and trans-3-indole acrylic acid (IAA) as
a matrix, SALDI-MS uses nanomaterials on the surface of a
target-plate to assist energy transfer during the desorption/
ionization process of analytes. Therefore, unlike the MALDI
spectrum, which contains a large amount of background
interference generated by matrix clusters in the low-mass
region (m/z < 400), SALDI-MS detects small molecules
because of its low noise and high sensitivity. To assist in
transferring the light energy received by the surface to the
analyte, the surface nanomaterial for SALDI should have
excellent photoabsorption properties. Currently, nanostruc-
tured substrates consisting of gold6,7 and silver nanoparticles,8

titania,9 silica,10,11 and carbon-based nanomaterials12 effec-
tively increase the laser desorption ionization (LDI) efficiency
of analytes.

Among the materials used for LDI-MS, carbon has a series
of allotropes (e.g., graphite,13,14 graphene,15−17 graphdiyne,18

carbon nanotubes,19,20 and fullerene21) that exhibit high
thermal and electrical conductivities, low heat capacities, and
excellent UV absorption abilities. These characteristics are
strongly related to the efficiency of the LDI process and ensure
that carbon-based nanomaterials are often used as surface
substrates for SALDI-MS. Graphite, in particular, one of the
most promising materials, has been designed (colloidal
graphite) to detect low-molecular-weight compounds, such as
lanthanides and their oxides22 and polyethylene glycols.23

In our previous study, we successfully accomplished the
simultaneous detection of taste- and odor-active compounds
using graphite carbon black (GCB)24 and demonstrated that
graphite-assisted SALDI-MS can be utilized in small-molecule
analyses and measured in positive and negative modes
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simultaneously compared with using a conventional organic
matrix. Furthermore, graphite comprises stacked multilayer
graphene which contains π-bonds on the two-dimensional
plane to absorb UV laser energy.25,26 Thus, graphite can be
processed into thin sheets as the surface material for SALDI,
which improves the reproducibility of the results and allows for
the potential application to imaging analysis. The advantages
are attributed to the sheet structure, which can prevent
inhomogeneous distribution caused by the aggregation of
carbon particles; additionally, the ductility of the graphite
sheets ensures convenience and flexibility during operation
(Scheme 1). Moreover, unlike powdered graphite materials,
graphite sheets have a lower risk of machine malfunction in
LDI-MS ion sources, owing to the crystal plane of graphite
spreading. Thus, sheet-type flexible carbon materials providing
good reproducibility and reducing such machine issues are
required for efficient LDI-MS detection.
In this study, we aimed to develop a new graphite sheet with

flexible and thin characteristics as a highly convenient and
useful SALDI material. The new graphite sheet showed better
capability associated with LDI efficiency than the graphite
plate. The graphite sheet-assisted LDI-MS was able to analyze
small molecules such as peptides and amino acids, which are
common compounds present in biological and food samples.
In addition, the present study included a real food sample
analysis using graphite sheet-assisted LDI-MS, suggesting that
the new graphite sheet has great advantages for assisting LDI-
MS.

■ EXPERIMENTAL SECTION
Chemicals and Materials. α-Cyano-4-hydroxycinnamic

acid (CHCA), angiotensin I (Ang I), angiotensin II (Ang II),
polyethylene glycol (PEG) 300, and PEG 1000 were obtained
from Sigma-Aldrich (Merck, Darmstadt, Germany). Glycine
(Gly), serine (Ser), proline (Pro), valine (Val), cysteine (Cys),
leucine (Leu), asparagine (Asn), aspartic acid (Asp), glutamine
(Gln), glutamic acid (Glu), histidine (His), phenylalanine
(Phe), arginine (Arg), tryptophan (Trp), and D-glucose were
obtained from Nacalai Tesque, Inc. (Kyoto, Japan). Alanine
(Ala), threonine (Thr), methionine (Met), and trans-3-IAA
were purchased from FUJIFILM Wako Pure Chemical Co.
(Osaka, Japan). PEG 1500 was purchased from Katayama
Chemical Industries Co. Ltd. (Osaka, Japan). Glycyl-sarcosine
(Gly-Sar) was purchased from Bachem AG (Bubendorf,
Switzerland), and Gly-Sar-Sar-Sar-Sar was purchased from
Biomatik (Wilmington, DE, USA). [13C6]Glucose and [13C5,
15N1]glutamate were obtained from Cambridge Isotope

Laboratories, Inc. (Tewksbury, MA, USA). The 1-(4-
chlorobenzyl) pyridinium chloride (4-C-BP) salt powder was
obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). The Japanese soy sauce (dark) was purchased from a
local supermarket. All of the reagents mentioned above were
used without further purification.
Characterization of Structure and Morphology of

Graphite Sheets. A scanning electron microscopy (SEM)
image of a graphite sheet was acquired using a field-emission
scanning electron microscope, Hitachi HR-SEM SU8000
(HITACHI High Tech. Co., Saitama, Japan), at an
accelerating voltage of 1.5 kV; a SEM image of a graphite
plate was acquired using a field-emission scanning electron
microscope, Hitachi HR-SEM SU3500 (HITACHI High Tech.
Co., Saitama, Japan), at an accelerating voltage of 15.0 kV.
Raman spectra were recorded in the range of 800−3500 cm−1

using a LabRAM ARAMIS spectrometer (Horiba, Kyoto,
Japan). The UV−vis spectra were collected using a UV−vis-
NIR spectrophotometer, SolidSpec-3700DUV (Shimadzu,
Kyoto, Japan).
Preparation of Graphite Sheets and Graphite Plate.

Hydrogen, oxygen, and nitrogen were removed from a
polyimide film by firing at 1000 °C for 1 h in an oxygen-free
state. Thereafter, the remaining carbon atoms were recrystal-
lized by heating to form a layered structure at 3000 °C, in
which hexagonal network crystals of carbon atoms were
stacked. The graphite sheet was pressed at 2 MPa/cm2. The
obtained graphite sheets, which were flexible and thin, were
used in subsequent experiments.
For the production process of graphite plates, the native

graphite was crushed into fine particles and mixed with the
binder (e.g., resin, clay). After that, the mixture was pressed
and heated, which could remove impurities from the binder
and became harder. Finally, a thick graphite plate could be
obtained and used in subsequent experiments.
Laser Desorption Ionization-Mass Spectrometry

Analysis of Small Molecules. The graphite sheets were
immersed in MS-grade ethanol (Merck, Darmstadt, Germany)
and gently shaken for one min to clean the surface. The
graphite sheet was then removed from ethanol and air-dried for
20 min to completely evaporate the ethanol from the surface. A
conductive aluminum foil double-sided tape (Teraoka
Seisakusho, Tokyo, Japan) was attached to an indium tin
oxide (ITO)-coated glass slide (Bruker Daltonics, Bremen,
Germany) to fix the graphite sheet onto the glass slide.
To evaluate the ionization profile of the graphite sheet-

assisted LDI-MS, amino acid analysis was performed according

Scheme 1. Schematic Diagram of Manufacturing Processes of Graphite Sheet
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to our previous report.24 From among the standard 20 amino
acids, 12 amino acids were chosen for analyses using the
positive mode, including Gly, Ala, Pro, Val, Thr, Cys, Gln, Glu,
His, Phe, Arg, and Trp; and 17 amino acids, Gly, Ala, Ser, Pro,
Val, Thr, Cys, Leu, Asn, Asp, Gln, Glu, Met, His, Phe, Arg, and
Trp, were prepared for negative mode analyses. The m/z
values of the Na+ adducts of Cys, Leu, Asp, Glu, Met, and Phe
overlapped with those of the K+ adducts of Ser, Pro, Val, Leu,
Asp, and Met, respectively, in the positive mode, and Leu, Ile,
Gln, and Lys had the same molecular weight. All amino acids
were dissolved in MS-grade water (Merck) to prepare 10
mmol/L stock solutions. Gly-Sar, Gly-Sar-Sar-Sar-Sar, Ang I,
and Ang II were dissolved in MS-grade water to prepare 1
mmol/L stock solutions. PEG 300, PEG 1000, PEG 1500, and
PEG 10,000 were dissolved in MS-grade water to prepare 1
mmol/L stock solutions. Soy sauce was diluted 10−10,000
times with MS-grade water, and the optimized conditions for
soy sauce were selected for further analyses. For the
quantitative analysis of soy sauce, [13C6]glucose and [13C5,
15N1]glutamate were used as internal standards, and different
concentrations of glucose were added to the diluted sample
solution.
For MALDI-MS, the amino acid solution and diluted soy

sauce solution were mixed with an equal volume of matrix
solution (CHCA for positive and IAA for negative, each at 10
mg/mL in 70% acetonitrile), and the 0.5 μL sample solution
was spotted (1 mmol/L, each at 500 pmol/0.5 μL spot) onto
an ITO-coated glass slide and air-dried.

For graphite sheet-LDI-MS, a 0.5 μL amino acid solution
was spotted (1 mM, each at 500 pmol/0.5 μL spot) onto a
graphite sheet and air-dried. The peptides of Gly-Sar, Gly-Sar-
Sar-Sar-Sar, Ang I, and Ang II were spotted (1 mM, each at
500 pmol/0.5 μL of spherical peptides) onto the graphite sheet
and air-dried. PEG 300, PEG 1000, PEG 1500, and PEG
10,000 were spotted (1 mM, each at 500 pmol/0.5 μL spot)
onto a graphite sheet and air-dried. Soy sauce solution with
different dilution factors (10−10,000-fold) was spotted (each
at 0.5 μL spot) onto a graphite sheet and air-dried. Because of
the hydrophobic surface of graphite sheets, the spots of
different aqueous sample solutions could deposit on the
surface of the graphite sheets as a droplet.
Evaluation of Ion-Desorption Efficiency and Internal

Energy Transfer. Benzylpyridinium (BP) ions have been
successfully applied as thermometer probes to determine the
internal energy transfer on the surface and evaluate the ion-
desorption efficiency in SALDI-MS.27 The total intensity (TI)
of the BP ions was calculated using eq 1 to evaluate the
efficiency of the LDI process, where IM and IF represent the
intensities of the parent ions of 4-C-BP ([M+] = 204.0 m/z)
and the fragment ions of 4-C-B+ ([F+] = 125.0 m/z),
respectively.

= +I ITI M F (1)

By calculating the survival yield (SY) using eq 2, the extent
of internal energy transfer on the surface of the different
substrates could be clarified.

Figure 1. Characterization and ionization profiles of graphite sheet in laser desorption ionization-mass spectrometry. (a) SEM images of the
graphite sheets were acquired using a field-emission scanning electron microscope, Hitachi HR-SEM SU8000 at an accelerating voltage of 1.5 kV;
the inserted scale bar is 10 μm. (b) UV−vis spectra (200−800 nm) of the graphite sheet (red line) and plate (black line) were obtained using a
UV−vis-NIR spectrophotometer, SolidSpec-3700DUV. (c) Raman spectra of graphite sheet (red line) and graphite plate (black line) were
recorded in the range of 800−3500 cm−1 using a LabRAM ARAMIS spectrometer. (d) Mass spectrum of 4-C-BP was obtained using graphite
sheet-assisted laser desorption ionization-mass spectrometry. (e) Total intensity and (f) survival yield values of the 4-C-BP molecule detected by
LDI-MS using the graphite sheet (red line), graphite plate (black line), and ITO glass (gray line) were calculated according to the equations
described in the Experimental Section.
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4-C-BP was dissolved in MS-grade methanol (Kanto
Chemical, Tokyo, Japan) to obtain a 20 mmol/L standard
solution. A 0.5 μL aliquot of the 4-C-BP solution was spotted
(each at 500 pmol/0.5 μL of spot in 50% MeOH) onto a
graphite sheet, graphite plate, and ITO glass. After being air-
dried, the target plates were subjected to LDI analysis.
Surface-Assisted Laser Desorption Ionization-Mass

Spectrometry Analysis. The sample spots were measured
using an AutoFlex III with smart beam II (Nd:YAG 355 nm,
Bruker Daltonics) in positive and negative modes. A total of
169 pixels with a raster width of 100 μm were set as the region
of analysis to incorporate the sample spot. The detection mass
range of the MS data was 0−2000 m/z. Detailed MS
parameters were as follows: ion source 1, 20.00 kV; ion source
2, 18.80 kV; lens voltage, 7.50 kV; detector gain, 10.5; laser
offset, 59%; laser value, 6.0%; laser power, 60% (positive ion
mode), 55% (negative ion mode); laser frequency, 200 Hz;
and shot, 100 shots/pixel. The MS spectra were analyzed using
Bruker flexAnalysis 3.3 software.

■ RESULTS AND DISCUSSION
Characterization of Graphite Sheets as an Ionization

Material for Laser Desorption Ionization-Mass Spec-
trometry. Graphite and its various allotropes24,28 are excellent
materials for use in LDI-MS. In this study, a graphite sheet was
produced, as depicted in Scheme 1. A graphite plate
comprising a highly oriented graphene structure was used as
the reference SALDI material, which showed a different

appearance with graphite sheets (Figure S1). The morphology
of the graphite sheet was observed using SEM (Figure 1a); the
images illustrate that the graphite sheet comprised overlapping
folded sheets on a submicrometer scale. Because a micrometer-
scale structure is essential to facilitate ionization by laser
energy transfer,29 the surface roughness of the graphite sheet
enhances the LDI process. On the contrary, there was no
rough structure found in the SEM image of the graphite plate,
only the flat surface (Figure S2). The UV spectrum shows the
absorption of the graphite sheet and graphite plate in the range
of 200−800 nm. Both the graphite sheet and graphite plate
exhibited comparably high UV absorption at an LDI-laser
wavelength of 355 nm (ABS > 0.45) compared to that of the
graphene oxide that was used as a SALDI surface.30 Moreover,
the graphite sheet exhibited a higher absorption capacity at an
LDI-laser wavelength of 355 nm in comparison to that of the
graphite plate (Figure 1b); the higher absorption capacity
ensures efficient energy transfer to the analytes. Two major
peaks were observed in the Raman spectrum (Figure 1c) at
1582 and 2717 cm−1, corresponding to the G and 2D bands,31

respectively. The G band, which is a characteristic peak of
graphite, is related to the sp2 hybridization structure.32 The 2D
band corresponds to the charge density of the intrinsic
graphene.33 Therefore, the graphite sheet displayed a profile in
the Raman spectrum similar to that of a graphite plate with a
complete graphene structure.
To evaluate the desorption/ionization efficiency and internal

energy transfer of the graphite sheet during the LDI process, 4-
C-BP chloride salt was used as a chemical thermometer. As
shown in Figure 1e,f, the present SALDI-MS method showed
good reproducibility because much fewer preparation

Figure 2. Amino acid analyses were performed by MALDI-MS, graphite plate-assisted laser desorption ionization-mass spectrometry, and graphite
sheet-assisted laser desorption ionization-mass spectrometry. MS spectra of a mixture of amino acids were obtained using MALDI-MS, graphite
plate-assisted LDI-MS, and graphite sheet-assisted LDI-MS. Positive and negative MALDI-MS spectra were acquired using CHCA and IAA (10
mg/mL each) as matrix reagents, respectively. The matrix solution was mixed with an equal volume of the amino acid mixture, and an aliquot (0.5
μL) of the mixture was spotted onto an ITO-coated glass slide (each at 500 pmol/0.5 μL). MS spectra from graphite plate-assisted LDI-MS and
graphite sheet-assisted LDI-MS in positive and negative modes were obtained by measuring the amino acid mixture solution (each at 500 pmol/0.5
μL spot) spotted on each surface. Overlay spectra of the blank (black line) and sample (red line) are shown for MALDI-MS, graphite plate-assisted
LDI-MS, and graphite sheet-assisted LDI-MS analyses. The LDI-MS measurement conditions are described in the Experimental Section.
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procedures avoided the additional impact. In addition, since
graphite plates possess extremely uniform surface structures,
small variations of the obtained peak intensity were observed.
When the internal energy of [4-C-BP]+ (M+) increases over
the critical point of the dissociation reaction, 4-C-BP ions,
which contain a C−N bond, are cleaved to form fragments of
[4-C-B]+, (F+), and pyridine (Figure 1d). The ion-desorption
and energy transfer efficiencies of the graphite sheet, graphite
plate, and ITO glass were determined based on the SY and TI
values. Compared with ITO glass, which could not detect BP
ions, a higher TI value was obtained using graphite plate-
assisted LDI-MS (Figure 1e), indicating that the graphite plate
exhibits significant ionization power when used as the SALDI
plate, owing to its excellent energy conversion.34 The TI of the
graphite sheet was markedly higher than that of the graphite
plate (Figure 1e). The TI value of the graphite sheet continued
to increase as the laser power increased to 90%, and the
maximum TI value measured using the graphite sheet was
2.36-fold higher than that of the graphite plate at a laser power
of 90% (Figure S3). Moreover, the SY value of the graphite
sheet was higher than those of the graphite plate and ITO glass
at laser powers of 50−100% (Figure 1f). In general, higher TI
values are caused by higher laser energy absorption on the
surface, resulting in a lower SY value due to the acceleration of
fragmentation.35 Yang et al.29 reported that the nanostructured
surface facilitated efficient energy transfer to the analytes;
therefore, it may be postulated that the microscale folded sheet
structure of the graphite sheet might contribute to efficient
ionization in LDI-MS. The graphite sheet which displayed high
TI and SY values was more suited to the analysis of small
compounds; thus, more intact target analyte ions survived and
were detected, along with less fragmentation in the LDI
process at a specific laser power.
Amino Acid Analysis and Ionization Mechanism of

Graphite Sheet-Assisted Laser Desorption Ionization-
Mass Spectrometry. To explore the feasibility of using the
graphite sheet in the analysis of small molecules, amino acids
were subjected to LDI-MS analysis using a conventional
matrix, graphite plate, and graphite sheet. Using MALDI-MS,
only 6 and 5 amino acids were detected in the positive and
negative modes, respectively, because of the significant
background interference in the low m/z region. The graphite
plate could ionize only Phe in the positive mode; in the
negative mode, only His and Trp could be detected with low
intensity (Figure 2).
Regarding the graphite sheet, fewer background signals

derived from carbon-clustered ions with Δ12 m/z difference
were observed than that in the graphite plate, which allows
detection of small organic compounds. In fact, as shown in
Figure 2, 12 amino acids were successfully detected in the
positive mode mainly as [M + Na]+ in the present
experimental condition, except for Cys, because of the
overlapping noise signals, using graphite sheet-assisted LDI-
MS. Since the source of Na+ may be expected to derive from
the experimental condition, such as solvent, glass plate,
machine, and so forth, it should be noted that the ratio of
possible ion adduct formation (e.g., [M + H]+, [M + Na]+, [M
+ K]+) may fluctuate depending on the experimental
condition. Moreover, all 17 amino acids were detected
successfully using graphite sheet-assisted LDI-MS in the
negative mode. These results demonstrate that the graphite
sheet is useful for SALDI-MS in both positive and negative
modes. The intensity could be considered as the ion yield,

which is related to the ionization/desorption efficiency. The
thermochemical quantities, such as the proton affinity or gas-
phase acidity of analytes, could influence the ionization
efficiency in LDI-MS.36 Thus, to investigate the ionization
mechanism of graphite sheet-assisted LDI-MS, correlation
plots were obtained, in which the intensities of the sum of the
observed adduct ions, [M + H]+, [M + Na]+, and [M + K]+,
for the amino acids were linearly correlated with the proton
affinity (R = 0.911, Figure 3a, correlation plots for each ion

adduct are shown in Figure S4); the negative intensities of the
[M−H]− ions were correlated with the gas-phase acidity (R =
−0.728, Figure 3b). Meanwhile, the observed correlation
strength between intensity and proton affinity in the positive
mode was consistent with that between proton affinity and
sodium ion affinity of amino acids reported by Kish et al.37

Notably, Arg, which has a strong proton affinity, produces a
significant yield of [M + H]+ ions (175.3 m/z), which induces
a lower intensity of the [M + Na]+ ion in the positive mode
(Figure S4). In addition, the acidic nature of Asp might be the
reason for the higher intensity of its peak compared with those
of the other amino acids in the negative mode. Despite their
small difference of gas-phase acidity, Asp showed significantly
higher intensity than Glu. A similar trend has also been
observed in previous studies using our previous GCB-LDI-
MS24 and other SALDI-MS using TiO2 nanoparticles,

38 which
clearly supports that such a small difference in specifically
higher acidic nature could provide higher ionization efficiency
of Asp compared with Glu.39 Conversely, Arg with much
higher basicity than His and Cys, which is related to the
protonation reaction, suppressed the ion yield of Arg [M −
H]−.39 The ionization mechanism of graphite sheet-assisted
LDI-MS displayed a linear correlation between the proton
affinities of amino acids and the positive ion intensities of [M +
Na]+ and between the gas-phase acidity and the ion intensities

Figure 3. Correlation plots of relative intensities of amino acids
obtained by graphite sheet-assisted laser desorption ionization-mass
spectrometry (sum intensity of [M + H]+, [M + Na]+, [M + K]+ for
positive mode and [M − H]− for negative mode) to their (a) proton
affinity and (b) gas-phase acidity for positive and negative modes,
respectively.
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in the negative mode, similar to our previously reported GCB-
LDI-MS.24

Detectable Mass Detection Range of Graphite Sheet-
Assisted Laser Desorption Ionization-Mass Spectrome-
try. To evaluate the detectable molecular size by graphite
sheet-assisted LDI-MS, peptides (e.g., Gly-Sar, Gly-Sar-Sar-
Sar-Sar, Ang I, and Ang II) and synthetic polymers (e.g.,
PEGs) were used. All peptides were successfully detected in
the positive mode (Figure 4), and the main peaks were the
sodium and potassium adducts of the analytes.
By contrast, in the negative mode, Gly-Sar [M − H]−, Gly-

Sar-Sar-Sar-Sar [M − H]−, Ang II [M − H]−, and Ang I [M −
H]− were clearly detected at 145.2, 358.9, 1045.2, and 1295.5
m/z, respectively using graphite sheet-assisted LDI-MS (Figure
4). Thus, although the detected intensities of peptides
decreased with increasing peptide length, the graphite sheet-
assisted LDI-MS method has the advantage of peptide analysis
up to ∼1000 Da in both positive and negative modes.
Furthermore, PEGs with different average molecular weights
(300, 1000, and 1500 m/z) were used to define the mass
detection range of graphite sheet-assisted LDI-MS. A series of
PEG peaks were observed in the mass range of 100−2000 m/z
in the mass spectrum as [M + Na]+ (Figure 5); however, no
peaks could be observed in the spectrum of PEG 10,000.
SALDI-MS methods are usually focused on the analysis in the

low-mass region compared with MALDI-MS. For instance,
Yang et al.29 have reported that the stainless-steel surface could
detect PEG with 500−1500 Da but not >2000 Da because the
surface generated less fragments ions, which meant the suitable
desorption and ionization ability for small organic compounds
and not for high molecular weight compounds. The above
results indicate that graphite sheet-LDI-MS can be used to
analyze organic compounds with molecular weights <2000 Da
in both positive and negative modes.
Application of Graphite Sheet-Assisted Laser De-

sorption Ionization-Mass Spectrometry for Food Anal-
ysis (Soy Sauce). To evaluate the practicality of using the
graphite sheet, various metabolites in a fermented food
product, soy sauce, were analyzed using graphite sheet-assisted
LDI-MS. The soy sauce was directly diluted 10−10,000 times
with MS-grade water, and the compounds were analyzed in
both positive and negative modes. When the dilution factor of
the soy sauce was increased 1000-fold in the positive mode and
100-fold in the negative mode, more signals of higher intensity
were observed (Figure S5); therefore, using soy sauce, after
1000 times dilution and 100 times dilution, was the optimal
condition for analysis in positive and negative modes,
respectively. Peaks at 209.1 m/z in the positive mode and
152.2 m/z in the negative mode, corresponding to [M + Na]+
of [13C6]glucose and [M − H]− of [13C5, 15N1]glutamate

Figure 4. Mass spectra of small peptides (Gly-Sar, Gly-Sar-Sar-Sar-Sar, Ang I, and Ang II) using graphite sheet-assisted laser desorption ionization-
mass spectrometry. MS spectra of the small peptides were obtained using graphite sheet-assisted LDI-MS in positive and negative modes. The
peptides of Gly-Sar, Gly-Sar-Sar-Sar-Sar, Ang I, and Ang II were spotted (each at 500 pmol/0.5 μL spot) onto the graphite sheet. The LDI-MS
measurement conditions are described in the Experimental Section.

Figure 5. Mass spectra of PEG (MW 300−1500) using graphite sheet-assisted laser desorption ionization-mass spectrometry. MS spectra of the
PEGs were obtained by using graphite sheet-assisted LDI-MS in the positive mode. PEG 300, PEG 1000, and PEG 1500 were spotted (each at 500
pmol/0.5 μL spot) onto the graphite sheet. The peaks of [PEG + Na]+ were labeled in the mass spectrum as the form of 3−44 mer. The LDI-MS
measurement conditions are described in the Experimental Section.
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added as internal standards, respectively, were successfully
detected (Figure 6a). Compared with conventional MALDI-
MS and our previously developed graphite carbon black-
assisted LDI-MS,24 graphite sheet-assisted LDI-MS produced
the largest number of peaks from soy sauce (in positive mode:
MALDI-MS 36 peaks, GCB-LDI-MS 171 peaks, and graphite
sheet-assisted LDI-MS 252 peaks; in negative mode: MALDI-
MS 22 peaks, GCB-LDI-MS 259 peaks, and graphite sheet-
assisted LDI-MS 289 peaks) (Figure S6). Graphite sheet-
assisted LDI-MS also successfully detected peaks correspond-
ing to lactate (113.0 m/z) and monosaccharides (203.1 m/z)
in the positive mode, and pyroglutamate (128.2 m/z) and
glutamate (146.2 m/z) in the negative mode (Figure S7) in
Japanese dark soy sauce, which were also detected by our
developed GCB-LDI-MS and identified by the conventional
HPLC method in our previous study.40

Moreover, to evaluate the linear dose−response and
quantitative capability of the graphite sheet-assisted LDI-MS
analysis, a concentration series (9−180 mg/mL) of glucose
were spiked into the soy sauce to quantify the originally
contained glucose by the standard addition method (Figure
6b). These results demonstrate that graphite sheet-assisted
LDI-MS shows a linear correlation between the concentration
of spiked glucose and the intensity ratio of glucose to IS (R2 =
0.9971). The quantified glucose level was calculated as 14.2
mg/mL, which is the same level as the reported mono-
saccharide concentration in Japanese soy sauce (dark)
measured by the conventional phenyl-hydrazine-derivatized
HPLC method (14.1 mg/mL).40 Moreover, just like the
analysis results of soy sauce, graphite sheet-assisted LDI-MS is

also applicable to biological samples, such as plasma, urine, and
milk (data not shown).

■ CONCLUSIONS
We demonstrated that graphite sheet-assisted LDI-MS
performs well in small-molecule analysis and practical food
applications in both positive and negative modes. The unique
surface structure of the graphite sheet contributes to strong UV
absorption for the desired energy transfer efficiency, good
electrical conductivity, and high sensitivity of the target
analytes in LDI-MS. The ionization mechanism of graphite
sheet-assisted LDI-MS is similar to that of other carbon
materials (e.g., GCB-LDI-MS). In addition, the graphite sheet
could be used in food quality analysis, such as that for soy
sauce, in which hundreds of MS peaks were detected in both
positive and negative modes, and the originally contained
glucose was successfully quantified by graphite sheet-assisted
LDI-MS. Therefore, the graphite sheets developed in this study
are promising SALDI-MS materials that can be used to analyze
various target compounds in various scientific fields. On the
other hand, although graphite sheet-assisted LDI-MS showed
less noise background and higher sensitivity of analytes in the
low-mass region than using powder-type carbon materials, it is
difficult for the graphite sheet-assisted LDI-MS to detect
higher molecular weight compounds (e.g., PEG 10,000), which
is a limitation for wider detection of sheet-type material-
assisted LDI-MS. Powder-type materials usually have higher
UV absorption and energy transfer ability,41 and nanopowders
showed the similar way to combine with the target analytes like
MALDI-MS, which may easily improve the efficiency of the
LDI process. Based on the mechanism of graphite sheet

Figure 6. Soy sauce analyses using graphite sheet-assisted laser desorption ionization-mass spectrometry. (a) MS spectra of blank (black line) and
metabolites obtained from soy sauce (red line) using graphite sheet-assisted LDI-MS in positive and negative modes by the measurement of 1000-
fold, 100-fold diluted soy sauce (0.5 μL) spotted on a graphite sheet attached to an ITO-coated glass slide, respectively. The peaks of internal
standards [13C6]glucose and [13C5, 15N1]glutamate were obtained using graphite sheet-assisted LDI-MS in positive mode and negative mode,
respectively. (b) Standard addition curve was obtained by adding glucose (9−180 mg/mL) spiked with IS (18 mg/mL) to soy sauce. Relative
intensity was calculated as the ratio of monosaccharide [M + Na]+ and [13C6]glucose [M + Na]+. The LDI-MS measurement conditions are
described in the Experimental Section.
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assisting LDI process, rougher surface of graphite sheets should
contribute to the high LDI efficiency but that may cause the
graphite sheets to “peel off” during the manufacturing process
because of its structure made of stacked multilayer graphene.
Limited by current manufacturing technology, graphite sheets
may be further optimized and improved in the future.
Moreover, compared with nanopowder materials, sheet-type
graphite has the advantage of handling and using easily enough
for anyone to acquire the data conveniently, except the time
for waiting for the air drying of sample solution spots and also
has a lower risk of mechanical problems owing to the dispersal
of powdered-type materials. In this case, the present simple
and rapid graphite sheet-assisted LDI-MS method has a great
potential for widespread general applications in biomedical and
food science fields.
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