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Abstract

Graphene was utilized for the first time as matrix for the analysis of low-molecular weight
compounds using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS). Polar compounds including amino acids, polyamines, anticancer drugs and
nucleosides could be successfully analyzed. Additionally, nonpolar compounds including steroids
could be detected with high resolution and sensitivity. Compared with conventional matrix,
graphene exhibited high desorption/ionization efficiency for nonpolar compounds. The graphene
matrix functions as substrate to trap analytes, and it transfers energy to the analytes upon laser
irradiation, which allowed for the analytes to be readily desorbed/ionized and interference of
intrinsic matrix ions to be eliminated. The use of graphene as matrix avoided the fragmentation of
analytes and provided good reproducibility and high salt tolerance, underscoring the potential
application of graphene as matrix for MALDI-MS analysis of practical samples in complex
sample matrices. We also demonstrated that the use of graphene as adsorbent for the solid-phase
extraction of squalene could improve greatly the detection limit. This work not only opens a new
field for applications of graphene, but also offers a new technique for high-speed analysis of low-
molecular weight compounds in areas such as metabolism research and natural products
characterization.

Introduction

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF
MS)1 provides a simple analytical approach for high-molecular mass species, such as
proteins, DNA/RNA, polysaccharides, synthetic polymers, and so on.2~6 Together with the
use of TOF-TOF mass analyzer779, it also offers structural information of molecules with
high speed, accuracy, and sensitivity.

For low-mass analytes (with molecular weight < 500 Da), matrix ion interference and
detector saturation are, however, unavoidable in MALDI-TOF MS, which renders the
characterization of small molecules obscured and difficult. Recently, many efforts have been
made to eliminate matrix ion interference by using different matrix substances, such as
desorption/ionization on porous silicon,10~13 matrix with high molecular weight,14: 15
surfactant-suppressed matrix,16 inorganic materials,17: 18 etc. Different kinds of carbon-
based materials, including graphite particles,19 graphite plates17, graphite suspension in
different solvents,17: 20 graphite trapped in silicone polymer,21 activated carbon powders,
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18 and more recently pencil lead22' 23 have been suggested as alternative matrices for
MALDI-TOF MS.

Graphene is essentially an isolated atomic plane of graphite. In 2004, Chernogolovka24
discovered graphene planes by using Scotch tape and improved its high electric
conductivity. Since then, graphene has stimulated intense interest and has been extensively
studied theoretically and experimentally, and graphene may have potential applications as
single-molecule sensor25, ballistic transistors24, transparent conducting electrodes26 and
selective detection of dopamine27. However, graphene has never been used as matrix for
MALDI-TOF MS.

In this study, graphene was used as a novel matrix for MALDI-TOF MS analysis of small
molecules. The graphene functions to trap the analyte molecules and acts as an energy
receptacle for laser radiation. Due to the large surface area of its nanosheet structure, it can
attach to the sample target more tightly. This prevented the detachment of graphene from the
sample target under vacuum, which avoids the contamination of the ion source and vacuum
system. On the other hand, the efficiency of desorption/ionization for analytes on matrix
layer of graphene may be enhanced for its simple monolayer structure and unique electronic
properties. It has been found that the utilization of graphene as matrix for small-molecule
analysis could greatly simplify sample preparation and eliminate interference from
background matrix ions. This new matrix has been tested and demonstrated to be useful for
the facile analysis of amino acids, polyamines, anticancer drugs, nucleosides and steroids.

Experimental Section

Chemicals and Materials—Trifluoroacetic acid (TFA) and a-cyano-4-hydroxycinnamic
acid (CHCA) were purchased from Fluka (St. Louis, MO). Cholesterol, squaleng,
cyclophosphamide, cytosine p-D-arabinofuranoside, amino acids of Glu, His and Trp and
polyamines of spermine, spermidine and putrescine were all obtained from Sigma (St. Louis,
MO). Other reagents were of analytical grade with the exception of ethanol and acetonitrile,
which were of HPLC grade. The water used in all experiments was prepared from a Milli-Q
water purification system (Millipore, Milford, MA).

Preparation of Graphene—Graphene was prepared using previously described
procedures28. The obtained graphene was characterized by TEM analysis using JEM-2010
transmission electron microscope (JEOL, Tokyo, Japan) at an accelerating voltage of 100
kV and by powder X-ray diffraction on a Bruker D8-Advance X-ray powder diffractometer
(Madison, WI).

Preparation of Analyte Solutions—Spermine, spermidine, putrescine,
cyclophosphamide, cytosine p-D-arabinofuranoside, 2'-deoxyribonucleosides (dA, dG, dC,
dT), amino acids of Glu, His, and Trp were all dissolved in water at the concentration of 10
mM as stock solution, and the mixture solutions were prepared by diluting the stock
solutions with water until the final concentrations of analytes reached 0.5-1.0 mM each.
Cholesterol and squalene were dissolved in ethanol to give a 10-mM stock solution, and
sample solutions at other concentrations were obtained by step dilution. All stock solutions
were kept at ~4 °C for further use.

Sample Preparation for MALDI-TOF MS—CHCA matrix was prepared as a saturated
solution in 0.1% TFA in water/acetonitrile (2/1, vol/vol). Graphene (1 mg) was dispersed in
a 1-mL solution of ethanol and sonicated for 3 min, and 1 L suspension was pipetted onto
the sample target quickly. It was left in air at room temperature for 5 to 10 min to form a
thin layer, and a 0.5-pL solution of analyte was then pipetted onto the layer of matrix and
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left in air for 5-10 min for evaporation of the solvent and for further analysis by MALDI-
TOF-MS.

Solid-phase Extraction (SPE) prior to MALDI-TOF MS Analysis with Graphene
as Adsorbent and Matrix—Two mg graphene was rinsed twice with acetonitrile and
water and suspended in 0.3 mL 50% (vol/vol) methanol. After sonication for 3 min, 10 puL
of the suspension was pipetted immediately into 100 pL of analyte solution. The mixture
was then sonicated for 10 min. After centrifugation at 13,000 rpm for 10 min, the
supernatant was removed, and the pellet of graphene on which the analytes were enriched,
was resuspended in a 5-uL solution of methanol in H,O (1/1, v/v). Finally, about 1 puL
suspension of the graphene was pipetted onto the sample target. The sample target was again
left at room temperature for 10-15 min for evaporation of the solvent and for further
analysis by MALDI-TOF MS.

Mass Spectrometry—Laser desorption/ionization and matrix-assisted laser desorption/
ionization mass spectra were acquired on a Voyager DE STR MALDI-TOF mass
spectrometer (Applied Biosystems, Framingham, MA) in positive reflection mode. The mass
spectrometer was equipped with a pulsed nitrogen laser operated at 337 nm with 3 ns-
duration pulses. The acceleration voltage, grid voltage, and delayed extraction time were set
as 20 kV, 65%, and 190 ns, respectively. Each mass spectrum was acquired as an average of
100 laser shots.

Result and Discussion

In this work, graphene was first used as the matrix for MALDI-TOF MS analysis. Graphene
is a two-dimensional carbon crystal with only one atom thickness. Because of its unique
structure and electronic properties24, graphene has been increasingly used and has attracted
more and more attention. Application of graphene in fluorescent sensing technology has
been achieved due to its excellent capability in fluorescence resonance energy transfer28.
Graphene exhibits maximum UV absorption at 270 nm29, and also absorbs in the
wavelength range of 250-350 nm. Thus, we reason that it might serve as a matrix for
MALDI-TOF MS analysis on a typical instrument equipped with a N, laser delivering 337
nm light.

Characterization of Graphene—We first characterized the properties of graphene used
in this study. Shown in Figure S1la is the TEM image of graphene. As can be seen, graphene
has a nearly transparent flake-like shape with characteristic crumpled silk waves28. This
nanosheet structure was further confirmed by XRD characterization (Figure S1b, peak at 26
= 24.7° revealed the existence of graphene nanosheets30). Evidently, these special
monolayer characteristics could provide some unique properties to graphene when it is used
in MALDI analysis. First, graphene could be homogenously dispersed in ethanol after
sonication. Therefore, on the sample target, it can form a homogenous matrix layer.
Moreover, this layer can attach to the sample target tightly and could not be rinsed out easily
by water or ethanol. In addition, the monolayer structure can provide high surface area
which improves the adsorption ability of the analyte to this matrix layer, thereby enhancing
MS signal. Other advantages of single-layer morphology may include the good energy
transfer ability, less interference of matrix-related ions due to the simple structure of this
material. These properties suggest that graphene may serve as a good matrix for MALDI
mass spectrometry.

Analysis of Amino Acids with Graphene—Amino acids were first chosen as

representative small molecules for MALDI-TOF MS analysis by employing graphene as
matrix. Displayed in Figure 1 are the mass spectra of an amino acid mixture consisting of
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Glu, His, and Trp in the LDI mode without any matrix (Figure 1a), and with CHCA (Figure
2b) or graphene (Figure 1c) as matrix. The concentration of each compound was 0.5 mM.
Not surprisingly, there were no signals of analytes in LDI mode without any matrix (Figure
1a). All 3 amino acids were detected as the [M +H]* ions (Glu, m/z 147; His, m/z 156; and
Trp m/z 205) with conventional CHCA or graphene matrix (Figure 1b&c). However, strong
background interferences were present while CHCA was used as matrix, which greatly
obscured the detection of low-molecular weight compounds. By using graphene, all 3 amino
acids were detected with high peak intensities (Figure 1c) and, more importantly, matrix ion
interference was completely eliminated. In addition, very few or no fragment ion peaks of
the analytes could be observed, suggesting that graphene was a “soft” matrix for MALDI-
TOF MS analysis.

The effect of laser power was also investigated. When the laser power was set at 1500
(arbitrary units), both graphene and CHCA can generate mass spectra with good signal-to-
noise (S/N). While the laser power setting was decreased to 1300, there was nearly no signal
for any of these 3 amino acids by using CHCA as the matrix. However, good signal could be
obtained with graphene as matrix. Evidently, lower laser power was needed while graphene
was used as matrix for the desorption/ionization of small molecules. This may be due to its
nanosheet structure, which facilitated strong adsorption of analyte and efficient energy
transfer to the analyte.

Clearly, analysis of a mixture of small molecules using MALDI MS with an organic matrix
could be achieved under suitable conditions, but the matrix interference remains a real
problem (Figure 1b). However, this problem can be avoided by desorption/ionization mass
spectrometry with graphene as matrix. Moreover, successful MALDI experiments for
analysis of different classes of small molecules strongly depend on the choice of matrix and
sample preparation methods, yet this continues to be an empirical consideration. In this work
with the use of graphene, the analyte solutions were simply deposited onto the graphene
layer on the probe, and the graphene acted as a matrix medium to trap the analyte molecules.
Therefore, the use of graphene as matrix obviates the needs for optimizing solvent
conditions for different analytes and simplifies the sample preparation.

Analysis of Other Types of Small Molecules—The use of graphene for the
desorption/ionization of analytes was further investigated using other types of analytes.
Polyamines play an important role in DNA synthesis and gene expression31733, and they
are involved in cell migration, proliferation and differentiation in plants and animals34.
Spermine, spermidine and putrescine are the three major polyamines in cells. We further
analyzed the polyamines using graphene-assisted LDI-TOF MS. Similarly, all components
in the mixture were simultaneously desorbed from graphene and ionized as the sodium
adducts (i.e., [M + Na]* ions), while spermidine could also be ionized as the [M + H]* ion
(Figure 2). Interestingly, metal ions were the main chemical adduct for both amino acids and
polyamines analyzed by MALDI with graphene as matrix; and [M + H]* peaks of most of
these compounds were not observed in the mass spectra. This is reminiscent of the results
obtained from amino acid analysis using the oxidized carbon nanotubes as the matrix35.
Graphene-assisted LDI could constitute a facile method for the future analysis of
polyamines extracted from tissues or cells.

We also analyzed anticancer drugs using graphene-assisted LDI MS. Shown in Figure 3a is
the mass spectrum of cyclophosphamide and cytosine B-D-arabinofuranoside. Peaks of m/z
at 266 and 283 could be assigned as the [M + Na]™ ions of cytosine p-D-arabinofuranoside
and cyclophosphamide, respectively. As cyclophosphamide contains two chloride atoms, the
main isotope peaks were assigned to be 283 and 285. We next investigated the detection of
these drugs in high salt solution since the drug was often injected into human body with
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supplement of sodium chloride and the study of its metabolism may also involve analytes
present in a matrix containing high concentrations of salts (e.g., urine and plasma samples).
Figure 3b displays the analysis of two drugs which were prepared in a solution bearing 500
mM NacCl. Although the signal intensity decreased slightly, both of them could still be
clearly detected, which illustrated the potential of this new technique for drug metabolism
studies.

A mixture of four nucleosides was also successfully analyzed by MALDI-TOF MS using
graphene as matrix. As depicted in Figure 4, peaks at m/z 250, 265, 274 and 290 can be
assigned as the [M + Na]* ions of dC, dT, dA and dG. The background was clean and no
fragment ions were observed.

Analysis of Nonpolar Compounds—Another example is the analysis of cholesterol
and squalene, and the latter is the precursor for cholesterol biosynthesis. Both compounds
are highly hydrophobic and not easily protonated and ionized. Cholesterol was previously
analyzed using traditional matrix such as 2,5-dihydroxybenzoic acid (DHB), but the
interference of matrix ion greatly obscured its detection.36 While using graphene as matrix,
these two compounds can be simultaneously desorbed and ionized with high S/N ratio. As
revealed in Figure 5b, both of them are ionized as the [M + Na]* ions with high intensities
and clean background due to the absence of matrix interference. The peak intensity of
squalene was nearly 3 times higher than that of cholesterol, which may be due to the
different desorption/ionization process of squalene and cholesterol from the graphene
matrix.

For comparison, CHCA was also employed as the matrix for the analysis of these two
compounds. Peak assigned to cholesterol (m/z 369) revealed the loss of H,O and the peaks
of m/z at 378 and 338 were attributed to matrix-related ions (Figure 5a). However,
cholesterol could be detected as intact sodium adduct ion (m/z 409) in the case of graphene
as the matrix (vide supra), indicating that graphene is a soft matrix for MALDI MS.
Interestingly, no signal of squalene could be detected with CHCA as matrix under otherwise
the same experimental conditions, which might be attributed to the poor ionization of
nonpolar compounds with the use of CHCA as matrix; nonpolar compounds are known to be
difficult to ionize.37

Silver ion was often added to the solution of nonpolar compounds to assist their
ionization37, but it would result in two isotope peaks of target compound (due to the
introduction of Ag*) and complicate the sample preparation. In our work, the squalene
solution prepared with ethanol was just deposited directly onto the graphene layer on the
target plate, and the graphene acted as a matrix medium to trap the analyte molecules. As
depicted in Figure 5b, by using graphene as matrix, squalene could be readily detected even
at low laser energy (1450) and without the addition of any other assisted solvent. The
detailed mechanism is not clear, but we suspect that two factors may contribute to the facile
desorption/ionization of squalene on graphene. One is through hydrophobic/hydrophobic
interaction between graphene and nonpolar compounds, and the other may be related to the
electronic property of graphene28, where streams of conjugated electrons on its nanosheet
could function both as the energy receptacle for UV laser radiation and the energy
transporter to facilitate the desorption/ionization of analytes. Therefore, graphene's great
capability in energy transfer was demonstrated by its usefulness as matrix for the laser-
induced desorption/ionization of various types of small molecules.

Graphene as Adsorbent for Solid-phase Extraction—Graphene is an electron-rich

hydrophobic material with high surface area. Therefore, it may serve as suitable material for
solid-phase extraction. To test this, we used graphene for the solid-phase extraction of
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squalene from a 20-uM solution. After enrichment, graphene was directly analyzed using
MALDI-TOF MS and good signal was obtained (Figure 5c¢). We further lower the
concentration of squalene to 0.2 uM, and it turned out that the analyte could still be readily
detected by MALDI-MS after SPE with the use of graphene (Figure 5d). This is especially
useful for sample concentration and contaminant removal. Therefore, graphene’s dual
capability as SPE adsorbent and MALDI matrix offered a powerful and rapid technique for
the detection of small molecules in complicated sample matrices. Obviously, MALDI-TOF
MS with the use of graphene as matrix has great potential for application in the detection of
a variety of low-molecular weight species while simplifying sample preparation.

Reproducibility of Analysis while Using Graphene as Matrix—We compared the
reproducibilities of ion peaks of spermine by using the CHCA and graphene matrix. Ten
mass spectra were recorded continuously from a discrete location in the probe well where
each mass spectrum was obtained by applying 10 laser shots. The graphene matrix produced
higher signal intensities and better shot-to-shot reproducibility of the spermine signal than
the CHCA matrix. The relative standard deviation (RSD) of peak intensities for spermine
within one sample spot by averaging 10 spectra was around 40% with CHCA matrix, while
the RSD value was as low as 14% for graphene matrix. This may be due to the
homogeneous distribution of analyte molecules on the graphene layer, which contrasts with
heterogeneous crystals formed from analyte molecules and conventional organic matrix.
Thus, MALDI with graphene as matrix may provide a solid foundation for improving
quantitative analysis of small molecules with clean spectral background.

Above results clearly demonstrated that graphene can be used as a new matrix for the high-
speed MALDI MS analysis of small molecules. No observable peak signals were obtained if
laser light at a power setting of 1400-1800 was irradiated on graphene without any sample
molecules, which is similar to the result of sample molecules directly placed on the metal
target and indicates that graphene is stable under laser irradiation conditions. Furthermore,
the graphene surface activity can be modified via derivatization with other functional
groups, which may extend its application in mass spectrometry analysis. However, the
mechanism for desorption and ionization of small molecules on the graphene matrix is not
well understood, though energy transfer from laser irradiation to the sample molecules
through graphene should be one of the most important processes.

In this work, graphene was utilized as a novel matrix for the analysis of small-molecule
compounds using MALDI-TOF MS. Compared with conventional matrices such as CHCA,
graphene has several advantages, including simple sample preparation, high efficiency in
analyte desorption/ionization, improved reproducibility of peak intensities for analytes, etc.

The matrix is successfully used for the analyses of amino acids, polyamines, steroids,
anticancer drugs and nucleosides. The high salt tolerance revealed its potential usage in
analyzing small molecules present in complicated sample matrices. It also showed great
advantages for the analysis of nonpolar compounds. Additionally, we observed that the limit
of detection for analytes could be enhanced if graphene was used for solid-phase extraction
of analytes in solution prior to MS analysis. Furthermore, graphene as matrix provided a
lower laser power threshold for desorption/ionization and higher signal of small molecules
than organic matrices. Using graphene as matrix can greatly simplify sample preparation,
eliminate interference of matrix background ions, and improve shot-to-shot reproducibility.
However, the sensitivity for the measurement is still not too high and it can be potentially
improved in future studies through chemical derivatization of graphene. Taken together, our
work opens a new field for graphene applications and it provides a new matrix for rapid
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MALDI-MS analysis of low-molecular weight compounds in areas such as metabolism
research and natural products characterization.
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Figure 1.

MALDI-TOF mass spectra of a solution containing Glu (m/z 147, [M+H]*; m/z 169, [M
+Na]™*), His (m/z 156, [M+H]*; m/z 178, [M+Na]*) and Trp (m/z 205, [M+H]*; m/z 227, [M
+Na]*; m/z 249, [M+K]*) in the: (a) LDI mode without matrix, and with matrix of CHCA
(b) or graphene (c). A 0.5 puL sample solution was deposited on the target spots and the
concentrations of all analytes were at 0.5 mM each.
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Figure 2.

MALDI-TOF mass spectrum of a polyamine mixture containing 1 mM each of spermine (m/
z 203, [M+H]*; m/z 225, [M+Na]*), spermidine (m/z 168, [M+Na]*) and putrescine (m/z
111, [M+Na]*). Graphene was used as matrix.
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MALDI-TOF mass spectra of cyclophosphamide and cytosine p-D-arabinofuranoside on

graphene. The peaks at m/z 283 and 266 correspond to the [M+Na]* ions of

cyclophosphamide and cytosine 3-D-arabinofuranoside, respectively: (a) sample in water
solution; (b) sample in 500 mM NacCl solution.
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Figure 4.

MALDI-TOF mass spectrum of a mixture of four 2'-deoxyribonucleosides at 0.5 mM each.
Peaks of m/z at 250, 265, 274 and 290 correspond to the [M+Na]* ions of dC, dT, dA and
dG, respectively.
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MALDI-TOF mass spectra of: (a) cholesterol (m/z 369, [M-H,0+H]*) and squalene (m/z
433, [M+Na]*) with the use of CHCA as matrix; (b) cholesterol (m/z 409, [M+Na]*) and
squalene (m/z 433, [M+Na]*), with the use of graphene as matrix; (c) graphene as adsorbent
for SPE of squalene at 20 pM; (d) graphene as matrix for SPE of squalene at 0.2 pM.
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