
KIM ET AL. VOL. 5 ’ NO. 6 ’ 4550–4561 ’ 2011

www.acsnano.org

4550

May 03, 2011

C 2011 American Chemical Society

Synergistic Effect of Graphene Oxide/
MWCNT Films in Laser Desorption/
Ionization Mass Spectrometry of Small
Molecules and Tissue Imaging
Young-Kwan Kim,† Hee-Kyung Na,† Sul-Jin Kwack,† Soo-Ryoon Ryoo,† Youngmi Lee,‡ Seunghee Hong,†

Sungwoo Hong,† Yong Jeong,‡ and Dal-Hee Min†,*

†Department of Chemistry, Institute for the BioCentury, and ‡Department of Bio and Brain Engineering, Korea Advanced Institute of Science and Technology (KAIST),
373-1 Guseong Dong, Yuseong-gu, Daejeon 305-701, Korea

M
atrix-assisted desorption/ioniza-
tion mass spectrometry (MALDI-
MS) has become a powerful tool

for biochemical analyses and proteomics
research since its debut by Karas and
Hillenkamp in the 1980s.1 Soft ionization
of analytes with minimum fragmentation
provides mass spectra that are easy to
interpret because they present intact
molecular ion peaks of biomolecules.2

Although MALDI-MS has been successful
in analyzingmolecules with variousmolecular
weights from 1 to 100 kDa, the use of organic
matrix molecules has resulted in several
problems such as interference in the low-
mass region (m/z < 500),3 hot-spot forma-
tion by heterogeneous cocrystallization
with analytes,4 and much trial-and-error to
find the appropriate matrix composition for
successful analysis.5 Thus, there have been
efforts to develop a matrix-free laser desorp-
tion/ionization mass spectrometry (LDI-MS)
platform, such as nanomaterial-assisted la-
ser desorption/ionization (NALDI) and de-
sorption/ionization on porous silicon (DIOS),
for mass spectrometric analysis using inor-
ganic nanoparticles6�8 and porous silicon
substrates,9 which transfer absorbed energy
from the laser to the analytes for ionization.
Among various nanomaterials, carbon-

based nanomaterials, such as fullerene,10,11

carbon nanotube,12�14 and graphite,15�17

have been actively investigated for use in
LDI-MS. Recently, graphene, a single-layered
graphite composed of a perfect honeycomb
crystal lattice, has shown great potential for
applications in LDI-MS, in addition to appli-
cations in nanoelectronic devices, transpar-
ent electrodes, and biosensors.18�20 In
addition to high LDI efficiency, the surfaces

of carbon nanomaterials can be easily oxi-
dized to present oxygen functional groups
for solubilization in aqueous solvents and
proton donation14 and harnessed for en-
richment of small amounts of hydrophobic
molecules21 and biomolecules.19,22,23

However, NALDI-MS has not been widely
used due to high costs, cumbersome sam-
ple preparation, difficulty inmaintaining the
quality and stability of the nanomaterials,
contamination of the mass spectrometer,
and saturation of the detector by flight of
nanomaterial itself.24 Thus, the develop-
ment of a matrix-free LDI platform that is
compatible with a chip format is a prerequi-
site for the efficient mass spectrometric
detection of small molecules. Additionally,
a chip format for mass spectrometry is
compatible with a high-throughput assay
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ABSTRACT Matrix-assisted laser desorption/ionization mass spectrometry has been considered

an important tool for various biochemical analyses and proteomics research. Although addition of

conventional matrix efficiently supports laser desorption/ionization of analytes with minimal

fragmentation, it often results in high background interference and misinterpretation of the spatial

distribution of biomolecules especially in low-mass regions. Here, we show design, systematic

characterization, and application of graphene oxide/multiwalled carbon nanotube-based films

fabricated on solid substrates as a new matrix-free laser desorption/ionization platform. We

demonstrate that the graphene oxide/multiwalled carbon nanotube double layer provides many

advantages as a laser desorption/ionization substrate, such as efficient desorption/ionization of

analytes with minimum fragmentation, high salt tolerance, no sweet-spots for mass signal,

excellent durability against mechanical and photoagitation and prolonged exposure to ambient

conditions, and applicability to tissue imaging mass spectrometry. This platform will be widely used

as an important tool for mass spectrometry-based biochemical analyses because of its outstanding

performance, long-term stability, and cost effectiveness.

KEYWORDS: carbon nanotube . graphene . mass spectrometry . nanohybrid . surface
modification
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strategy without labels or an organic matrix. In this
regard, DIOS is one of the most attractive platforms
that is compatible with a biochip format with proper
surface chemistry, but it also requires relatively high
cost and complicated fabrication process for the pre-
paration of porous silicon.9,25,26

MALDI imaging mass spectrometry (IMS) is another
emerging tool in various research fields, such as pro-
teomics, lipidomics, and pharmacology, to investigate
the spatial distribution of diverse biomolecules within
a tissue section. In comparison with existing techni-
ques, IMS has several notable features, such as accurate
measurement of multiple biomolecules based solely
on molecular weights and post-translational modifi-
cation and location of specific analytes in tissue
sections.27,28 Important challenges for MALDI-IMS
are the homogeneous spreading of the matrix on
the tissue surface and preventing sublimation of the
matrix under high vacuum during prolonged IMS
experiments.29,30 Thus, the development of a LDI
platform that is compatible with a chip format would
be a breakthrough in addressing these challenges in
small molecule analyses and tissue imaging with
mass spectrometry.
Here, a graphene oxide (GO) and aminated multi-

walled carbon nanotube (MWCNT) double-layer-based
LDI platform was developed for the detection of small
molecules and mass spectrometric tissue imaging
(Scheme 1). Because of their oppositely charged sur-
faces, the GO and aminated MWCNT (MWCNT-NH2)
can be immobilized as a stable double-layered struc-
ture in sequence on a solid substrate. The addition of
MWCNT-NH2 to the GO-coated surface is expected to
enhance surface roughness and the surface area for
analyte adsorption and, thus, increase LDI efficiency.
The GO/MWCNT-NH2 double layers would have good
wettability in water due to their charged surface,
absorb UV light, and efficiently convert the absorbed
energy into thermal energy, as expected from the
properties of GO and MWCNT-NH2 in the solution
phase.12,31 These characteristic properties make GO/
MWCNT-NH2 double layer a promising candidate for a
chip format LDI platform.

RESULTS AND DISCUSSION

The GO and MWCNT-NH2 were prepared according
to previously reported methods (Figure S1 in the

Supporting Information).32,33 Double-layer films of
GO and MWCNT-NH2 were then prepared on glass
coverslips according to a previously reported method
by self-assembling GO onto aminated glass cover-
slip and subsequent immobilization of MWCNT-NH2.

33

Aqueous solutions of various small molecules
(1 nmol/μL) including cellobiose, Leu-enkephalin, glu-
cose, lysine, D-mannitol, and phenylalanine were then
prepared, and 1 nmol of each small molecule was
deposited on the GO/MWCNT-NH2 double-layer films.
After drying the sample spots under ambient condi-
tions, the substrates were subjected to LDI-MS. Very
clean mass spectra with low background signals were
obtained in positive ionization mode, showing mass
peaks corresponding to protonated ions, sodium, and/
or potassium adducts of the analyte small molecules
(cellobiose, m/z 365 [M þ Na]þ; Leu-enkephalin, m/z
576 [Mþ Na]þ andm/z 592 [Mþ K]þ; glucose,m/z 203
[M þ Na]þ and m/z 219 [M þ K]þ; lysine, m/z 147
[Mþ H]þ,m/z 169 [Mþ Na]þ, andm/z 185 [Mþ K]þ; D-
mannitol, m/z 205 [M þ Na]þ and m/z 221 [M þ K]þ;
phenylalanine, m/z 166 [M þ H]þ, m/z 188 [M þ Na]þ,
andm/z 204 [MþK]þ) (Figure 1a). Metal cation adducts
might be originated from residual Naþ and Kþ which
were included in the reagents used for oxidation of
graphite to prepare graphene oxide (i.e., potassium
permanganate, sulfuric acid, and hydrogen peroxide)
and/or in the analyte sample solutions as impurities.
The metal cations might be strongly adsorbed on the
GO surface due to the negative charge of the GO
surface and difficult to remove during purification
processes. Protonated species ([M þ H]þ) would be
sometimes more preferable rather than metal cation
adducts especially for tandem mass analysis. In nega-
tive ion mode, clear mass spectra of glucose, mannitol,
lysine, and phenylalanine were obtained which show
peaks corresponding to deprotonated forms (glucose,
m/z 179 [M � H]�; mannitol, m/z 181 [M � H]�; lysine,
m/z 145 [M � H]�; and phenylalanine, m/z 165
[M�H]�) (Figure 1b), but nomass signal was observed
with cellobiose and Leu-enkephalin. The high LDI
efficiency of lysine and phenylalanine in negative ion
mode could be due to the existence of a carboxylic acid
groupwhich can be easily deprotonated. It is intriguing
to see that monosaccharides;glucose and mannitol;
were detected, whereas disaccharide;cellobiose;
was not detected in negative ion mode. The reason
is not clear at this time, and further work is underway
to understand the phenomena. The mass accuracy,
resolution, and detection limit obtained in positive
ion mode and surface density of deposited each
small molecule are summarized in Figure 1c
(for each mass spectrum obtained for determining
limit of detection, see Figure S2 in the Supporting
Information). As a control, the GO sheets dispersed in
water were applied to the LDI of the small molecules.
Mass spectra were obtained after depositing and drying

Scheme1. Schemeof LDI-MSbasedonGO/MWCNTdouble-
layer film-coated substrate.
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mixed solutions of the small molecules and GO in
distilled water onto a stainless steel plate. Among the
tested analytes, only cellobiose, phenylalanine, and
enkephalin gave mass peaks with relatively high back-
ground signals in the low-mass region (m/z < 200;
Figure S3a,b in the Supporting Information). This back-
ground signal might be originated from the destruc-
tion and flight of GO sheets due to intense laser
irradiation. Therefore, surface immobilization of GO
sheets is important to prevent high background
signals.
To further investigate LDI efficiency of surface-

immobilized carbon materials and to reveal which
nanomaterial;GO or MWCNT-NH2;plays a more cri-
tical role, various types of different substrates were
prepared by utilizing GO, reduced GO (RGO), MWCNT,
and MWCNT-NH2. The substrates are classified into
three categories;substrates coated with only GO
derivatives, only MWCNT-NH2, and combinations of
GO and MWCNT derivatives (Figure 2a). GO derivative-
coated chips were prepared by immobilizing GO on

aminated glass substrates and by reducing the surface-
immobilized GO substrates with hydrazine mono-
hydrate solution. MWCNT-NH2-coated substrate was
prepared by immobilization of MWCNT-NH2 onto ep-
oxide presenting glass surface. Three different chips
based on combinations of GO and MWCNT derivatives
were prepared by immobilizing MWCNT onto RGO
substrate (RGO/MWCNT) via π�π interaction, adsorbing
MWCNT-NH2 onto GO substrate via electrostatic inter-
action (GO/MWCNT-NH2), and chemical reduction
of the prepared GO/MWCNT-NH2 (RGO/MWCNT-NH2)
(Figure 2b). SEM images showed successful preparation
of surface-immobilized carbon nanomaterials with
high surface coverage (Figure 2c).
The LDI-MS of the small molecules was next per-

formed on the six different carbon nanomaterial-based
substrates under the same instrumental conditions
(Figure S4 in the Supporting Information). The relative
mass peak intensities are shown as bar graphs for com-
parison (Figure 3a,b). As expected, mass peak intensities
were highest on the substrates where combinations of

Figure 1. Mass spectra of various small molecules obtained on GO/MWCNT-NH2 double layer in (a) positive ion mode and
(b) negative ionmode. (c) Table showingmass accuracy, resolution, detection limit, and surface density of analytes dissolved
in distilled water (1 nmol/mL). Aqueous solutions of analytes were deposited on GO/MWCNT double-layer coated glass
substrates and subjected to LDI-MS.
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GO andMWCNT-NH2 were used (GO/MWCNT-NH2 and
RGO/MWCNT-NH2). It seems that the presence of sur-
face functional groups, such as carboxylic acids and
amines, plays an important role by improving surface
wettability and sample spreading. It is clear that the LDI
efficiency of various small molecules was significantly
improved by incorporation of MWCNT-NH2 on the GO
layer. On RGO/MWCNT-NH2 double-layer films, the LDI
efficiency of small molecules was slightly altered in
comparison with their unreduced pairs. Overall, for the
general purpose of small molecule analyses, GO/
MWCNT-NH2-coated surfacewas the best LDI substrate
among the substrates we tested, whereas RGO/
MWCNT-NH2 was considered as the best substrate for
hydrophobic analytes such as enkephalin and Fmoc-
protected amino acids. It seems that the interactions
between analytes and carbon nanomaterial chips play
an important role in complicated LDI processes and
some kind of synergy effect exists for efficient LDI
when GO/MWCNT double layer is applied to LDI-MS.
Synergy may be originated from the interface of
MWCNT and GO, where analytes can receive energies
from both MWCNT and GO derivatives (Figure 3c).

To investigate the relationship of the structural and
surface properties of the substrates with LDI efficiency,
center-line average (CLA) surface roughness and water
contact angles were measured. Both GO/MWCNT-NH2

and RGO/MWCNT-NH2;promising LDI substrates;
have relatively high CLA surface roughness among
the substrates, 6.646 and 5.018 nm, respectively. In
contrast, GO and RGO-coated substrates showed
smooth morphology with 1.117 and 0.904 nm in CLA
surface roughness. This result indicates the chemical
reduction led to changes in surface morphology in
addition to chemical structure. CLA surface roughness
of RGO film was also slightly increased to 1.914 nm
from 1.117 nm after π�π interaction-induced adsorp-
tion of MWCNT (RGO/MWCNT), but the surface rough-
ness was lower than that of RGO/MWCNT-NH2 due to
difference in the amount of surface-adsorbed MWCNTs.
MWCNT film showed the highest CLA surface rough-
ness among the prepared carbon nanomaterial chips
(9.079 nm) (Figure 4a,b). On the basis of the AFM
characterization, we found that efficient LDI substrates,
GO/MWCNT-NH2 and RGO/MWCNT-NH2 double-layer
films, generally showed CLA surface roughness higher

Figure 2. Various carbon nanomaterial-based substrates fabricated for comparison of LDI efficiency. (a) Scheme of three
substrates composed of GO derivative-coated, MWCNT-NH2-coated, and GO and MWCNT derivative-coated as surface
immobilized films. (b) Detailed scheme of preparation of six different graphene and/or MWCNT-based substrates. (c) SEM
images of the prepared carbon nanomaterial substrates. The scale bar is 1 μm.
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than that of GO and RGO films due to adsorption of
MWCNTs. Although MWCNT film showed the highest
CLA surface roughness derived from the higher ad-
sorption density of MWCNT-NH2 than double-layered
films, its LDI efficiency was inferior compared to those
double-layered films. This result suggests that the GO
sheets underneath MWCNTs played an important role
for efficient LDI of analytes. The wettability of the
substrates is also an important factor for an efficient
LDI platform because it is closely related to homoge-
neous sample spreading. The analyte solutions were
relatively well spread on GO, MWCNT, and GO/
MWCNT-NH2 films compared to the reduced ones;
RGO, RGO/MWCNT, and RGO/MWCNT-NH2 films;
because of their relatively hydrophilic surfaces

(Figure 4b and Figures S5 and S6 in the Supporting
Information). These results well concur with the
obtained water contact angle values and higher LDI
efficiency of analytes onGO andGO/MWCNT-NH2 films
than on their reduced pairs.
To further investigate the complicated internal en-

ergy transfer on carbon nanomaterial films, benzylpyr-
idinium salt (BP) was selected as amodel compound to
estimate survival yield;intensity of the precursor ion
divided by total intensity of the fragmented and pre-
cursor ion;and desorption efficiency;absolute total
intensity of the fragment and precursor ion. These
values are known to be dependent on internal energy
transfer processes. The low survival yield of BP on
GO films, 19%, was significantly increased to 60% by

Figure 3. (a) Mass spectra of cellobiose and enkephalin (Leu-enkephalin) obtained from six different carbon nanomaterial-
based films as LDI substrates. (b) Comparison of mass peak intensities of various small molecules obtained on different
substrates presented as bar graphs. (c) Scheme showing synergy effect between GO and MWCNT as a LDI substrate.
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incorporating MWCNT-NH2 on GO films (GO/MWCNT-
NH2 films), and that value further increased to 27 and
76% on RGO and RGO/MWCNT-NH2 films, respectively
(Figure 4c and Figure S7 in the Supporting Information).
The increased survival yields were attributed to effi-
cient laser energy absorption and increased thermal
conductivity of the GO films through incorporation of
MWCNT and restoration of sp2 carbon domains.19

However, the desorption efficiency was considerably
higher on the GO/MWCNT-NH2 double layer than on
the RGO/MWCNT-NH2 double layer, despite its slightly
lower survival yield. This low desorption efficiency on
RGO/MWCNT-NH2 may have been due to the unde-
sired, but favorable, dissipation of absorbed laser en-
ergy into carbon material-based substrate rather than
to the analytes. This energy dissipation seems more
efficient in the RGO/MWCNT-NH2 than in the GO/
MWCNT-NH2 owing to the restored sp2 carbon do-
mains. These results indicate that the degree of frag-
mentation and LDI efficiency of analytes on prepared
carbon nanomaterial chips was significantly depen-
dent on the chemical properties of the carbon nano-
material chip and the interaction between analytes
and carbon nanomaterial chips.34

From the series of studies, we concluded that the
GO/MWCNT-NH2 and RGO/MWCNT-NH2 double layers

were suitable for LDI of hydrophilic and hydrophobic
molecules, respectively. Thus, we further characterized
their advantages and performance as a novel LDI plat-
form. Salt tolerance is an important factor of the LDI
platform for the analysis of biological samples that
contain high salt concentrations. To examine the salt
tolerance of the GO/MWCNT-NH2 double-layer plat-
form, 1 μmol of small molecules tested in Figure 1 was
dissolved in phosphate-buffered saline (PBS), which
has an ionic strength similar to human body fluid
(0.21 g/L of KH2PO4, 9 g/L of NaCl, and 0.72 g/L of
NaHPO4), spotted on the GO/MWCNT-NH2 double
layer and analyzed with LDI-ToF MS (Figure S8a,b in
the Supporting Information). Although the detection
limits of those small molecules were decreased by 1
order of magnitude, the GO/MWCNT-NH2 double layer
was still applicable to direct analysis of small molecules
dissolved in PBS without any desalting or enrichment
processes. In addition, Leu-enkephalin and phenylala-
nine dissolved in concentrated PBS having ion con-
centrations up to 1.68 g/L of KH2PO4, 7.20 g/L of NaCl,
and 5.80 g/L of NaHPO4 were successfully analyzed on
the GO/MWCNT-NH2 double layer, which confirms
high salt tolerance of the GO/MWCNT-NH2 double
layer (Figure S9 in the Supporting Information). Mecha-
nical durability is also an important factor of good

Figure 4. (a) AFM images of six different carbonnanomaterial-basedfilms and (b) surface roughness andwater contact angles
of the carbon nanomaterial chips. (c) Survival yield and desorption efficiency of BP on the carbon nanomaterial chips.
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LDI platforms for stable, prolonged, and repeated
applications for LDI-ToF MS analysis without laser
irradiation-induced destruction of the nanostructures.
Previously, we reported that the GO/MWCNT-NH2

double layer had excellent mechanical durability due
to the formation of covalent bonds between GO,
MWCNT-NH2, and the substrate.33 The mechanical
durability and performance as a reusable LDI substrate
were successfully confirmed by repeated applications
in alternating LDI-ToF MS analyses of phenylalanine
and cellobiose (1 nmol each) with washing and reload-
ing steps. Although the mass signal intensities of both
small molecules gradually decreased with repeated
applications in LDI-MS, the absolute intensities of the
small molecules were sufficient to analyze their pre-
sence on the GO/MWCNT-NH2 double layer even after
15 LDI analysis cycles (Figure S10a in the Supporting
Information) without signs of surface destruction
(Figure S10b,c in the Supporting Information) and
contamination of the ionization source and the detec-
tor of mass spectrometer from GO/MWCNT-NH2. Here,
one LDI analysis cycle is defined as one complete set of
procedures involving spotting and drying of analyte on
the substrate, LDI-ToF MS analysis of the analyte,
rinsing off the analyte by using water and ethanol,
and substrate drying under a stream of nitrogen. The
results show repeated applicability of GO/MWCNT-
NH2 double-layer film for LDI-MS analysis of small
molecules.
Another important issue for successful LDI-ToF MS

analysis is to obtain a uniform mass signal from the
overall surface of the LDI-ToF MS platform without
sweet-spots. To investigate spot-to-spot mass signal
intensities on the GO/MWCNT-NH2 platform, 1 μL of

cellobiose solution (0.1 mM) was spotted and dried on
the GO/MWCNT-NH2 double layer, and the entire
sample spot was analyzed with IMS with a raster width
of 50 μm. The optical image of the GO/MWCNT-NH2

double layer showed that homogeneous distribution
of the analyte formed a circle after evaporation of the
solvent, and the mass image confirmed the homoge-
neous distribution by showing a uniform mass signal
intensity for a mass peak corresponding to cellobiose
(m/z 365 [MþNa]þ; Figure 5b,e,f). As a control, 1 μL of a
mixed solution of cellobiose (0.1 mM) and 2,5-dihy-
droxybenzoic acid (DHB) (10 mg/mL), a typical organic
matrix for MALDI-ToF MS, was spotted on the glass
substrate and analyzed with IMS. The mass image
indicated the undesirable formation of sweet-spots
due to heterogeneous crystal formation of a cello-
biose-DHB (Figure S11a,b in the Supporting Infor-
mation). Formation of a homogeneous sample spot
with relatively uniformmass peak intensitiesmakes the
GO/MWCNT-NH2 double-layer platform more quanti-
tative and advantageous for monitoring chemical re-
actions and developing biosensors based on mass
spectrometry. Moreover, the fabrication process for
the GO/MWCNT-NH2 double layer is compatible with
a large-area processing and array format analysis of
multiple analytes.33 Specifically, the GO/MWCNT-NH2

double layer was fabricated on a 2 cm2 glass substrate,
and 1 μL of each solution (1, 0.5, 0.2 mM) of D-mannitol,
cellobiose, and Leu-enkephalin was spotted on the
GO/MWCNT-NH2 double layer and analyzed with IMS
with a raster width of 150 μm. All of the organic
molecules were successfully detected as sodium ad-
ducts from each of the array spots (3 � 3) formed on
the large double-layer chip (Figure 5e,f).

Figure 5. (a) Optical and (b) mass images of homogeneously spread cellobiose (m/z 365 [M þ Na]þ) on GO/MWCNT-NH2

substrate (scale bar = 1mm). (c) Mass image of small molecule array composed of D-mannitol (m/z 205 [MþNa]þ), cellobiose
(m/z 375 [MþNa]þ), and Leu-enkephalin (m/z 577 [MþNa]þ) along first, second, and third rows, respectively, with 1, 0.5, and
0.2 nmol formed on GO/MWCNT-NH2 substrate (scale bar = 2 mm). (d) Mass spectra of small molecules from the spots of the
array formed with 0.2 nmol of each analyte.
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Encouraged by the excellent performance of the
GO/MWCNT-NH2 double layer as a novel LDI-ToF MS
platform, we extended the application of our plat-
form for various mass spectrometric analyses. The
GO/MWCNT-NH2 double layer was used to follow
organic reactions based on changes in the molecular
weight of the starting molecule to product. The con-
version of the betulin (M1) startingmolecule (432 g/mol)
to betulinic acid (M3, 456 g/mol) by a two-step organic
reaction through betulonic acid (M2, 454 g/mol) was
successfully characterized on the GO/MWCNT-NH2

double-layer LDI platform (Figure 6a). Betulin and betu-
linic acid have been reported to exhibit anticancer,
antimalarial, anti-inflammatory, and anti-HIV activity
and are widely studied anticancer agents.35,36 The
peaks corresponding to the molecules (M1, M2, M3)
were not observed on stainless steel or glass sub-
strates without the GO/MWCNT-NH2 double layer
(data not shown). As another example, conjugated
cyclic organic molecules (Figure S12a in the Support-
ing Information) were also synthesized and analyzed
with LDI-ToF MS on the GO/MWCNT double-layer
platform, which gave mass peaks corresponding to
each reaction product (Figure S12b in the Supporting
Information). We next conducted an enzymatic synth-
esis of small molecules and monitored the reaction
with LDI-ToFMS on the GO/MWCNT-NH2 double-layer

film. As a model reaction, the R-chymotrypsin-cata-
lyzed synthesis of N-acetyl-L-tryptophan ethyl ester
(M5, 274 g/mol) through esterification of N-acetyl-L-
tryptophan (M4, 246 g/mol) was successfully charac-
terized using the GO/MWCNT-NH2 LDI platform with
kinetic measurements (Figure 6b,c and Figure S13
in the Supporting Information).37 Thus, the GO/
MWCNT-NH2 double-layer platform can be used to
monitor chemical and biological syntheses of small
organic molecules and considered as a mass spectro-
metry-based assay platform of enzyme activities in
solution.
Finally, the RGO/MWCNT-NH2 was applied to IMS of

lipids that were distributed in mouse brain tissue. We
used the RGO/MWCNT-NH2 platform for lipid analysis,
not GO/MWCNT-NH2, because the high LDI efficiency
and stronger affinity of hydrophobic molecules to the
RGO/MWCNT-NH2 double layer than to the GO/
MWCNT-NH2 double layer could be an advantage for
LDI-MS of lipids.38 The investigation of the lipid dis-
tribution and their identification are important because
lipids play essential roles in biological processes, such as
signal transduction, neurotransmission, myelination,
apoptosis, vesicular trafficking, and transcriptional
and post-translational regulation.39 To confirm photon
energy absorption on the RGO/MWCNT-NH2 double
layer and energy transfer to the tissue section, mouse

Figure 6. (a) Synthetic scheme, molecular structures of the betulin derivatives (M1, M2, M3), and mass spectra of each
molecule are presented. Themass peaks corresponding to M1 ([M1þ K]þ =m/z 482), M2 ([M2þ Na]þ =m/z 477, [M2þ K]þ =
m/z 493), and M3 ([M3 þ Na]þ =m/z 479, [M3þ K]þ =m/z 495) were conveniently obtained on the GO/MWCNT-NH2 double
layer. (b) Molecular structures of substrates and products are shown for an enzyme-catalyzed (R-chymotrypsin) esterification.
Mass spectrawere obtained from the enzyme reactionmixture after 3 and 180min of reaction time. (c) Changes in the relative
mass peak intensities of M4 and M5 were plotted as a function of reaction time.
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brain tissue sections having 15 μm thickness were
prepared by sagittal cutting, mounted side-by-side
on the top surface of the RGO/MWCNT-NH2 double
layer, and analyzed with IMS with a laser beam dia-
meter of 50 μm at the target plate and raster width of
100 μmwithout using any organic matrix (Figure 7a,b).
All of the major ion species detected from the tissue
were assigned as glycerophosphocholine (GC) and
phosphatidylcholine (PC) adducts with sodium and
potassium, which showed distributions in the tissue
section comparable to previous reports (Figure 7c).40,41

A total ion map was constructed using the mass peaks
corresponding to [GC d18:0/24:0 hþK]þ and [GC d18:1/
22:0 hþNa]þ (Figure 7a). Tissue slice samples required
higher laser power to obtain acceptable mass spectra
than small molecule samples, giving high back-
ground signals in low-mass region (m/z 100�300)
probably due to destruction of carbon nanomaterials.
Brain tissue slice of 20 μm thickness gave much lower
mass peak intensities than tissue slices with 15 μm
thickness on our substrate (data not shown). Therefore,
for tissue analysis, possible working mass range of
RGO/MWCNT-NH2 double layer would be greater than
m/z 300 with thin tissue sections having a thickness of
15 μm or smaller. The results showed that ozur RGO/
MWCNT-NH2 double-layer platform enables direct
IMS analysis of tissue section without assistance of
conventional organic matrix. Thus, we avoided disad-
vantages associated with organic matrix, such as diffi-
culty in homogeneous application to the tissue surface

and sublimation during the lengthy mass imaging
process.

CONCLUSION

A novel LDI-MS and IMS platform was developed
using GO and MWCNT as a surface-immobilized dou-
ble-layer format through the self-assembly of GO
sheets and aminatedMWCNTon a chemicallymodified
substrate. The fabricated GO/MWCNT-NH2 and RGO/
MWCNT-NH2 double-layer film-coated substrates
showed many advantages as a LDI-MS and IMS plat-
form. First, the uniform mass signal intensity was
obtained around the overall surface of the GO/
MWCNT-NH2 double-layer substrate without sweet-
spots, which is an advantage for biochip applications.
Second, the fabricated double-layer platform was very
durable against mechanical and photoagitation, pre-
venting the undesirable ionization source contamina-
tion and detector saturation induced by laser irradia-
tion and allowing repeated use of the double-layer
platform. Third, the double-layer platform showed an
excellent salt tolerance and no fragmentation of ana-
lytes. Fourth, the LDI efficiency of the double layer
remained stable even after prolonged exposure to
atmospheric conditions, for up to severalmonths. Fifth,
the reduced pair of the GO/MWCNT-NH2 double-layer
platform was readily applicable to IMS MS. Finally,
the present GO/MWCNT-NH2 and RGO/MWCNT-NH2

double-layer platforms are substantially more cost-
effective than existing chip format LDI platforms and

Figure 7. (a) Optical and mass images of a mouse brain tissue slice on a RGO/MWCNT-NH2 double-layer substrate. (b)
Mass spectra from designated regions in the brain tissue slice in (a). (c) Summary of the species identified in themass spectra.
The mass peaks corresponding to [GC d18:0/24:0 hþK]þ and [GC d18:1/22:0 hþNa]þ were selected to reconstruct a total
ion map.
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meet almost all of the important demands of a LDI
platform. Collectively, the present LDI substrate would
be useful in a real-life analysis of body fluids and tissues
by reducing interferences from high salt concen-
tration and organic matrix which are considered as
drawbacks of conventional MALDI-ToF MS. Although
high laser energy might sometimes give background
peaks from the destruction of the coated carbon

nanomaterials, typical laser power required for obtain-
ing mass spectra of analytes from our substrates
did not give notable backgrounds under our experi-
mental conditions. In conclusion, we expect that
the present LDI platform based on graphene deriva-
tives and MWCNT will be an important, practical,
and widely useful tool in LDI-MS and IMS research
fields.

METHODS
Materials. Natural graphite (FP 99.95% pure) was purchased

from Graphit Kropfmühl AG (Hauzenberg, Germany). Multi-
walled carbon nanotube (MWCNT), 15 nm diameter and
20 μm length, was purchased from Nanolab (USA). Sodium
nitrate and hydrogen peroxide (30% in water) were purchased
from Junsei (Japan). Potassium permanganate, 3-aminopropyl-
triethoxysilane (APTES), ethylene diamine, and anhydrous di-
methylformamide (DMF) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Nitric acid and sulfuric acid were purchased
from Samchun (Seoul, Korea). 1-Undecanol was purchased from
Tokyo Chemical Industry (Tokyo, Japan). Ethanol was purchased
from Merck (Darmstadt, Germany),and 500 nm SiO2/P

2þ

Si substrates (500 μm in thickness) and 4 in. quartz wafers
(500 μm in thickness) were purchased from STC (Japan) and
i-Nexus (Stamford, USA), respectively. All chemicals were used
as received.

Preparation of GO and GO/MWCNT-NH2 Double-Layer Thin Films. For
the preparation of GO thin films, the APTES-functionalized
glass substrate was immersed in an aqueous GO suspension
(1.5mg/mL) for 1 h,washedwithwater and ethanol, dried under
a stream of nitrogen, and baked at 125 �C for 10 min under
nitrogen flow. The GO thin-film-coated substrate was used to
fabricate the GO/MWCNT-NH2 double layer as a support. The
substrate was immersed in the MWCNT-NH2 suspension
(120 μg/mL) for 1 h, washed with water and ethanol, and
dried under a stream of nitrogen. The GO/MWCNT-NH2 double-
layer-coated substrate was baked at 125 �C for 10 min on a
heated plate under nitrogen flow.

Preparation of the Reduced GO (RGO) and RGO/MWCNT-NH2 Double-
Layer Thin Films. The GO and GO/MWCNT-NH2 double-layer thin-
film-coated substrates were immersed in a 20% hydrazine
monohydrate solution in DMF for a day at 80 �C, washed with
DMF, water, and ethanol, and dried under a stream of nitrogen.
The reduced GO and GO/MWCNT-NH2 double-layer thin-film-
coated substrates were used as counter pairs to study the
influence of the chemical structure of carbon nanomaterials
on the LDI efficiency of small molecules.

Preparation of the RGO/MWCNT Double Layer Using a MWCNT Suspen-
sion. MWCNTs (10 mg) were dispersed in 10 mL of dichloroben-
zene by sonication for 1 h and centrifuged (3099 rcf, 10 min) to
remove large aggregates of MWCNTs. The RGO thin-film-coated
substratewas immersed in theMWCNTsuspension for 1h,washed
with water and ethanol, and dried under a stream of nitrogen.

Preparation of MWCNT-NH2-Coated Glass Substrates. The piranha-
treated glass substrate was immersed in a 10 mM anhydrous
toluene solution of 3-glycidylpropyltriethoxysilane for 30 min,
washed with ethanol and water, and dried under a stream of
nitrogen. The substrate was immersed in a 120 μg/mL of
MWCNT-NH2 suspension for 1 h, washed with water and
ethanol, and dried under a stream of nitrogen. The MWCNT-
NH2-coated substrate was baked at 125 �C for 15 min on a
heated plate under nitrogen flow.

Analysis of Organic Molecules. The various analytes, including
sugars, peptides, amino acids, and protected amino acids, were
dissolved in water at 1 nmol/μL. Aliquots of 1 μL of the prepared
solutions were spotted on the carbon nanomaterial chips,
allowed to dry under ambient conditions, inserted into the
MALDI-ToF MS, and analyzed under the same experimental

conditions. This sample preparation protocol was applied to all
of the small organic molecule analyses, including IMS, on the
RGO/MWCNT double-layer platform.

Reusability Test of GO/MWCNT-NH2 Double-Layer Thin Film. One
microliter of 1 mM (1 nmol) cellobiose and phenylalanine
solutions was spotted on the GO/MWCNT-NH2 double layer,
allowed to dry under ambient conditions, inserted into the
MALDI-ToF MS, and analyzed under the same experimental
conditions. After analysis, the GO/MWCNT-NH2 double layer
was thoroughly washed with water and ethanol and dried
under a stream of nitrogen. The cleaned GO/MWCNT-NH2

double layer was repeatedly applied to analysis of cellobiose
and phenylalanine. Above processes were repeated up to 15
cycles.

Enzyme-Catalyzed Synthesis. N-Acetyl-L-tryptophan (1.2 mg)
and 29 μL of ethanol were dissolved in 500 μL of chloroform
and mixed with 100 μL of an R-chymotrypsin solution
(10 mg/mL). The mixture was shaken on a horizontal shaker at
600 rpm for 3 h. An aliquot of 1 μL of the chloroform phase was
spotted on the GO/MWCNT-NH2 double layer at 3, 5, 15, 30, 60,
120, and 180 min.

Preparation of the Mouse Brain Tissue Section. After anesthetizing
by i.p. injection of a mixture of ketamine and xylazine (4:1,
0.005mg/g bodyweight), themice (C57/BL6) were decapitated.
After removing the skull, the brainwas isolated and immersed in
liquid nitrogen for about 5min. After the brain was frozen, brain
slices were prepared with a thickness of 15 μm in the coronal
direction at�25 �C using a cryotome (CM 1850, Leica, Nusslach,
Germany) and immediately mounted on the RGO/MWCNT-NH2

double layer platform.
Characterization. The morphology of the carbon nanomater-

ial chips was observed by S-4800 field emission scanning
electron microscopy (Hitachi, Japan). All AFM images and
profiles of carbon nanomaterials were obtained with an XE-
100 (Park System, Korea) with a backside gold-coated silicon
SPM probe (M to N, Korea). All mass spectrometric analyses
were carried out by using a Bruker Autoflex III (Bruker Daltonics,
Germany) equipped with a Smartbeam laser (Nd:YAG, 355 nm,
100 Hz, 50 μm in spot diameter at target plate) in positive and
negative reflective modes. The accelerating voltage was 19 kV,
and all spectra were obtained by averaging 500 laser shots
unless otherwise indicated. Raman characterization was per-
formed by LabRAM HR UV/vis/NIR (Horiba Jobin Yvon, France)
using an Ar ion CW laser (514.5 nm) as an excitation source
focused through a BXFM confocal microscope equipped with
an objective (50�, numerical aperture = 0.50). The UV�vis
spectra were recorded with a UV-2550 (Shimadzu, Japan). FT-
IR spectra measurements of graphite oxide were performed
with an EQUINOX55 (Bruker, Germany) using the KBr pellet
method.
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