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The integration of nanotechnology with mass spectrometry for sensitive and selective detection of molecules is
a hot/important field of research. Synthesis of graphene (G) coated with mesoporous silica (SiO,, G@SiO,) for
mass spectrometric application has been demonstrated. For the first time, we proposed the significant role of
surfactant that used during the synthesis of mesorporous silicate (SiO) in mass spectrometry. It was noticed
that G could initiate SiO, via surfactants which work as initiators for further ionization. The porosity of SiO,
trapped the analytes that was released and ionized with the surfactant fragments. Undoubtedly, strong
background interferences were present in the case of organic matrix, which greatly obscured the detection of
low molecular weight compounds. G@SiO, nanocomposite affords several advantages, such as the ability to
detect small molecules ( <500 Da), high sample localization through silica mesoporosity, and high ionization
efficiency over than G or conventional matrices. The high performance of G@SiO, is not only due to the large
surface area but also due to high desorption/ionization efficiency of inevitably surfactant (cetyltrimethylam-
monium chloride, CATB). Unlike the conventional MALDI-MS, the G@SiO,-MS is capable of generating multiply
charged polysaccharides. The present method was validated to detect surfactants with low limits of detection.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Matrix-assisted laser desorption ionization mass spectrometry
(MALDI-MS) is a soft ionization technique which could be applied
for non-volatile molecule analysis [1]. However, it is difficult to detect
low molecular weight (LMW) compounds (MW < 1000 Da), because
common MALDI matrices which are typically from low molecular
weight organics acids produce matrix-related ions which show strong
interferences at low mass regions (MW < 1000 Da) [2,3]. Therefore,
nanomaterials are attractive matrix subjects in MALDI-MS because of
their promising features in applications and less interference. Various
nanomaterials have been successfully applied in surface assisted laser
desorption/ionization mass spectrometry (SALDI-MS) [4-10]. Com-
mercial silylated silicon nanowires was used in laser desorption mass
spectrometry (LDI-MS) and called as nano-assisted laser desorption/
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ionization (NALDI-MS [11]. Polymer-assisted laser desorption/ioniza-
tion mass spectrometry (PALDI-MS), based on small polymers as
nonpolar matrices, was proposed [12]. A type of LDI-MS using sol-
gel as matrix, called sol-gel-assisted laser desorption/ionization
(SGALDI) mass spectrometry was also reported [13]. It is important
to note that direct laser desorption/ionization (matrix-free) from
various surfaces have been applied extensively [14,15]. Recently,
matrix surfactant-suppressed laser desorption/ionization (MSLDI-MS
[16] was successfully employed in the analysis of small molecules via
the addition of cetyltrimethylammonium bromide (CTAB) which can
suppress ions of the conventional matrix.

Graphene (G) is truly the material of the moment since 2004 [17].
It is composed from a single layer of carbon atoms (sp?-sp?) that can
be prepared from graphite [17]. Thus, G was utilized as MALDI matrix
to detect low-mass molecules, such as amino acids, polyamines,
peptides, steroids, nucleosides, nucleotides, metals and metallodrugs
[18-24]. The analytical application of G was reviewed [25]. Soft-
landing using MALDI-MS (bottom-up growth) of polycrystalline
layered ultrathin films to produce ultrapure ordered architectures of
giant G nanosheet was reported [26]. Recently, G was used as a
template to control the microstructure of mesoporous silica (SiO;)
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[27]. G shows high sensitivity, and low interference ( <1000 Da) in
LDI-MS, but it shows low resolution due to interaction with aromatic
compounds (7t-7 interactions), and has low stability due to van der
Wiaals forces.

In this article, we describe an efficient method for synthesis of
G@SiO, nanosheets using ultrasonication. The unique porous silica
layer modified on the surface of G plays many function such as: (1)
localize the analyte into the porous cavity and prevent analyte
delocalization, (2) decrease analyte fragmentation due to large
surface area of G, (3) effectively prevent the irreversible aggregation
of G and (4) decrease high interaction of analyte with G nanosheet,
for instance aromatic compounds that interact via -7 interactions.

2. Experimental section
2.1. Materials and methods

Acetonitrile, trifluoroacetic acid (TFA), 1-butyl-3-methyl-imidazo-
lium chloride and polyethylene glycol “PEG 200" were chromato-
graphic grade (Merck, Darmstadt, Germany). Cetyl pyridinium chloride
monohydrate, tetramethyl ammonium hydroxide pentahydrate, cetyl-
trimethylammonium chloride, gramicidin D, [-cyclodextrin, malto-
heptose, gentobiose, palatinose, panose, tobramycin, spectinomycin
and sodium dodecyl sulfate were purchased from Sigma, Switzerland.
Sucrose was purchased from ].T. Baker, USA. Double distilled water
was purified by Milli-Q system (18 QM, USA).

2.2. MALDI-TOF mass spectrometer

The MALDI-TOF mass spectra were obtained from Microflex
(Bruker, Germany). The instrument was equipped with a nitrogen
laser (A=337 nm) and time of flight (TOF) tube (1.25m) with
average laser shots 100 shots. The accelerating voltage used was
19 kV. A stainless steel target (96 spots) was used as the MALDI
substrate on which the samples are deposited. All mass spectra
were obtained in the positive-ion reflectron mode. All analytes are
repeated three times to confirm repeatability.

2.3. Characterization instruments

G@SiO, was characterized using transmission electron micro-
scopy (TEM) (Philips CM200, Switzerland), operated at 300 keV.
Fourier transform infrared (FT-IR) measurements were carried out
at room temperature on a Perkin-Elmer Spectrum 100FT-IR. UV
measurements were carried out using the Perkin Elmer lambda 20.

2.4. Preparation of SiO, on G

G was synthesized from natural graphite flakes by the Hummer's
method [21,28] and G@SiO, sheets were fabricated by a modification
from the approaches [25,27] to avoid surfactants. In a typical experi-
ment, porous silica was prepared via acoustic precipitation of 0.25 mL
of tetraethylorthosilicate (TEOS) suspended in an aqueous solution
containing CTAB (1 g) and NaOH (40 mg), after magnetic stirring for
2 h at 80 °C. The precipitate was washed several times to remove all
possible surfactant (CTAB) using water and aqueous methanol. Equal
weight of G (0.2 g) and silica (0.2 g) were dispersed in 15 mL deionized
water and subjected to sonication for 24 h.

2.5. Sample preparation

All samples were spotted onto the MALDI plates using the dry-
droplet method. Briefly, about 10 uL of G@SiO, and 10 pL of different
analytes were mixed together. About 2 pL of the mixture was spotted

into MALDI plate and kept in room temperature prior to drying. The
sample plate was finally loaded into the ion source for analysis.

3. Result and discussion
3.1. Characterization of G@SiO, nanocomposite

The G@porous silica (G@SiO,) sheets were fabricated via
sonication of silica nanoparticles with G nanosheet. G is prepared
using the Hummer's method [28]. The morphology and structure
of the prepared G and G@SiO, sheets were investigated via TEM as
shown in Fig. 1 (A-C). Fig. 1A shows G as long transparent
nanosheet. Large porous silica layer is attached strongly to G
nanosheet (Fig. 1B) that can be clearly observed in the TEM
magnification (Fig. 1C). The UV spectrum (Fig. 1D) shows contin-
uous absorption that covers wide ranges of wavelengths, so that it
can assist desorption/ionization of different analytes. The porous
silica layer shows no change in fluorescence emission of G (Fig. 1E)
at the excitation wavelength 270 nm. While, G is transparent in
FTIR, G@SiO, shows strong peaks at wavenumber (cm~!), 3450
and 1000 corresponding to O-H and -Si-O-, respectively (Fig. 1F).
Peaks at 1000 cm~! (Si-0) confirm coating of G by SiO, layer.

3.2. G and G@SiOxfor biomolecules analysis

Various biomolecules belong to peptide (gramicidin D (2 pL,
2 fmol), polymer (polyethylene glycol “PEG” (2 uL, 2 pmol), mal-
toheptose (2 uL, 20 pmol)), f-cyclodextrin (2 pL, 2 fmol), carbohy-
drate (gentiobiose (2 pL, 10 fmol)), palatinose (2 uL, 20 pmol)),
pannose (2 uL, 10 fmol)), sucrose (2 uL, 10 fmol))) and drugs
(tobramycin (2 uL, 10 fmol), spectinomycin (2 uL, 10 fmol)) were
tested in Fig. S1.

Gramicidin D (GD) is a linear pentadecapeptide with molecular
formula CggH149N20017; and molecular mass 1882.3 g/mol. Mass
spectra (Fig. 2A) using DHB, G and G@SiO, of GD show protonated
peak at 1882.0 Da corresponding to the protonated GD i.e
[GA4-H] ™. In contract with G; G@SiO, exhibits a clear background
with high intensity of protonated peak i.e [GA+H]*. The reason
may be due to strong interaction between negative charge of G
and the positive charge on GD. The peaks at m/z 1905.0 and
1921.0 Da corresponding to [GA+Na]* and [GA+K]*. Conven-
tional matrix (DHB) shows no limitation in GD analysis as it has
high mass which not submerged with matrix ions.

p-cyclodextrin has molecular mass 1135.0 g/mol. Fig. 2B shows
peaks at m/z 1158.0 and 1174.6 Da corresponding to [BCy+Na]*
and [PCy+K]™, respectively. Due to the low interaction between
[B-cyclodextrin with G@SiO, and localization of the molecules in
the porous cavity, it shows low fragmentation (Fig. 2B). Gramicidin
and cyclodextrin can be ionized by the conventional organic
matrices due to higher in molecular weight. However, we tested
these compounds to check the ionization ability of G and G@SiO,
to work as matrices for higher molecular weight analytes (M.
Wt <3000 Da) and the results show that G@SiO, offers higher
performance over than G alone.

Polyethylene glycol “PEG 200” is a polyether compound with
chemical formula C,,H4, 20,1 and variable molecular mass. It
has many applications from industrial manufacturing to biomedi-
cine and biotechnology. Conventional matrix “DHB” displays a lot
of interferences at low m/z, while G and G@SiO,exhibit no
interference. Furthermore, G@SiO,shows high ionization efficiency
comparing to G alone at m/z > 500 Da (Fig. 3A).

Maltoheptose is an oligosaccharide with chemical formula
C42H72036 - xH,0 and molecular mass 1153.0 Da. MALDI-MS spec-
tra (Fig. 3B) show peaks at m/z 1153.0, 1176.7 and 1192.0 Da
corresponding to [Malt+H]", [Malt+K]* and [Malt+K]". G
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Fig. 1. Characterization of G and G@SiO,. TEM image of (A) G, (B) G@SiO, and (C) magnification of G@SiO, that show porosity, (D) UV absorption of G@SiO», (E) fluorescence

spectra at excitation wavelength 270 nm, and (F) FTIR spectrum of G@SiO,.

based material shows ionization of the protonated peak, while
conventional matrix (DHB) ionized the compound via cationiza-
tion due to secondary ionization. In the other hand, G@SiO,dis-
plays high ionization efficiency comparing to G. A homemade
MALDI-MS was used to frozen 2,5-dihydroxybenzoic acid at 100 K
for maltoheptose and polysaccharide analysis [29]. G@SiO, shows
almost the same results without the necessity to use new instru-
ment or low temperature. Unlike conventional MALDI-MS, the
G@SiO,-MS is capable of generating multiply charged polysacchar-
ides similar to cryo-MALDI-MS [29].

Gentiobiose, palatinose and sucrose are disaccharide com-
posed of two units of glucose with molar mass 342.3 g/mol, except
sucrose composed of glucose and fructose moieties. MALDI-MS

spectra of gentobiose (Fig. 4A) exhibits peaks at m/z 365.0, 381.2
and 441.5Da corresponding to [Gent+Na]™, [Gent+K]", and
[(Gent-2H)+2K+Na]*, respectively. While the spectra of palati-
nose (Fig. 4B), sucrose (Fig. S2A) disclose a main peak at 365.0 Da
corresponding to [Pala+Na]* and [Sucr+Na]*. G@SiO, produces
low interferences with low fragmentation due to weak interaction
with G sheet. Astonishing peaks above 600 Da are observed in the
case of sucrose with G. A series of reproducible peaks with
difference 24 Da are recorded (Fig. S2A), it may due to the formation
of porous carbon of sucrose using silica as template after irradiated
with laser radiations. In contrast, using DHB as the matrix, we can
visualize a lot of interferences in the spectra; so the spectra are
ambiguous.
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Panose is trisaccharide with molar mass 504.4 Da. MALDI-MS 3.3. Drug analysis of “tobramycin and spectinomycin”
spectra in Fig. S2B, supporting file generated peaks at m/z 527.0

and 544.1 Da corresponding to [Pan+Na]* and [Pan+K] ™", respec- Tobramycin is an aminoglycoside antibiotic with molar mass
tively. The resulting MALDI spectra of G@SiO, present better 467.5 g/mol. Mass spectra (Fig. S3A) show the sodium peak of the
ionization and low interferences than G alone. drug at m/z 491.0 Da corresponding to [Tob+Na]*.
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Scheme 1. Laser desorption/ionization of analyte on the surface of G@SiO,,
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Spectinomycin is an aminocyclitol antibiotic with molar mass Conventional matrix “DHB” displays a lot of matrix-related
332.0 g/mol. The analyte shows peaks at m/z 332.2 and 356.5 Da peaks which increase spectrum ambiguity. In the other side, G and
corresponding to [Spect+H]", and [Spect+Na]™*, respectively G@Si0, exhibits low interferences and low background signals. As
(Fig. S3B). stated above, G@SiO, offers the lowest interference, as it shows
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only one peak for the ionization of drug (analyte signal) and no
peaks related to nanomaterials (interferences).

3.4. Mechanism of high ionization efficiency

Although the possible mechanisms for the laser desertion/
ionization (LDI-MS) are still unknown, according to the UV
absorption mechanism, the matrix might absorb the UV radiation,
enabling to promote desorption and ionization of analytes in
the gas phase [30]. Preliminary, the UV spectrum indicates that
G@SiO, have a strong and continuous absorbing from 200-700 nm
(Fig. 1D), while G alone absorbs ultraviolet about 270 nm [18-24].
This observation may be the prime reason why G@SiO, shows high
performance than G.

The analyte is adsorbed on the top of the G@SiO, surface and
laser irradiation results rapid surfaces heating causing desorption
of adsorbed analytes. High absorption of G assist analyte deso-
rption as shown in the UV spectrum (Fig. 1D). The collisions
among ions in the MALDI plume can lead to an energy deficit
and impart internal energy, which may lead to metastable decay
(broad band) or ion suppression. Thus, little plume gives better
resolution [31]. When laser hits G@SiO, (Scheme 1A), analyte
desorbed from the porous cavity of G@SiO,, while in case of G, it
desorbed from the flat surface. In nanostructurte initiator mass
spectrometry (NIMS) that uses a liquid initiator to facilitate
desorption. During NIMS desorption/ionization process, the por-
ous silicon absorbs laser radiation that results in rapid surface
heating, vaporization of the trapped initiator, and desorption/
ionization of the adsorbed analyte without fragmentation [32].

While in this study, both G and SiO, participate in desorption
process. The rate of desorption in the case of G@SiO, is higher than
G alone, thus it shows high ionization. The overview of G@SiO,
background (Fig. 5A) presents peaks at 23, 39, and 284.5Da
corresponding to Na*t, K* and CTA*. However, silica is prepared
and washes many times to remove all CTAB; it exists inevitably at
negligible concentration. Due to large surface of the G@SiO,, this
trivial amount can be ionized as shown in Fig. 5A. A close
observation in the mass range 100-280 Da (Fig. 5B) offers a series
of peaks 270.7, 268.7, 254.7, 240.7, 226.6, 212.6, 196.5, 184.5, 170.5,
156.4, 148.3, and 114.3 Da with differences 14 Da corresponding
to [CTA-CH,]*, [CTA-CH4]*, [CTA-CH»-CH4]™", [CTA-2CH,-CH4]t,
[CTA-3CH,-CH4] ™, [CTA-4CH,-CH,4] ™, [CTA-5CH,-CHy4] ™,
[CTA-6CH,-CH4] ", [CTA-7CH,-CH4] ", [CTA-8CH,-CH4]", [CTA-
9CH,-CH4|*, [CTA-10CH,-CH4]™, [CTA-11CH,-CH4*, and [CTA-
12CH,-CH,4] *, respectively (Fig. 5B). Presences of these ions may
be the reason for low fragmentation and high desorption effi-
ciency. Furthermore, G@SiO, has high absorption capabilities that
localize the analyte via the porosity of silica [32-35]. However,
MALDI plume is very crowding by surfactant ions, G@SiO, still
show ionization of various analytes. These ions can carry the
analyte ions without lost of their charges.

Although NIMS is robust, sensitive, it lacks of reproducibility
between the various silicon wavers, and it is also expensive,
required tedious preparation methods/instrumentations and can
be discriminated between analytes that limit its application. While
G@Si0,, is a simple, cheap, and reproducible technique.

In NIMS, a wide range of initiators including lauric acid,
polysiloxanes, siloxanes and silanes (molecular masses from 200
to 14,000 Da) have been used. Here, cheap surfactant (CTAB) can
work effectively. The presented technique (G@SiO,-MS) plays a
clear distinguish between different isobaric biomolecules (Fig. 4).

3.5. Application of G for surfactant detection

Surfactants have been used intensively nowadays and were
considered as a major component of the environmental pollutants

[36,37]. Thus, it is paramount important to develop simple, and
selective method to monitor the surfactants in water. Many well-
known methodologies require tedious procedures, use more
hazardous chemicals, show limitations in their applicability, and
most commonly related to reproducibility and signal stability
[36,37]. Thus, new methodology for sensing or detection of
surfactant is necessary [36,37]. So we try to investigate the new
method to detect surfactants and to address the real role of G to
initiate this ionization. Series of positive surfactant called cetyl-
trimethylammonium chloride (CTAB, Fig. S4(A, B)), tetramethyl
ammonium hydroxide pentahydrate (TMAH, Fig. S5A), tetrabutyl
ammonium hydroxide (TBA, Fig. S5B), cetylpyridinium chloride
monohydrate (CPC, Fig. 6A), 1-butyl-3-methyl-imidazolium chlor-
ide (BMI, Fig. 6B) and sodium dodecyl sulfate (SDS, Fig. S6) were
investigated. Spectrum (Fig. S4A) of G and CTAB shows the same
pattern of CTAB with G@SiO, nanocomposite, but with low
resolution due to absence of SiO, nanolayer. Thus, SiO, displays
also a role in the ionization. Among the different surfactant used
here, only CPC and CTAB can show series of peaks with 14 Da
difference. The peaks assignments are written in the figure of each
surfactant. MALDI data indicate that negative charge of G surface
plays a role to stabilize the positive charges of surfactant, thus
these surfactant exhibits unique peaks pattern with 14 Da corre-
sponding to -CH,-. This negative cloud is decreased when SiO,
absorbed on the surface, thus fragmentation of analyte decrease,
and analyte ionize successfully in presence of high charged MALDI
plume without loss of resolution.

4. Conclusions

Results from this study revealed that G@SiO, initiated by CTAB
for high ionization efficiency and high stability. However, MALDI
plume has a lot of positive charge from surfactants; it still shows
high ionization, high resolution and low fragmentation of various
analytes. Specifically, G@SiO, does not require a matrix, high
ionization efficiency and low interferences. Recognize the role of
surfactant/stabilizing agent that used during nanoparticles pre-
paration may be useful to understand MALDI ion formation using
nanoparticles for SALDI-MS. Unlike conventional MALDI, G@SiO-,-
MS is capable of generating multiply charged polysaccharides.
G@SiO,-MS exhibits a great potential to distinguish among differ-
ent isobaric biomolecules.

Appendix A. Supporting information

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2014.03.
016.
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