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Abstract

. Zongwei Cai” - Hexing Song?

Mesoporous carbon hollow spheres coated with MoS, (C@MoS,) were synthesized to obtain a material with large specific
surface area, fast electron transfer efficiency and good water dispersibility. The composite material was applied as a matrix for the
analysis of small molecules by surface-assisted laser desorption/ionization time-of-flight mass spectrometry (SALDI-TOF MS).
The use of a core-shell C@MoS, matrix strongly reduces matrix background interferences and increases signal intensity in the
analysis of sulfonamides antibiotics (SAs), cationic dyes, emodin, as well as estrogen and amino acids. The composite material
was applied to the SALDI-TOF MS analysis of selected molecules in (spiked) real samples. The ionization mechanism of the
core-shell C@MoS, as a matrix is discussed. The method exhibits low fragmentation interference, excellent ionization efficiency,

high reproducibility and satisfactory salt tolerance.
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Introduction

Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) is important in bio-
chemical analysis [1], proteomics [2] and trace analysis [3].
Conventional organic matrices (such as 2,5-dihydroxybenzoic
acid (DHB), sinapinic acid (SA), and «-cyano-4-
hydroxycinnamic acid, HCCA) do not perform well when
applied to analysis of low-molecular-weight compounds
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(m/z< 500 Da) [4, 5]. To overcome this problem, it is desir-
able to exploit new organic matrices with low background [6,
7]. Another strategy is to develop inorganic materials which
are employed as matrices in surface-assisted laser desorption/
ionization mass spectrometry (SALDI MS) [8, 9]. Notably,
many inorganic materials such as metal nanoparticles [10,
11], porous silicon [12, 13], metal/metal oxide nanoparticles
[14, 15], magnetic nanoparticles [16, 17], quantum dots [11,
18] and inorganic carbon-based materials [19, 20] have been
introduced as solid matrices [21]. They can avoid the compli-
cation of co-crystallization and background interference, and
provide excellent sensitivity [22].

Due to their high specific surface area, excellent conduc-
tivity, rapid energy transfer efficiency and good thermal sta-
bility, carbon-based nanomaterials have been demonstrated to
be an effective matrix for SALDI-TOF experiment [23]. One
of major concern for usage of these materials as matrix in
SALDI-TOF is their low dispersibility in solution. This limi-
tation may lead to inhomogeneous distribution of
nanomaterials on the target plate resulting in poor reproduc-
ibility and low sensitivity. Hybridization with nanomaterial
having good dispersibility is a practical way to improve the
performance of carbon nanomaterial in SALDI-TOF MS ex-
periment. MoS, nanosheets have 2D ultrathin graphic like
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structure, and have been great attention in optoelectronics, and
energy harvesting [24]. Importantly, MoS, nanosheets have
strong absorption in the UV visible range, making it possible
for SALDI application [25].

We describe a water dispersible core-shell C@MoS, com-
posite material that was prepared by in situ growth of MoS2
nanosheets on the surfaces of mesoporous carbon hollow
spheres (MCHS). The as-synthesized hybrid materials have
hydrophobic inner surface with hydrophilic outer MoS,
layers, which exhibited good dispersibility, high surface area,
and strong absorption in the UV visible range. Herein, the
MCHS are embedded into the center part of the MoS, shell,
to endow the hybrid composite of C@MoS, with the great
synergistic effect for the laser desorption/ionization. To the
best of our knowledge, no attempt has yet been made to syn-
thesize the core-shell structured C@MoS, and apply it as the
surface assisted material for SALDI-TOF MS in the sensitive
detection of small molecules.

Experimental Section
Reagents

(NH4)6Mo07024-4H20, thiourea, cationic dyes of methylene
blue (MB), new methylene blue (NMB), mountain green
(MGQG), crystal violet (CV) and rhodamine B (Rh B) were
bought from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China, https://www.reagent.com). Standards of
sulfacetamide (SA), sulfapyridine (SP), sulfamerazine (SM),
sulfadimethoxine (SDM) were purchased from heowns Co.,
Ltd. (Tianjin, China, http://www.heowns.com). Emodin,
estrogens including Bisphenol A (BPA), octylphenol (OP)
and nonylphenol (NP) and amino acids including L-
phenylalanine(L-Phe), D, L arginine (D, L-Arg), and L-
tryptophan(L-Try) were bought from Aladdin (Shanghai,
China, http://www.aladdin-e.com). Ultrapure water from a
Millipore Milli-Q water purification system was used for
experiments.

Instrumentation

Scanning electron microscopy (SEM) photos were measured
on a SWPRATM 55 field emission environmental SEM (Carl
Zeiss Micro Imaging Co., Ltd., Germany). A JEM-2100 mi-
croscope (JEOL, Tokyo, Japan) was used for transmission
electron microscopy (TEM). The specific surface area of
Brunauer-Emmett-Teller was obtained using an ASAP 2020
porosimeter (Micromeritics, USA). UV-vis spectrum was
measured through a multimode microplate reader (TECAN
SPARK 20 M, Switzerland). X-ray photoelectron spectrosco-
py was recorded by Thermo Esca Lab 250Xi spectrometer.
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Synthesis procedure

Preparation of C@MoS, composite MCHS was synthesized
according to reported method [26] in the Electronic
Supplementary Material (ESM). The core-shell C@MoS,
composite was prepared by an in situ growth method. In brief,
0.70 g (NH4)6M07024-4H20 and 4.56 g thiourea were dis-
persed in 60 mL ultrapure water. A homogeneous solution
was attained with bath sonication. Next, 20 mg MCHS was
added, and the mixture was transferred into hydrothermal re-
actor and reacted at 200 °C for 10 h. The precipitate was
obtained via centrifugation, washed extensively three times
with ultrapure water. Finally, the black product was heated at
70 °C for about 6 h.

Sample preparation

The stock solutions of the sulfonamide antibiotic, emodin and
estrogen were prepared at a concentration of 1 uM with meth-
anol. Cationic dyes and amino acids were dissolved in water
to obtain the 1 uM stock solutions. All solutions were stored at
~4 °C for further use. The saturated HCCA solution was pre-
pared in 0.1% TFA in water/acetonitrile (15/85, v/v). 10 mg:
mL ™" of DHB was prepared in 0.1% TFA in water/acetonitrile
(70/30, v/v). 10 mg-mL_1 of Core-shell C@MoS, was dis-
persed in water/methanol (1/1, v/v) and was sonicated for
1 min, then 1 pL of analyte solution was pipetted onto a
384-ground steel plate and dried under ambient conditions to
form a thin layer. Then, 1 pL the matrix suspension was pi-
petted onto the layer of analyte prior to MALDI-TOF MS
tests. The strategy was also employed for test of analytes in
real samples. The pretreatment procedure of real samples was
described in the ESM.

MALDI-TOF-MS analysis

All mass data was recorded by rapifleX™ MALDI-TOF-MS
(Bruker Daltonics, Germany) and Quan TOF (Intelligent
Biosystems, Co. Ltd., Qingdao, China). The MALDI source
nitrogen laser was set at 337 nm, the accelerating voltage was
set from —20 kV to 20 kV and mass spectra were acquired with
1000 laser shots. The details of instrumental parameters were
given in in Table S1.

Results and discussion

Choice of materials

MoS, was selected as dopant to improve the performance of
MCHS in LDI-TOF MS analysis of small molecules. As

shown in Fig. 1(a), a two-step procedure was adopted to syn-
thesis core-shell C@MoS, composite. After silica assisted
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Fig. 1 a Schematic diagram of core-shell C@MoS,; b SALDI-TOF MS analysis using core-shell C@MoS; as the surface-assisted material

fabrication of MCHS, the MoS, was in situ grown on the
surface of MCHS. The as-synthesized hybrid materials have
hydrophobic inner carbon surface with hydrophilic outer
MoS, layers. The composite should combine the advantages
of good dispersibility, high specific area, and strong absorp-
tion in the UV visible range, and overcome the limitations of
carbon-based nanomaterials in dispersibility. The flower like
composite was used in SALDI-TOF MS analysis of small
molecules (Fig. 1b). Antibiotics, cationic dyes, emodin, estro-
gens and amino acids were used as target analytes.

Characterization of the core-shell C@MoS, composite

SEM images of mesoporous monodispersed MCHS are
shown in Fig. 2a. An average size of 300 nm was obtained.
In the process of material synthesis, the morphology was
greatly affected by temperature. Therefore, in order to ensure
the uniformity of the material, the temperature should be
strictly controlled. The average diameter of core-shell
C@MoS, composites increased to 330-350 nm (Fig. 2b),
thereby demonstrating that MoS, was successfully coated on
MCHS. TEM was further recorded and is shown in Fig. 2c.
Obvious ripples and corrugations appeared on the composite
material surface, thereby revealing the successful formation of
high crystalline and ultrathin MoS, nanosheets. TEM image
(Fig. 2d) further verified that the composite material com-
prised a compact core and a shell (approximately 30—50 nm)
with lower density. Figure 2e showed an absorption in the near
UV region at about 355 nm of the composites, which made
core-shell C@MoS, composites a promising matrix in

MALDI for absorbing and transferring laser energy to the
analytes. Better dispersibility was obtained for core-shell
C@MoS, composites than pure MCHS from insert Fig. 2e.
N, adsorption and desorption isotherms were used to charac-
terize the specific surface area (Fig. 2f), which was 568 m*
g . The BJH curve (Fig. 2f insert) showed relatively fixed
mesopores with sizes of approximately 3 nm. The core-shell
C@MoS, composite was further characterized by X-ray pho-
toelectron spectroscopy (XPS) techniques. Fig. Sla, In the C
1 s spectrum, the main peak at 284.7 eV is corresponding to
sp2 carbon (C — C or C=C) [26]. From Fig. S1b, the compo-
nent at 226.0 eV corresponds to S 2 s of MoS2. The two main
intense Mo 3d5/2 (228.8 ¢V) and Mo 3d3/2 (232.1 eV) com-
ponents are characteristic of MoS2. In XPS S 2p core-level
spectrum (Fig. Slc), the main doublet located at binding en-
ergies of 161.6 and 162.9 eV corresponds to the S 2p3/2 and S
2p1/2 components of MoS2. The composite was also charac-
terized by energy dispersive spectrum analysis (Fig. S1d), and
the atomic ratio between S and Mo was calculated to be
2:0.85.

Applications of the C@MoS, in SALDI-TOF MS

Sulfacetamide antibiotics Sulfonamide antibiotics (SAs), with
potential hazardous to water and human health, are universally
employed in modern humans and animal medical practices
[27, 28]. Herein, SAs was used as probe to access the perfor-
mance of core-shell C@MoS, in SALDI-TOF MS. As pre-
sented in Fig. S2(a-e), the five SAs were obtained by the
assistance of the composite material in positive ion mode.
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Fig. 2 a SEM image of MCHS (a) and core-shell C@MoS, b, TEM
image of core-shell C@MoS,; ¢; HRTEM image of core-shell C@MoS,
d, UV-vis spectra of MCHS and core-shell C@MoS, dispersed in water e.

The MS peaks were agreement with the protonated ion [M +
H]* (m/z215.14) for SA, [M + H] * (m/z 250.08) for SP, [M +
H]* (m/z 265.08) for SM, [M + H]* (m/z 279.10) for SMZ,
and [M + H]" (m/z 311.09) for SDM. Additionally, the com-
posite material showed a clean background in positive ion
mode in Fig. S3a. Less interference was observed in the spec-
tra as compared with those obtained using HCCA (Fig. S3b)
towards SAs. To further illustrate the applicability, the SAs
were determined in a real sample. As shown in Fig. 3a, no
SAs were detected in the milk sample. When the concentra-
tion of 1 uM of five SAs mixture was spiked, the signals were
detected with a little interfering background in the spectrum
(Fig. 3b), clearly demonstrating the application of the method.

Cationic dyes Cationic dyes, such as MB, NMB, MG, CV and
RhB, represent an important group of organic compounds,
which have a variety of scientific and industrial applications
[29]. The core-shell C@MoS, was used for SALDI-TOF MS
detection of cationic dyes. As presented in Fig. S4(a-e), the
five cationic dyes were obtained under the assistance of the
core-shell C@MoS; in positive ion mode. The MS peaks were
agreement with the protonated ion [MB]™ (m/z 284.13),
[NMB]* (m/z 312.17), [MG]* (m/z 329.21), [CV]" (m/z
372.25), and [RhB]* (m/z 433.23). It was noteworthy that
the signals response of the five cationic dyes produced by

@ Springer

05
- | |
/\ f
- I
ol [ '
£ )] i
=l [ = ~
oy L 7
EN e . o
0 5 10 15020 25 /'.,-."/
Pore dime(er(nm‘/./l.//.././l’
-
=l ol
] ll/r.ﬂ
700
0.0 0.2 0.4 0.6 0.8 1.0
P/P0

Inset in (e) shows the photographs of MCHS (left) and core-shell
C@MoS, (right) and N, adsorption-desorption isotherms f and inset in
(f) the pore size distributions for core-shell C@MoS,

using core-shell C@MoS, were much higher than those ob-
tained with DHB. In addition, there was less interference than
those obtained using HCCA (Fig. S5). Cationic dyes in a
water sample was also analyzed. As shown in Fig. 3c, MB
and RhB were detected in waste water samples. Although the
MS peaks of the substrate of water sample had slightly influ-
ence on the detection of cationic dyes, all the selected cationic
dyes were observed in when the water sample was spiked with
1 uM above cationic dyes mixture in Fig. 3d.

Emodin Emodin, as the key component of traditional Chinese
medicine [30], (MW = 270.24) was also chosen as model
analyte to investigate the performance of C@MoS, in
SALDI-TOF MS. As presented in Fig. S6, emodin was ob-
tained by the assistance of the core-shell C@MoS, in negative
ion mode, where the MS peak was agreement with the
deprotonated ion [M-H] (m/z 269.02) for emodin. Clearly,
the signal intensity produced using the core-shell C@MoS,
matrix was higher than those detected by HCCA or DHB
matrices (Fig. S7). The method was also applied for analysis
of emodin in blank rat plasma (Fig. 4a). When the concentra-
tion of 1 uM of emodin was spiked, the signals were detected
with a little interfering background in the spectrum. This in-
ferred that the strategy might provide a new promising alter-
native for rat plasma analysis (Fig. 4b).
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Fig. 3 SALDI-TOF MS analysis of five SAs in blank milk (a) and spiked by 1 uM SAs (b) in milk, five cationic dyes in water (¢) and spiked by 1 pM
cationic dyes (d) in water using the core-shell C@MoS, matrix. Positive ion mode. Laser intensity: 60%

Estrogen BPA (MW =228.29), OP (MW =206.32) and NP
(MW =220.24) are typical estrogen [31]. As shown in Fig.
S8(a-c), under the matrix of the core-shell C@MoS, in nega-
tive ion mode, the three estrogen samples were obtained re-
markably. The MS peaks were agreement with the
deprotonated ion [M-H] (m/z 227.23) for BPA, [M-H]
(m/z 219.03) for NP, and [M-H] (m/z 205.01) for OP.
Compared to HCCA and DHB, a good signal is obtained
when using C@MoS; as the matrix (Fig. S9). To further prove
the analytical performance of core-shell C@MoS, as a matrix,
we applied core-shell C@MoS, for the analysis of a mixture
of estrogen in orange juice of buckets, as shown in Fig. 4c.
When the concentration of 1 uM of above three mixture was
spiked, the signals were detected with a clean background in
the spectrum, which clearly offered the application of the
strategy (Fig. 4d).

Amino acids The development of sensitive and fast detec-
tion strategies towards amino acid is urgent to meet the
growing demand of clinical diagnosis [32]. Fig. S10(a-c)
showed that all three amino acids were tested obviously
with low background interference and characteristic [M-
H] ion signals. Three amino acids at m/z 164.09, 173.13
and 203.07 were corresponding to the [M-H] for L-Phe,

D, L-Arg, and L-Try respectively. Compared to HCCA
and DHB, a good signal is obtained when using
C@MoS, as the matrix (Fig. S11). Similarly, as shown
in Figs. 5a and 6b, when the concentration of 1 uM of
above three mixture was spiked, the three amino acids
were also detected with the core-shell C@MoS, matrix
in blank urine.

Reproducibility and salt tolerance

Reproducibility is a commonly encountered problem in
conventional MALDI-TOF MS. The MS intensity which
was acquired for 10 times of one sample spot. As shown
in Fig. 5c and Table 1, the relative standard deviation
(RSD) from was 2.13%, 4.42%, 2.28%, 6.65%, 4.41%
for SA, RhB, emodin, BPA and L-Phe, respectively.
These results suggested a good signal reproducibility.
The full width at half maximum (FWHM) and the limits
of detection (LOD) were also summarized in Table 1. The
FWHM indicated that the core-shell C@MoS, matrix was
favorable for obtaining high resolution (Table 1). The
LOD for selected analytes were estimated, which sug-
gested the high sensitivity of SALDI-TOF MS with the
assistance of core-shell C@MoS, matrix.

@ Springer
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Fig. 4 SALDI-TOF MS analysis of five emodin in blank rat plasma (a) and spiked by 1 tM emodin (b) in rat plasma, three estrogens in blank orange
juice of buckets (¢) and spiked 1 uM of three estrogens in sample(d) using the core-shell C@MoS, matrix. Negative ion mode. Laser intensity: 60%

Salt tolerance is vital to evaluate MALDI-TOF MS meth-
od. With the mixture of analytes (SAs, cationic dyes, emodin,
estrogens and amino acids) added up to 500 mM NacCl, the
signals decreased 9.56% (Fig. S12), 9.33% (Fig. S13),4.57%
(Fig. S14), 9.68% (Fig. S15), 9.96% (Fig. S16) for SA, RhB,
emodin, BPA and L-Phe, respectively. The phenomenon was
suggested a satisfactory salt tolerance of the C@MoS, matrix.

Comparison with other solid matrices

The matrix effects of several commercially available materials
including graphene, MWCNT and boron nitride (BN) were
compared with the core-shell C@MoS,. As seen in Fig. 6a,
three amino acids were chosen as the target analytes, the core-
shell C@MoS, exhibited the highest ionization efficiency

b c
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Fig. 5 SALDI-TOF MS analysis of three amino acids in blank urine (a)
and spiked by 1 pM amino acids in sample (b) by the core-shell
C@MoS, matrix; MS signal intensity of various small molecules
(including SA, RhB, Emodin, BPA and L-Phe) by the core-shell
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C@MoS, matrix. Continuous 10 spectra were obtained by applying laser
shots on random positions uniformly located on the spot. Each analyte
was | uM. n =10, Laser intensity: 60%. Negative ion mode. Laser inten-
sity: 60%
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amongst all four matrices. The relative mass peak intensities
of small molecules obtained from MCHS, MoS,, and core-
shell C@MoS, composites were shown in Fig. 6b, the results
showed that the ion intensities of small molecules desorbed
from core-shell C@MoS, composites were higher than that
from MCHS and MoS,, indicating that the composite was
propitious to enhance the desorption/ionization efficiency of
small analytes.

Possible ionization mechanism of C@MoS, matrix

As shown in Fig. 1, the surface of composite material was
coating with nanoflower-like MoS,, which clearly changed
the structure and morphology of MCHS. The MoS, makes
the matrix become more hydrophilic with good water
dispersibility (Fig. 2¢). This behavior is beneficial for the ho-
mogeneous sample spreading, which increase the shots-to-
shot and samples-to-sample reproducibility. The modification
of mesoporous carbon hollow spheres (MCHS) inside the
MoS, nanosheet yields larger surface area for adsorption of
analyte. The analytes were firstly trapped and/or concentrated
by the composite. The MoS, has high adsorption coefficients
in the near UV-visible region [25]. In the irradiation step, the

Table 1  Analytical parameters of analytes by core-shell C@MoS,

matrix

Analyte  Characteristic ion ~ Reproducibility = FWHM  LOD
(m/z) RSD,%((n =10) (m/z) (pmol)

SA 215.14 2.13 0.0135 2

RhB 443.23 442 0.0131

Emodin  269.02 228 0.0176

BPA 227.23 6.65 0.0198 10

L-Phe 164.09 441 0.0124 6

b
3500-
30004  _ 7777 MCHS
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= \
= 1500- \
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(including SA, RhB, Emodin, BPA and L-Phe) with MCHS, MoS,, and

core-shell C@MoS, composites as surface-assisted material for SALDI-
TOF MS. Analyte concentration: 1 pM

composite could therefore effectively adsorb energy from in-
cident light. As a thermo-driven likely process, the energy was
then transferred from the matrix material to the analyte, and
induced the ionization reaction. The MoS, sheet edges have
been identified as the active sites to adsorb and dissociate H,
through hydrogen evolution reaction (HER) [33]. The HER
might provide protons for the formation of positive species in
SALDI process. The ratio of Mo: S obtained from the EDX
spectrum is calculated to be 0.85: 2, which suggest the exis-
tence of abundant Mo vacancy. In the negative mode, these
vacancy sites may act as proton acceptance site. The hybrid-
ization of MoS, material not only increases the dispersibility
of MCHS, but also enhances the interaction between the
analytes and the solid matrix surface. In addition to the non-
covalent between the MCHS and analytes, the partial filled d-
orbital of the surface Mo atom and 7t-bond in analytes should
also induce the cation-7t interaction and partial electron trans-
fer from the analytes to the metal [24]. The stronger interac-
tion is beneficial for the thermal conductivity and electron
transport, and thus increases the ionization efficiency of
analytes [25]. The mechanism of solid matrix is complex
and further efforts are needed to better understand the roles
and functions of core-shell C@MoS, matrix in SALDI.

Conclusion

A core-shell C@MoS, composite was adopted as a solid ma-
trix of SALDI-TOF MS of small molecules. The matrix
displayed some merits such as good sensitivity and little back-
ground interference. Additionally, the results of real sample
analyses demonstrated the potential applications of C@MoS,
for complex samples. It is expected that the core-shell
C@MoS, used as matrix with SALDI-TOF MS strategy can
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be broadened to other types of small molecules detection.
Further efforts to understand the mechanism, and the applica-
tion in other small molecules using the core-shell C@MoS,
composites should be investigated.
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