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Abstract. The development of simple, low-cost,
and specific detectionmethod for mercury (Hg(II))
ions in aqueous media using matrix-assisted la-
ser desorption ionization mass spectrometry
(MALDI-MS) is a challenge due to matrix interfer-
ences and acidity that destroy weak interactions.
Herein, a new binary matrix consists of
mefenamic acid, and thymine (T) is applied for
simple and specific detection of Hg(II) in aqueous
solution and blood sample. Mass spectra show

metal-to-ligand ratio of 1:2 (Hg(II):T) in which Hg(II) ions are bound to two T molecules and two water molecules,
i.e., [Hg(T)2(H2O)2]. The method is simple and fast, and requires cheap reagents. In addition, the spectra show
extremely specific signals for Hg(II) ions and insignificant signals in case of other competing metal ions. The
concept of our protocol can be applied for other metals. The new matrix may be used for the analysis of small
molecules with minimal interferences peaks.
Keywords: Mercury, Matrix-assisted laser desorption ionization mass spectrometry, Organic matrices,
Mefenamic acid, Thymine, T-Hg-T
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Introduction

M ercury (Hg) is a great threat for human and animals
because it causes serious diseases/syndromes [1].

World Health Organization (WHO) stated that the maximum
allowable level of inorganic mercury should be no more than

6 ppb (30 nM) in drinking water. However, Environmental
Protection Agency (EPA) reported that annual global mercury
emissions from both natural and anthropogenic sources are in
the range of 5000 to 8000 metric tons per year. The EPA
reported 4-year long study on different species of fish from
76,559 lakes in 48 states of the USA. They found that 48% of
the investigated lakes (36,422 lakes) exceeded maximum al-
lowable level of mercury [2]. Thus, there is an ever-growing
demand for analytical tools that provide sensitive, selective,
and fast monitor for mercury ions (Hg(II)). Several methods
including fluorescence [3], surface-enhanced Raman scattering
(SERS) [4], field-effect transistor (FET) sensor [5],
nanomaterial-based optical sensors [6], nanoparticle-based col-
orimetric detection [7, 8], nanomaterial-based fluorescence [9],
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nanoparticle-based mass spectrometry [10, 11], chemilumines-
cence sensor [12], and electrochemical-based method [13]
were reported. These methods offer sensitive detection to
Hg(II) species, and some of them are selective to Hg(II) ions.
However, expensive reagents such as thymine (T)-rich
mercury-specific oligonucleotide (MSO) probes [14] or T-
modified gold nanoparticle-reduced graphene oxide (Au NP-
rGO) nanocomposites [15] are required in some cases.

Matrix-assisted laser desorption ionization mass spectrome-
try (MALDI-MS) [16–18] improved the analysis of several
analytes and advanced analytical applications including meta-
bolomics of unicellular organisms [19] and single-cell analysis
[20]. MALDI-MS has been used for the analysis of psychiatric
and neurodegenerative disorders [21], glycosylation analysis
[22], in situ detection of the cell surface sialoglycoconjugates
on various cell lines [23], lipids [24], metals [25–27], surfactants
[28], and proteomics [29–37]. It offers throughput analysis of
non-volatile species [38] and enhances the information for im-
aging lipids in biological tissue sections [39]. However, analysis
of small molecules using organic matrices is still a big challenge
due to the self-ionization of the organic molecules, formation of
adducts species, and ionization suppression at mass range <

500Da because of the high concentration of the organicmatrices
[40, 41]. Furthermore, metal ions such as Hg(II) cannot be
ionized directly. Thus, metal complexation with organic mole-
cules is required [10, 42, 43]. This complexation is weak and
may be destroyed due to the acidity of the organic matrices.

Herein, a new organic matrix consists of mefenamic acid
[44], and thymine is reported for specific detection of
mercury(II) in aqueous and blood sample. Mercury(II) ions
are detected as a complex with thymine. MALDI-MS spectra
reveal molar ratio of 1:2:2 (Hg:T:H2O), i.e., [Hg(T)2(H2O)2].
The method is simple, fast, sensitive, and require cheap re-
agents. The protocol offers specific detection of Hg(II) with no
interferences in the low mass range (˂ 500 Da).

Materials and Methods
Mefenamic acid (MF), T, Zn(NO3)2·6H2O, FeSO4,
FeCl3·6H2O, Ni(NO3)2, Hg(NO3)2·2H2O, Cu(NO3)2·5H2O,
NaNO3, AlCl3, and Cd(NO3)2 were purchased from Sigma-
Aldrich (USA). The deionized water was obtained from a
Milli-Q Plus water purification system (Millipore, Bedford,
MA, USA).

Figure 1. (a) MALDI-MS of Hg(II) in aqueous solution using mefenamic acid-thymine matrix, with zoom in the mass range of (b)
˂ 400 m/z and (c) 400–600m/z, and (d) the simulated mass spectra of the observed complexes
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Detection of Mercury in Aqueous Solution
and in a Blood Sample

A solution of mefenamic acid (50 mM) and thymine (16 mM)
were prepared in methanol and deionized water, respectively.
Solutions of metal ions such as Fe(III), Fe(II), Cu(II), Zn(II),
Ni(II), Hg(II), Na(I), and Al(III) were mixed in a solution
(0.3 mM).

The analyte spot sampling takes place simply via
mixing 10 μL of the metal solution with and without
interference ions, mefenamic acid (10 μL), and thymine
(20 μL). Then, 10 μL of this mixture was spotted on a
MALDI standard plate. The spots were dried at room
temperature before the analysis.

The limit of detection (LOD) is measured by mixing
5, 10, 20, 30, 40, and 60 μL of the Hg(II) solution,
mefenamic acid (30 μL), and thymine (10, 20, 30, 40,
50, and 120 μL). Then, 10 μL of this mixture was
spotted on a MALDI standard plate. The spots were
dried at room temperature before the analysis. The
LOD is determined at signal-to-noise ratio (S/N) ˃ 3.

A mice blood sample (0.5 mL) was diluted and spiked with
Hg (3mL, 0.1 mM). The sample was centrifuged at 20,000 rpm
to remove large molecules. The supernatant (10 μL) was mixed
with mefenamic acid (10 μL) and thymine (20 μL). A 10 μL of
the mixed solution was spotted in MALDI standard plate and
dried before the analysis.

Instruments

Matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF-MS) analyses were performed in
positive mode using Microflex (Daltonics Bruker, Bremen,
Germany). The laser wavelength is 337 nm. The laser intensity
is adjusted 10% above the threshold ionization energy of the
ionized species. UV-Vis absorption spectrum of mefenamic
acid solution is recorded using UV spectrophotometer (Perkin
Elmer 100, German).

Results and Discussion
Analysis of Mercury(II) in Aqueous Solution

MF serves as matrix since its absorbance matches the wave-
length of nitrogen laser, i.e., 337 nm (Figure S1-S2). Mass
spectrum using mefenamic acid as a matrix shows peak at
241 m/z corresponding to the protonated MF, i.e., [MF+H]+

(Figure S3, Table S1). Thus, mefenamic acid undergoes self-
ionization and assists ionization of the target species. Spectrum
shows no interference revealing the potential application ofMF
for the analysis of analytes with small molecular weight
(˂ 500 Da).

MALDI-MS of Hg(II) in pure aqueous solution using a
solution of mefenamic acid and thymine is reported as shown
in Figure 1. Thymine is working as a chelating agent for Hg(II)

Figure 2. (a–c) MALDI-MS of Hg(II) in the presence of other metal ions (Fe(III), Fe(II), Cu(II), Zn(II), Ni(II), Hg(II), Na(I), and Al(III)) from
different points for the same spot, and (d) represents the variation of intensities with different spots
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ions. Spectrum shows peaks at 488, 470, and 452 m/z that are
assigned to [Hg(T)2(H2O)2+H]

+, [Hg(T)2(H2O)+H]
+, and

[Hg(T)2+H]
+, respectively. According to the National Institute

of Standards and Technology (NIST) Standard References
Material (SRM) 3133, mercury has seven stable isotopes
196Hg, 198Hg, 199Hg, 200Hg, 201Hg, 202Hg, and 204Hg with
abundances of 0.16%, 10.04%, 16.94%, 23.14%, 13.17%,
29.73%, and 6.83%, respectively. MALDI-MS spectra are in
good matching with the simulated mass spectra of the observed
complexes (Figure 1d). Unfortunately, the resolution is low and
the peaks are weakly resolved using this particular instrument.

Mercury(II) has been analyzed in presence of other
metals such as Fe(III), Fe(II), Cu(II), Zn(II), Ni(II),
Hg(II), Na(I), and Al(III) as shown in Figure 2. We
could not observe any peaks related to the metal-
thymine complexes, except for Hg(II) (Figure 2). This
observation is due to the specific complexation of Hg(II)
to thymine and the formation of T-Hg-T. Analysis of T-
Hg-T complex using extended X-ray absorption fine
structure (EXAFS) revealed that Hg atom binds to thy-
mine six-member ring, with a preference for the binding
to the N atom in thymine’s pyrimidine ring through
covalent N–Hg bonds [45]. The elemental analysis of
this complex showed that two HCl molecules disap-
peared during the complexation indicating coordination
of Hg and thymine via N–Hg bonds [45]. Figure 2
shows also that the signal of the complex from different
point of the same spot shows insignificant change,

indicating that the spot is homogenous, and the data is
repeatable. The LOD using mefenamic acid-thymine bi-
nary matrix is < 1 nmol which is lower than the maxi-
mum contaminant level (MCL) of Hg(II) recommended
for drinking water (4 nmol, 2 ppb), as established by
EPA [46] and the WHO (2011), respectively (Figure S4).

Analysis of Mercury(II) in Blood

Analysis of Hg(II) in a real sample such as blood is a big
challenge due to the presence of interference molecules. The
presence of impurities may lead to ion suppression and inter-
ference peaks at low mass range. However, the detection of
mercury in a blood sample can be achieved using mefenamic
acid-thyminematrix (Figure 3). The large biomolecules such as
protein are separated using centrifugation. The analysis of the
supernatant spiked with Hg(II) shows peak at m/z 488 and
470 m/z that are assigned to [Hg(T)2(H2O)2+H]+ and
[Hg(T)2(H2O)+H]

+, respectively (Figure 3). Furthermore,
peaks of higher m/z are observed due to alkali metal adducts
or the small molecules in the supernatant.

Mefenamic acid-thymine binary matrix offers many advan-
tages (Table 1). There is no need to optimize the ratio of the
ligand:Hg2+ since the method is based on the ionization of the
formed species. The interference species of other metals show
no dramatic effect on the mercury signals. Thus, it can be used
for the analysis of real sample such as blood sample [3]. The
new matrix is used without any additives. Mefenamic acid-
thymine binarymatrix is cheap compared to several approaches
such as Au triangular nanoarray-graphene-Au nanoparticles
[4], mercaptobenzoheterocyclic compounds functionalized sil-
ver nanoparticle [47], gold nanorods modified with (11-
mercapto-undecyl)-trimethylammonium molecules containing
sulfhydryl groups [48], a biotinylated stem-loop DNA probe,
and a streptavidin-modified retroreflective Janus particle (SA-
RJP) [49]. MALDI-MS is fast and requires very short time for
sample preparation or analysis compared to methods such as
surface-enhanced Raman scattering (SERS) that required at
least 30 min for sample preparation [4]. Our method offers also
higher sensitivity and better selectivity (Table 1) [47, 48]. This
method offers also direct observation of the mercury signal
without the need to optimize pH as the laser ionization desorp-
tion process occurs for a solid sample [49]. Mefenamic acid is
superior matrix with minimal interferences peaks as nanopar-
ticles [50].

Table 1. Comparison of Techniques Which Are Used for the Analysis of Hg(II)

Probe Technique LOD Time (min) Real samples LOD Ref.

Au NP-G SERS 8.3 nM > 30 Sandy soil 1 nM [4]
MBO@Ag NPs Colorimetric 0.009–0.092 nM 2 Lake and tap water 5 nM [47]
Au NPs@MTA Photoacoustic detection 1000 nM 1 Water 10,000 nM [48]
SA-RJP RJPs 0.027 nM > 60 Drinking water samples 5 nM [49]
MF-T matrix MALDI-MS 1 nmol < 1 Blood sample 3 nmol Here

MF mefenamic acid, MBO mercaptobenzooxazole, MTA 11-mercapto-undecyl-trimethylammonium, SA-RJP streptavidin-modified retroreflective Janus particle,
SERS surface-enhanced Raman scattering, T thymine

Figure 3. MALDI-MS of blood sample supernatant spiked with
Hg(II)
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Conclusions
A binary matrix consisting of mefenamic acid and thymine was
successfully applied for specific detection of mercury(II) in
aqueous and blood sample. The matrix offers sensitive detec-
tion of Hg(II) in the presence and absence of other metal ions.
The spectra show very low peaks in the small mass range (<
500 Da). Being a throughput method, MALDI-MS using this
newmatrix can be used for throughput analysis and real sample
investigation.
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