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In the analysis of polystyrene nanoplastics (PSNs), a nonpolar polymer (NP), using matrix-assisted laser

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS), silver salts were used as

cationization reagents and simultaneously brought the potential problems of silver clusters that

interfered with the PSN signal of MS. To detect PSNs, silver trifluoroacetate (AgTFA) and silver nitrate

(AgNO3) were mixed with five polar matrices, namely 2-(4-hydroxyphenylazo) benzoic acid (HABA),

dithranol (DI), sinapic acid (SA), trans-3-indoleacrylic acid (IAA), and 2,5-dihydroxybenzoic acid (DHB),

and three nonpolar matrices, namely pyrene (PRN), anthracene (ATH) and acenaphthene (ACTH). The

results showed that silver salt cluster ions were detected in the range of m/z 1000–4000. Five polar

matrices with silver salts produced silver clusters, which interfered with the signals in the mass spectrum

of PSNs, but the combination of these matrices with copper II chloride (CuCl2) salt did not produce

copper-related clusters. However, the use of nonpolar matrices such as PRN, ATH or ACTH significantly

decreased the signals of silver salt cluster ions, and this alteration of matrix types is considered

a promising optimization approach for silver cluster ions. The nonpolar matrix conditions were optimized

without producing silver cluster ions and the optimal detection conditions were found to be under

nonpolar matrices (e.g., pyrene) with silver salts (e.g., AgTFA). The results suggest that when polar

matrices, such as HABA, DI, SA, IAA, and DHB, are combined with silver salts in MALDI-TOF-MS analysis,

silver-related clusters are detected in the range of m/z 1000–4000. Inhibition of the production of silver

cluster ions can be achieved by the use of a nonpolar matrix (e.g., PRN) or polar matrix (e.g., DHB) with

copper salts.
1. Introduction

Over the last few decades, plastic pollution has become a major
source of concern among scientists, politicians, and the general
public.1,2 Every year, large amounts of plastic waste leak into the
world's oceans.3 This causes larger materials to fragment and
break down into microplastics (plastic particles smaller than 5
mm) and, eventually, nanoplastics (sizes ranging from 1 to 100
nm), although the latter have only recently been identied as
potentially harmful to the environment and further research is
currently underway.4,5 Furthermore, these particles may be
intentionally manufactured into micro- and nano-sized parti-
cles and discarded directly into the environment.6 Nanoplastics
in the environment easily enter living organisms and are
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of Chemistry 2022
harmful to them. The use of analytical techniques to analyze
micro/nanoplastic samples in the environment is essential.7,8

Polystyrene, which is one of the most widely used plastics on the
planet, is used in different items such as electrical and trans-
parent products, daily necessities, and packaging.9 Polystyrene
micro/nanoplastic has been discovered in a variety of environ-
mental media.10 Polystyrene micro/nanoplastic, a non-polar
polymer, has been analyzed using various mass spectrometric
methods, such as pyrolysis gas chromatography-mass spec-
trometry (Pyr-GC-MS), vapor phase osmometry and gel perme-
ation chromatography.11–15 Thermal desorption GC-MS (TDS-
GC-MS), in combination with thermogravimetry (TGA), has
also been used to analyze complex samples of polystyrene using
Pyr-GC-MS.16 However, the mass range of GC-MS is insufficient
for analyzing high-molecular-weight substances such as poly-
mer plastics because the mass range is too narrow.10 Matrix-
assisted laser desorption/ionization time-of-ight mass spec-
trometry (MALDI-TOF-MS) is considered a powerful tool for
synthetic polymer detection, particularly due to its so ioniza-
tion and broad mass detection range.10 However, as
Anal. Methods
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a hydrocarbon polymeric compound, polystyrene is still more of
a challenge to analyze than polar polymeric materials.17,18

Meanwhile, for NPs of various molecular weights and repeating
units, there are various developed MALDI-TOF-MS methods.19,20

The analysis of NPs with MALDI-TOF-MS always needs a catio-
nization reagent to assist in ionization and a matrix to facilitate
desorption.21 However, there are a small number of polar
matrices that are extensively utilized for the most studied
nonpolar polymers, including polystyrene. Recently, 2-(4-
hydroxyphenylazo)benzoic acid (HABA), dithranol (DI), trans-3-
indoleacrylic acid (IAA), 2,5-dihydroxybenzoic acid (DHB), and
sinapic acid (SA) matrices have been widely utilized in the
analysis of synthetic polymers.22–26 Despite the fact that these
matrices are polar, they have been shown to function effectively
with nonpolar analytes.27 Nevertheless, nonpolar matrices work
successfully with nonpolar polymers and there are a few studies
that have conrmed their suitability with nonpolar polymers.19

Lately, nonpolar organic compounds such as pyrene, anthra-
cene and acenaphthene have been successfully used as MALDI-
TOF-MS matrices for nonpolar polymers.28,29 For the analysis of
a nonpolar analyte, a common MALDI-TOF-MS sample prepa-
ration method involves the combination of metal ions of Lewis
acids, primarily Ag2+ and Cu2+, and a matrix in a suitable
solvent.30 The metal ions serve as cationization reagents by
reacting with the so Lewis bases found in these analytes, such
as olenic double bonds and phenyl rings.31,32 It has been re-
ported that in the gas phase, these interactions make it easier as
charged species are generated from neutral analyte particles.33

Nonetheless, when cationization reagents for NP analytes are
metal salts, there is a production of the analyte cationized
molecule [M + cation]+ in the ionization process.34,35 In addition,
several instances have indicated that matrices and/or metal
salts could form clusters with metal ions.19,36 Not to mention
that clusters can inuence the signals of low mass oligomers
according to the molecular weight of the polymer being
analyzed.37,38 In the analysis of NP analytes with MALDI-TOF-
MS, salts such as AgTFA, AgNO3, and AgCl are frequently
employed as cationization reagents and combined with various
matrices to produce MALDI-TOF-MS signals from NPs under
various experimental requirements.39

In this study, a series of experiments were performed to
investigate the silver-related clusters that develop during the
MALDI-TOF-MS analysis of polystyrene. There was a strong
emphasis on the analysis of nanoplastics in this research, which
was based on the background of the silver clusters encountered
in the MALDI-TOF-MS method developed to analyse PSNs.
Thus, these potential difficulties associated with silver salt
clusters are reported, and can be referred to in future experi-
mental research works on synthetic polymers, especially plastic
nanoparticles. Therefore, in order to conrm the origin of these
clusters, copper and silver salts were mixed with both polar and
nonpolar matrices to compare their results. To determine how
these clusters inuence the MALDI-TOF-MS ndings of NPs,
PSNs, whose molecular weight is mentioned above and who can
favor the formation of clusters, were investigated experimen-
tally. Additionally, the aim of this study is to unveil potential
issues related to background silver salt clusters during the
Anal. Methods
analysis of PSNs using MALDI-TOF-MS. Based on this aim, the
following questions are answered: (i) in which mass range can
silver salt cluster ions be detected? (ii) Which kind of matrix is
able to reduce silver cluster ions so as to prevent interference
with PSN MALDI-TOF-MS mass spectra results? (iii) How to
optimize the ratio of analyte, matrix and cationization reagent
volume to produce PSN mass spectra without/with only a few
silver clusters?

2. Materials and methods
2.1. Chemical reagents

PSN standard (50 nm particle size) with a molecular weight of
2740 Da (SEC values: Mn ¼ 2627; Mw ¼ 2740) and regular
spherical beads were used in this study and were purchased
from Beijing Dk Nano-Technology Co., Ltd, China. Chemical
supply companies of matrices such as 1,8,9-anthracenetriol
(dithranol, DI), 2,5-dihydroxybenzoic acid (DHB), sinapic acid
(SA), 2-(4-hydroxyphenylazo)benzoic acid (HABA), trans-3-indo-
leacrylic acid (IAA), anthracene (ATH), acenaphthene (ACTH),
and pyrene (PRN) are shown in ESI Table S1.† Details of cop-
per(II) chloride (CuCl2), silver triuoroacetate (AgTFA), and
silver nitrate (AgNO3) as cationization reagents and solvents
such as tetrahydrofuran (THF) and acetonitrile HPLC grade
(99.9%) are presented in ESI Table S1.† All commercial chem-
icals and solvents were used according to the manufacturer's
guide.

2.2. Sample preparation

Different matrix solutions (HABA, SA, DHB, DI, IAA, ATH, PRN,
and ACTH) were prepared in tetrahydrofuran (THF) at
a concentration of 10 g L�1 and those of the cationization
reagents (AgTFA, AgNO3) were prepared at a concentration of
0.01 M in THF. PSN solutions were prepared in THF at
a concentration of 5 g L�1. For the analysis of a particular metal
salt, 5 mL of cationization reagent (C) was combined with 20 mL
of the matrix (M) and 4 mL of the analyte (A). Following a short
mixing step, the mixture with a CMA ratio of 5 : 20 : 4 (v/v/v) was
vortexed (Kylin-Bell®) for 5 min and sonicated for 30 min.
Approximately 0.4–1 mL of this combination was then applied to
a stainless-steel sample disc, allowing for the collection of
several sets of spectra from a single sample without having to
remove the probe from the source area. The solvent was allowed
to evaporate at room temperature, leaving the solid mixture of
the sample for analysis.

2.3. MALDI-TOF-MS instrumentation

An Autoex III MALDI-TOF mass spectrometer (Bruker Dal-
tonics, Bremen, Germany) equipped with a laser working at
a wavelength of 337 nm was used to acquire the mass spectra.
The positive ion linear mode was employed to record the
spectra. For the MS tests, a standard MTP384 polished steel
target (Bruker Daltonics) was utilized. For each range, ve pul-
ses at 100 distinct locations were collected (representing one
pixel). The FlexAnalysis soware 3.4 (Bruker Daltonics) was
used to analyze the data. The ion intensity plots were
This journal is © The Royal Society of Chemistry 2022
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constructed using average ion masses. The mass spectrometer
was set to the lowmass gate for the results reported in this work.
The intensity of the detected silver cluster signals rose
substantially when the low mass gate was turned on. The cali-
bration was performed externally using a two-point calibration
with anthracene (m/z 178) and C60 (m/z 720).
3. Results and discussions
3.1. Polar matrices

The formation of silver clusters: in order to study the formation
of silver clusters delivered from silver salts mixed with polar
matrices, rst of all, a 0.1 M solution of silver triuoroacetate in
THF was tested, and the laser desorption mass spectrum is
shown in Fig. 1. In this case, one can nd the range of m/z to be
1000–2000, where the intensities of silver ions are present and
appear to be less than 2000 (a.u.). There are peaks that indicate
the presence of silver clusters, but to a small extent. On the
other hand, it is shown that in this mass spectrum, the signal is
extremely weak. In this case, in the absence of a matrix, silver
cluster ions with lower m/z (less than m/z 2000) were produced
by laser desorption/ionization of AgTFA.

Secondly, to investigate and demonstrate that the matrices,
which are polar, mostly promote the formation of clusters that
have a relationship with silver, a series of experiments were
performed to directly detect silver triuoroacetate (AgTFA) with
polar matrices such as 2,5-dihydroxybenzoic acid (DHB), 2-(4-
hydroxyphenylazo)benzoic acid (HABA), sinapic acid (SA), trans-
3-indoleacrylic acid (IAA), and dithranol (DI), using MALDI-
TOF-MS, as shown in Fig. 2. These matrices were chosen
specically because in the MALDI technique, the productivity of
silver atom clusters increases when the matrix includes
a carboxylic group, as it does in the case of the mentioned
matrices. The ratio used for the cationization reagent/matrix
combination was 5 : 20 (v/v), and each matrix was mixed with
silver triuoroacetate (AgTFA) for detection. The generation of
signals that have a relationship with silver was signicantly
increased when the silver salt was combined with a polar
MALDI-TOF-MS matrix. This shows that the matrix has
a distinct inuence on the development of silver clusters in the
presence of silver salt. A typical example can be explained well
with Fig. 2A, which shows the mass spectrum acquired by
combining 20 mL 10 g L�1 DHB and 4 mL 0.01 M AgTFA, with
Fig. 1 MALDI-TOF-MS mass spectrum of silver trifluoroacetate
(AgTFA).

This journal is © The Royal Society of Chemistry 2022
both mixed in THF. Furthermore, experimental investigation
was performed where the matrix/cationization ratio was
changed from 20 : 2 to 20 : 4 (v/v), as presented in Fig. 2A, but
there was no change observed in the obtained mass spectrum.
The laser desorption study of 10 g L�1 DHB did not show a peak
in the range of m/z 3000–5000, indicating that the signal does
not come from thematrix alone. In this case, our results showed
that the clusters belonged to silver salts due to two silver
isotopes, Ag-107 and Ag-109.31 Even though each polar matrix
that combined with silver triuoroacetate (AgTFA) could
produce silver clusters, the results showed that their signal
intensities and response over silver salt ions are different. This
could be clearly explained when DHB and AgTFA were detected
in the range of m/z 1000–4000. For less than m/z 2000, the
highest peak intensity was observed at more than 8 � 103 a.u.
This was a little different for IAA and ATFA, where the highest
peak intensity was detected at 7.7 � 103 a.u. (Fig. 2B). Sepa-
rately, HABA, SA and DI mixed with silver triuoroacetate
(AgTFA) produced silver-related clusters but with low intensity
(less than 5 � 103 a.u.). The responses of these matrices are
shown in Fig. 2C–E. It is thought that matrix acidity played
a signicant role in producing these clusters, as mentioned.
Even if between m/z 1000–4000, there are signals in the case of
all thematrices, when DI was compared with the other matrices,
it generated a relatively lower signal with AgTFA.

Dithranol is a polar matrix, although it is a considerably
weaker acid compared to HABA, SA, IAA, or DHB.40 When
comparably stronger acids are employed as matrices, it seems
that silver salts are the least efficient cationization reagent,
based on the experimental ndings reported in this study.
Regardless of the matrix, ion signals were attributable only to
silver cluster ions. The cluster ions identied are unaffected by
the identity of the metal salt. Furthermore, the cluster ions
found experimentally match those anticipated theoretically due
to the natural abundances of the two silver isotopes.31 Addi-
tionally, for a mass-to-charge ratio in the range of m/z 2500–
4000, in all mass spectra, it was observed that clustering
occurred but at a very low level, where the peak intensities
observed were less than 4 � 103 a.u. for IAA and DHB, while
those for HABA, SA and DI were less than 2.5 � 103 a.u. Previ-
ously, a number of studies have evaluated the efficacy of Ag+ or
Cu2+ salts as cationization reagents for nonpolar analytes in
MALDI-TOF-MS.41,42 However, in MALDI-TOF-MS analysis,
consistency, for both metal salts, is still a potential problem as it
is hard to nd a better choice of metal salt for the analysis.12,31

This lack of consistency is due to the fact that many effective
sample preparationmethods are available.43 In conditions where
silver salt ions are found to be inferior to copper salt ions,
a potential reason could be that silver clusters develop favorably
over ions of silver-adducted oligomers.44 The clusters are oen
seen with lower mass (less than m/z 1000), although the clusters
found were in the range of m/z 1000–4000, as mentioned above.
In this study, silver nitrate was also investigated as a silver salt to
conrm whether silver was the main cause of silver-related
cluster ion production. Similar ndings were observed using
different matrices such as DI, HABA, SA, IAA, or DHB. As long as
both silver triuoroacetate and silver nitrate could serve the
Anal. Methods
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Fig. 2 The MALDI-TOF-MS mass spectrum of (A) 2-(4-hydroxyphenylazo)benzoic acid (HABA) and AgTFA; (B) sinapic acid (SA) and AgTFA; (C)
dithranol (DI) and AgTFA; (D) trans-3-indoleacrylic acid (IAA) and AgTFA; and (E) 2,5-dihydroxybenzoic acid (DHB) and AgTFA. AgTFA: silver
trifluoroacetate.
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same purpose, they produced the same results, and according to
the experimental conditions used, we utilized and reported
silver triuoroacetate results herein as a commonly used silver
salt for the MALDI-TOF-MS analysis of synthetic polymers such
as polystyrene nanoplastics. In this case, where a series of
experiments series was performed with variation of polar
matrices, there was no change in the mass spectral results
compared to those obtained using a silver triuoroacetate salt. A
series of experiments were performed under conditions similar
to those shown in Fig. 2, where similar matrices were used to
investigate how the metal impacts the clusters with high mass.
The salt of copper chloride was employed instead of AgTFA, and
a different background signal is generated for SA, as shown in
Fig. 3B. Lower mass ions are detected, but with extremely low
abundance, and high signals in the mass spectrum, including
those of single ions, were identied. When polar matrices other
Anal. Methods
than IAA were investigated, similar ndings were found (Fig. 3A–
C). Therefore, the combination of silver salts and the solution of
acid matrices (polar matrices) generates ions related to silver,
which are of comparatively high mass, but when similar
matrices were used with salts of copper, the results showed that
ions related to copper of comparable mass were not produced.
3.2. Nonpolar matrices

The formation of silver lusters: silver salts are frequently added
to the combination of matrix and analyte as cationization
reagents in the analysis of various materials.45,46 During laser
desorption, silver cations are reduced to create silver clusters.
This led to the hypothesis that the MALDI-TOF-MS method
matrix may inuence the creation of silver clusters.47 There is
research employing silver compounds and organic matrices of
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 The MALDI-TOF-MS mass spectrum of (A) 2-(4-hydroxyphenylazo)benzoic acid (HABA) and CuCl2, (B) sinapic acid (SA) and CuCl2, (C)
dithranol (DI) and CuCl2, and (D) trans-3-indoleacrylic acid (IAA) and CuCl2. CuCl2: copper II chloride.
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diverse chemical natures in the literature.20 Silver tri-
uoroacetate has been utilized previously, while ATH, ACTH
and PRN were utilized in this study. In the analysis of silver
clusters using MALDI-TOF-MS, these nonpolar matrices are
commonly used. In this study, our main goal was to see if the
combination of nonpolar matrices and silver salts as cationi-
zation reagents could produce the same ndings that were
previously found during the analysis of polar matrices. There-
fore, nonpolar matrices were used instead of polar matrices to
compare the results. ATH, ACTH, and PRN were used as
nonpolar matrices and the conditions used in the previous
experiments were repeated for further comparative analysis.
The results showed that the investigated nonpolar matrices did
not produce signals, especially in the mass range of interest.
The ndings of AgTFA analysis with ATH, PRN and ACTH are
shown in Fig. 4A–C, respectively. In the presence of the ACTH
matrix, the results showed that in the range of m/z 1200–2500,
low abundance was identied, unlike the high abundance
This journal is © The Royal Society of Chemistry 2022
background ions produced previously with the polar matrices.
Unlike the other matrices studied, the combination of PRN and
ATHmatrices with silver triuoroacetate did not produce silver-
related clusters. This shows that the production of silver clus-
ters and their interference were caused by the matrix type used.
Thus, the results suggested that the use of nonpolar matrices
instead of polar ones could contribute to the production of
signals that do not contain silver-related background signals.
Therefore, from the obtained results of three nonpolar
matrices, PRN and ATH were more suitable for the MALDI-TOF-
MS detection of PSNs.

3.3. Comparison and optimization of nonpolar matrix
response in the MALDI-TOF-MS analysis

Among the three nonpolar matrices, it was found that PRN and
ATH have lower background signals when used as matrices with
AgTFA to detect PSNs. Therefore, PRN and ATH were compared
and optimized, and a series of experiments were performed to
Anal. Methods
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Fig. 4 The MALDI-TOF-MS mass spectrum of (A) anthracene (ATH) and AgTFA (B) pyrene (PRN) and AgTFA; and (C) acenaphthene (ACTH) and
AgTFA. AgTFA: silver trifluoroacetate.
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ensure that thematrix could provide potential signals with PSNs
in their MALDI-TOF-MS analysis. In this case, the relative peak
intensities of the PRN and ATH matrices were compared. These
intensities were in the range of 1000–9500 (a.u.). The signicant
peak intensity of PRN was nearly 9000 a.u., which was far better
than the ATH peak intensity, and this proved that PRN is a good
choice for matrix material in PSN analysis, especially when it is
investigated with AgTFA or silver-related salts. The representa-
tive example of these facts is shown experimentally in Fig. 5,
where the response of PSN with a combination of PRN and silver
triuoroacetate is clearly observed to produce high intensity
signals. Similar experiments were performed with copper-
related salts, where different concentrations of copper salts,
PSN, and matrices were used, but these results were not
considered when compared to those obtained when silver salts
were used (results are not shown). These results were obtained
by optimization of the cationization reagent, matrix, and
Anal. Methods
analyte ratio, i.e., 5 : 20 : 4 (v/v/v). The relative amounts of the
cationization agent–analyte–matrix were systematically
changed using a 3 � 3 grid of samples to empirically establish
the optimal sample preparation. This was usually accomplished
by keeping one of the three variables constant (20 mL of matrix
solution) while increasing the amounts of the other two (cat-
ionization agent, y-axis, and analyte, x-axis) by a predetermined
factor (2-fold in the example depicted). This kind of variation of
the ratio enhanced and supported the optimization of the ob-
tained results to choose the potential matrix. The experimental
details of ratio variation are found in the ESI.†
3.4. Impact of silver cluster ions on PSN MALDI-TOF-MS
analysis

PSN 2740 (50 nm) was studied as a model under a range of
sample preparation conditions to study how silver-related
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Comparison of optimized MALDI-TOF-MS m/z and relative
intensities of the pyrene/PSN/Ag+ and anthracene/PSN/Ag+ ratio (v/v/
v).
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cluster ions inuence the MALDI-TOF-MS detection of nonpolar
PSN analytes. As mentioned earlier, MALDI-TOF-MS has been
used to analyze polystyrenes in some methods, and this analyte
is very simple to describe at a low molecular weight. This
polymer was selected since its predicted oligomer distribution
is comparable to that of silver-related cluster ions. Such
nonpolar polymers with low molecular weight are also tolerant
of the MALDI-TOF-MS sample processing technique. Different
matrices, including more hydrophilic polar matrices such as
DHB, may easily generate acceptable oligomer distributions. To
conduct effective MALDI-TOF-MS studies, matrices that are
more hydrophobic will be needed for nonpolar polymers of
higher molecular weight. This study shows that the signal
quality decreased when the metal salt concentration in the
mixture is raised substantially for a given combination of
matrix, metal salt, and analyte, especially in cases where this
mixture can yield acceptable MALDI-TOF-MS signals. However,
a previous study revealed that MALDI-TOF-MS signals may be
produced when the sample contains a concentration of metal
salt that is more than the molar quantity of the analyte but not
greater than that of the matrix.48 Fig. 6 shows the typical MALDI-
TOF-MS mass spectra obtained for the PSN samples. AgTFA and
DHB were utilized as a cationization reagent and polar matrix,
respectively, as shown in Fig. 6B. Interfering silver-related
cluster ions were present, and there was a decrease in mass
spectral quality. Since oligomers of polystyrene have masses
that are closer to those of the metal clusters, in this situation,
distinguishing metal ions from the polymer is a big challenge.
As shown in Fig. 6A, the combination of a nonpolar matrix
(PRN) and AgTFA with PSNs produced a better-quality mass
spectrum. Therefore, when a polar matrix is employed, silver-
related cluster ion production seems to inuence the MALDI-
TOF-MS mass spectrum ndings of PSN adversely, but not
when a nonpolar matrix is utilized.

Fig. 6C shows a MALDI-TOF-MS mass spectrum of PSNs
using DHB as a matrix and CuCl2 as a cationization agent. In
this mass spectrum, the repeating mass ofm/z 104 for styrene is
This journal is © The Royal Society of Chemistry 2022
identied, which conrms the presence of PSNs in the sample.
A few studies have demonstrated that the combination of
copper salts and any polar matrix, such as HABA, DHB, and DI,
yields better results compared to that of silver salts, especially in
the analysis of nonpolar synthetic materials.36,48,49 In this study,
we have experimentally discovered that a nonpolar matrix such
as pyrene produces repeatable results when analyzing nonpolar
polymers with lower molecular weights such as polystyrene
nanoplastics (PSNs).
4. Comparison of the current
technique with other MALDI-TOF-MS
methods

When the MALDI-TOF-MS technique is compared with other
methods, which have been previously used in the identication
and/or characterization of synthetic polymers, the literature
shows that they differ in the sample preparation techniques,
matrices and cationization reagents used. Sample preparation
is the most important experimental step.50,51 Depending on the
type of material to be examined, several sample preparation
procedures exist.52 The dried droplet method, quick evaporation
(fast solvent drying) method, two-layer method, and solid/solid
compression method are the most commonly used proce-
dures.53 However, the inuence of sample preparation in the
formation of clusters (i.e., silver clusters) has not been dis-
cussed before.54 Sample preparation is considered as the main
step to get good or bad results in the MALDI-TOF-MS analysis of
synthetic polymers. Successful MALDI-TOF-MS techniques have
used different types of matrices and cationization reagents for
the same and/or different analytes. Most of these matrices
contain carboxylic acid groups, which are believed to form silver
clusters once they are mixed with silver-related salts,55 and the
reduction of Ag+ cations to silver atoms is thought to occur rst,
by one of the following three reactions:

Charge exchange between matrix (M) molecules and silver
cations:

M + Ag+ / M+ + Ag (1)

Charge exchange between silver cations and excited mole-
cules of the matrix (M):

M* + Ag+ / M+ + Ag (2)

Two-photon absorption by matrix molecules (M), which is
the least likely:

M + hv / M+ + e�, (3)

Ag+ + e� / Ag. (4)

It has been found that the process of clustering is much
more efficient if more atoms of silver are captured by the matrix
molecules, whereas for organic silver salts, e.g., AgTFA, the
separation of acid groups and the addition of the matrix, e.g.,
DHB, to the ion/atom of silver is more likely, which in turn can
Anal. Methods
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Fig. 6 The MALDI-TOF-MS mass spectrum of PSN examined with (A) dithranol (DI) and AgTFA (B) pyrene (PRN) and AgTFA; and (C) 2,5-
dihydroxybenzoic acid (DHB) and CuCl2. AgTFA: silver trifluoroacetate; CuCl2: copper(II) chloride.
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positively inuence the process of clustering.56,57 Additionally,
clustering may possibly be due to the ability of some polar
matrices (acidic matrices), e.g., DHB, to absorb laser light with
a wavelength of 337 nm.58,59 Previously, MALDI-TOF-MS tech-
niques have been used to study synthetic polymers such as
micro-(nano-)plastics in the environment and PSNs have been
investigated as environmental samples. These PSNs have
a molecular weight range that is between low-molecular-weight
polystyrene (LM-PS) and high-molecular-weight polystyrene
(HM-PS). Pengfei et al., 2020, determined PSN levels of both
types, i.e., LM-PS and HM-PS, which were approximately 500 g
mol�1 and 13 000 g mol�1, respectively.60 Therefore, the PSN
used in this analytical method can be found in the range of
plastic particles that have been investigated in environmental
samples.
Anal. Methods
5. Conclusion

This work has shown that in MALDI-TOF-MS analysis, the
combination of polar matrices such as HABA, DI, SA, IAA, and
DHB with silver salts produces silver-related clusters in the
range of m/z 1000–4000. The distribution of polymer-like
strands for clusters is obtained and separated by silver atomic
mass. The use of less acidic and/or nonpolar (e.g., pyrene)
matrices does not yield clusters. In our study, the optimization
of the volume ratio of pyrene and anthracene with PSN and
silver salt showed that pyrene was a good choice as a nonpolar
matrix. However, the formation of clusters seems to be unique
to the salts of silver. The combination of copper II chloride
(CuCl2) with polar matrices did not yield comparable copper-
related clusters. When studying nonpolar polymers, it is
This journal is © The Royal Society of Chemistry 2022
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suggested to use nonpolar matrices and silver salts and when
polar matrices are used, weakly acidic matrices are better
options to reduce signicant interference of silver cluster ions.
When analysing nonpolar polymers, their mass spectral data
should be interpreted carefully, especially in the case where
silver salts are combined with moderately strong acids as
matrices. Extensive clustering may be observed in the MALDI-
TOF-MS mass spectra of sample materials containing transi-
tion metal ions and matrices, which may interfere with the
signals of analytes having low molecular mass.
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Bioanal. Chem., 2014, 406, 4601–4610.
30 C. Bylda, R. Thiele, U. Kobold and D. A. Volmer, Analyst,

2014, 139, 2265–2276.
31 S. Yuan, J.-S. Qin, C. T. Lollar and H.-C. Zhou, ACS Cent. Sci.,

2018, 4, 440–450.
32 S. S. Choi and S. H. Ha, Macromol. Res., 2008, 16, 108–112.
33 L. Konermann, H. Metwally, R. G. McAllister and V. Popa,

Methods, 2018, 144, 104–112.
34 P. Pomastowski and B. Buszewski, Nanomaterials, 2019, 9,

260.
Anal. Methods

https://doi.org/10.1039/d1ay02219a


Analytical Methods Paper

Pu
bl

is
he

d 
on

 0
3 

Fe
br

ua
ry

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/3

/2
02

2 
10

:3
2:

58
 A

M
. 

View Article Online
35 H. N. Abdelhamid, TrAC, Trends Anal. Chem., 2017, 89, 68–
98.

36 T. Yalcin, D. C. Schriemer and L. Li, J. Am. Soc. Mass
Spectrom., 2015, 8, 1220–1229.

37 J. S. Fletcher and J. C. Vickerman, Anal. Chem., 2013, 85, 610–
639.

38 U. Conway, A. D. Warren, C. J. Arthur and P. J. Gates, Polym.
Chem., 2021, 12, 439–448.

39 J. Herzberger, K. Niederer, H. Pohlit, J. Seiwert, M. Worm,
F. R. Wurm and H. Frey, Chem. Rev., 2016, 116, 2170–2243.

40 H. Rashidezadeh, K. Hung and B. Guo, Eur. J. Mass
Spectrom., 2019, 4, 429–433.

41 T. Yalcin, D. C. Schriemer and L. Li, J. Am. Soc. Mass
Spectrom., 1997, 8, 1220–1229.

42 H. Lim, Y. Lee, S. Han, Y. Yoo and K. Kim, Bull. Korean Chem.
Soc., 1999, 20, 853–856.

43 M. B. O'Rourke, S. P. Djordjevic and M. P. Padula, Mass
Spectrom. Rev., 2018, 37, 217–228.

44 C. M. Mahoney, Mass Spectrom. Rev., 2010, 29, 247–293.
45 A. S. Bowman, S. O. Asare and B. C. Lynn, Rapid Commun.

Mass Spectrom., 2019, 33, 811–819.
46 A. J. Hoteling, M. L. Piotrowski and K. G. Owens, Rapid

Commun. Mass Spectrom., 2020, 34, e8630.
47 M. Szymanska-Chargot, A. Gruszecka, A. Smolira and

K. Bederski, Acta Phys. Pol., A., 2011, 120, 1012.
48 D. C. Schriemer and L. Li, Anal. Chem., 2016, 69, 4169–4175.
Anal. Methods
49 M. J. Deery, K. R. Jennings, C. B. Jasieczek, D. M. Haddleton,
A. T. Jackson, H. T. Yates and J. H. Scrivens, Rapid Commun.
Mass Spectrom., 1997, 11, 57–62.

50 P. C. Kooijman, S. J. Kok, J. J. A. M. Weusten and M. Honing,
Anal. Chim. Acta, 2016, 919, 1–10.

51 S. Hosseini and S. O. Martinez-Chapa, Fundam. MALDI-ToF-
MS Anal., 2017, pp. 1–19.

52 H. Lee, A. Abarghani, B. Liu, M. Shokouhimehr and
M. Ostadhassan, Fuel, 2020, 269, 117452.

53 A. A. Patil, C.-K. Chiang, C.-H. Wen and W.-P. Peng, Anal.
Chim. Acta, 2018, 1031, 128–133.

54 C. Mahr, P. Kundu, A. Lackmann, D. Zanaga, K. Thiel,
M. Schowalter, M. Schwan, S. Bals, A. Wittstock and
A. Rosenauer, J. Catal., 2017, 352, 52–58.

55 G. P. Zeegers, R. F. Steinhoff, S. M. Weidner and R. Zenobi,
Int. J. Mass Spectrom., 2017, 416, 80–89.
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