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Application of MALDI-TOF MS
Profiling Coupled With Functionalized
Magnetic Enrichment for Rapid
Identification of Pathogens in a Patient
With Open Fracture
Jichong Ying1†, Wenjing Gao2†, Dichao Huang1, Chuanfan Ding2, Ling Ling2*, Tao Pan3* and
Shaoning Yu2*

1Ningbo No. 6 Hospital, Ningbo, China, 2Key Laboratory of Advanced Mass Spectrometry and Molecular Analysis of Zhejiang
Province, Institute of Mass Spectrometry, School of Material Science and Chemical Engineering, Ningbo University, Ningbo,
China, 3Department of Breast Surgery and Oncology, The Second Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou, China

Posttraumatic infections can occur in orthopedic trauma patients, especially in open
fractures. Rapid and accurate identification of pathogens in orthopedic trauma is
important for clinical diagnosis and antimicrobial treatment. Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) has been
successfully used for first-line identification of pathogens grown on culture plates.
However, for direct analysis of liquid clinical specimens, pre-purification of the sample is
necessary. Herein, we investigated the feasibility of coupling Fc-MBL@Fe3O4

enrichment with MALDI-TOF MS profiling in the identification of pathogens in liquid-
cultured samples. This method is successfully used for the identification of pathogens in
a patient with an open-leg fracture obtained at sea. Pathogens were enriched by Fc-
MBL@Fe3O4 from briefly pre-cultured liquid media and identified by MALDI-TOF MS.
We identified an opportunistic pathogen, Vibrio alginolyticus, which is uncommon in
clinical orthopedic trauma infection but exists widely in the sea. Therefore, combining
Fc-MBL@Fe3O4 enrichment and MALDI-TOF MS profiling has great potential for direct
identification of microbes in clinical samples.

Keywords: MALDI-TOF MS, orthopedic trauma infection, magnetic enrichment, pathogen identification, Vibrio
alginolyticus

INTRODUCTION

Orthopedic traumas are complex and diverse. Serious wounds are always difficult to debride;
especially, when complicated fractures are combined, the surgical treatment is often required
(Morgenstern et al., 2018; Tuon et al., 2019). Posttraumatic infections can occur in orthopedic
trauma patients when it is not treated in a timely manner or after surgical treatment (Arnold et al.,
2013; Yun et al., 2016; Backes et al., 2018). Rapid identification of pathogenic bacteria in orthopedic
trauma, especially open fractures, guides the clinical diagnosis and antimicrobial treatment (Yun
et al., 2016; Patrulea et al., 2020). Thus, superficial wound swabs or deep fluid samples are always sent
to the clinical microbiology lab for bacterial identification.
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The current standard of bacterial identification in hospitals
continues to rely on culture-based biochemical testing, which
may take days to complete (Varadi et al., 2017; Backes et al.,
2018). Moreover, culture-based methods suffer increasing
skepticism about their sensitivity and accuracy (Rhoads et al.,
2012; Firoozabadi et al., 2015). Molecular methods that rely on
the analysis of genomic markers, such as ribosomal RNA
sequencing, have better sensitivity and accuracy for pathogen
identification (Rhoads et al., 2012). However, molecular
diagnostic methods have high cost and require sophisticated
expertise (Woo et al., 2008; Segawa et al., 2014). In recent
years, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) has been introduced into
clinical microbiology laboratories. Due to the specificity, speed of
analysis, and low cost of consumables, MALDI-TOFMS has been
widely acclaimed for clinical bacterial identification (Welker
et al., 2019; Feng et al., 2020; Nomura et al., 2020;
Papagiannopoulou et al., 2020). MALDI-TOF MS
identification is mainly based on the MS fingerprint pattern of
bacterial ribosomal proteins in the m/z range of 2–20 kDa, which
can be compared to the MS database to identify the bacterial
genus and species (Singhal et al., 2015). MALDI-TOF MS
databases with more than 4000 strains have been set up and
are widely used in the identification of clinical bacteria, fungi,
mycobacteria, and Nocardia (Feng et al., 2020). Nevertheless, the
single colonies are always needed for this method. Clinical
samples or liquid cultured samples are inoculated on solid
culture plate to grow single colonies for identification by
MALDI-TOF MS. For direct analysis of bacteria in liquid
clinical samples, the pre-purification steps are mandatory.
Since approximately 105 CFU of bacteria are needed for
successful identification, direct analysis of bacteria in clinical
samples seems only possible for urine samples (Zboromyrska
et al., 2016). Utilizing of liquid cultures has increased the
sensitivity and decreased the turn-around time of bacterial
culture, especially for samples with low bacterial loads. Hence,
development of pre-purification methods for liquid-cultured
bacterial sample is sorely needed.

Functionalized magnetic nanoparticles (MNPs) have been
developed to capture bacteria and simplify the purification
processes due to its large ratio of surface area to volume, ease
of operation, and good biocompatibility (Liébana et al., 2009;
Cheng et al., 2016; Zhu et al., 2016; Yi et al., 2018; Nemr et al.,
2019). Specific aptamers and antibodies were conjugated with
MNPs to enrich certain bacteria or part of microbes from
suspension (Liébana et al., 2009; Cheng et al., 2016; Zhu et al.,
2016; Yi et al., 2018; Nemr et al., 2019). Mannose-binding lectin
(MBL) is an important opsonin component of the lectin pathway
associated with innate immunity, which can recognize and bind
carbohydrates on the surfaces of different bacteria, fungi, and
viruses in a calcium-dependent manner (Takahashi and
Ezekowitz, 2005). Ingber et al. genetically engineered a new
version of MBL by fusing the carbohydrate recognition region
of MBL to the flexible neck of the Fc portion of IgG1, which
conjugated with MNPs and was used to cleanse septic blood or
enrich bacteria in clinical samples (Kang et al., 2014; Bicart-See
et al., 2016). These studies indicated that Fc-MBL has binding

capability for a wide range of microbes, which prompted us to
utilize Fc-MBL@Fe3O4 to enrich bacteria and combine with the
MALDI-TOF MS identification.

Herein, we investigated the feasibility of the MALDI-TOF MS
profiling coupled with Fc-MBL@Fe3O4 enrichment for
identification of bacteria in liquid culture media (Scheme 1).
After the verification, the application of this method in real case
was explored. A patient obtained an open fracture at sea and did
not acquire treatment for more than 20 h due to diagnostic
limitations. Considering that the patient was injured at sea,
uncommon species of bacteria may have adhered to the
wound; we attempt to use Fc-MBL@Fe3O4 enrichment
coupled with MALDI-TOF MS identification. A wound swab
and fluid were short-term cultured on liquid media and analyzed
by the proposed method, wherein Vibrio alginolyticus was
identified. These results show that these pathogen
identification procedures are more rapid than traditional
methods and beneficial for clinical treatment of patients.

MATERIAL AND METHODS

Patient
A 56-year-old male patient was crushed while working on the
boats, and his right calf was stressed, accompanied by skin
lacerations and bleeding. He had an open wound
approximately 6 × 15 cm in the lower part of the right calf,
and the fractured end was exposed. Because the patient was
unable to acquire clinical treatment at sea, the wound was simply
bandaged to stop the bleeding. After more than 20 h, the patient
was sent to the hospital and diagnosed with open comminuted
fracture of the lower right tibia and fibula. This study was
approved by the Ethics Committee of Ningbo No. 6 Hospital.

Chemicals and Instruments
α-Cyano-4-hydroxycinnamic acid (CHCA), formic acid, and
acetonitrile (ACN) were purchased from Merck (Darmstadt,
Germany). Trifluoroacetic acid (TFA) was obtained from
Shanghai Macklin Biochemical Technology Co., Ltd.
(Shanghai, China). Tryptone soybean agar (TSA) and
Luria–Bertani (LB) broth were purchased from Beijing Land
Bridge Technology Co., Ltd (Beijing, China). The
functionalized MNPs (Fc-MBL@Fe3O4) were synthesized as in
our previous study (Sun et al., 2021). The detailed synthesis
procedures and characterization results are presented in the
Supporting Information.

The mass spectra for the verification of method were obtained
by Autoflexmax TOF/TOFmass spectrometer (Bruker Daltonics,
Germany) with a pulsed Nd:YAG laser (355 nm) in a linear
positive mode. The acceleration voltage was set at 20 kV, each
spectrum was acquired by 1000 laser shots, and the laser intensity
was regulated to ensure a good signal-to-noise ratio. MALDI-
TOF MS identification was carried out using an M-Discover 100
mass spectrometer (Zhuhai Meihua Medical Technology Co.,
Ltd. China) in a linear positive mode with the m/z range
2–20 KDa. The mass spectra were calibrated by Escherichia
coli (ATCC 8739) according to the manufacturer’s
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instructions. MicroCtrl 1.0 software was used to acquire the
spectra and for real-time interpretation and identification; the
raw spectra were processed by smoothing, baseline removal, and
peak-picking, and the processed spectra were compared with the
reference spectra in the database by using the pattern-matching
algorithm of the software. The scores that ranged from 0.00 to
3.00 were calculated based on the correlation between the two
spectra. According to themanufacturer, a score >2.0 is considered
reliable in the species level, a score 1.7–2.0 indicates identification
in the genus level, and a score <1.7 indicates unreliable result.
Transmission electron microscopy (TEM) images were obtained
by microscope JEOL JEM 2100 (Japan) at 200 kV.

Sample Preparation and MNP Enrichment
For verification of the method, the standard bacteria strains (S.
aureus, ATCC 25923; K. pneumoniae, CICC 21519) were inoculated
on the TSA solid plate, and the single colonies were adjusted to
certain concentrations bymeasuring the absorbance at 600 nmusing
UV–vis absorption spectroscopy. For the enrichment efficiency of
Fc-MBL@Fe3O4, 1000 or 100 CFUs of S. aureus and 10 μl of Fc-
MBL@Fe3O4 solution (10 mg/ml) were added in 30 μl Tris-HCl
buffer (0.1 mM, pH 7.4) containing 10mM CaCl2 and 0.05%
Tween-20 and incubated at 37°C for 15 min with shaking. After
magnetic enrichment, the pellets were washed twice with 30 μl of
water. The supernatant was collected and cultured on the TSA solid
media for 13 h, together with the original solution and pellets. For
the S. aureus assay, different amounts (108, 107, 106, and 105 CFU) of
bacteria in 1ml of buffer solution were enriched by the similar
method, wherein the pellets were washed with 100 μl of water. The S.
aureus andK. pneumoniae in LB liquidmedia at the concentration of
108 CFU/ml were carried out as follows; 300 μl of buffer solution and
10 μl of Fc-MBL@Fe3O4 solution were added subsequently in 100 μl
of bacteria suspension, and the mixture was incubated at 37°C for
15 min with shaking. The pellets were washed twice with 100 μl of
water. The bacterial proteins were extracted from the Fc-MBL@
Fe3O4 by use of 5 μl of 70% formic acid and 5 μl of ACN, and the
extracted solution was subjected to MALDI-TOF MS analysis.

For the real case, a wound swab and 1 ml of trauma fluid from
the patient were collected in sterile containers and subjected to
magnetic enrichment andMALDI-TOFMS profiling. The wound
swab and fluid were both subcultured in 5 ml of liquid LB
medium at 37°C for 8 h. For enrichment, 1 ml of buffer

solution was added to 300 μl of subcultured liquid, and then,
20 μl of Fc-MBL@Fe3O4 solution was added. The obtained
solution was incubated at 37°C for 15 min with shaking. After
magnetic enrichment, the pellets were washed twice with 100 μl of
water. The bacterial proteins were extracted as above description.
For the verification, the subcultured liquid samples were grown
on the TSA solid medium for 24 h, and the bacterial colonies were
identified by MALDI-TOF MS.

MALDI-TOF MS Analysis
The bacterial protein solution (1 μl) extracted from MNPs was
deposited on a MALDI target plate. Then, CHCA matrix (10mg/
ml in ACN/H2O (v/v � 1/1) containing 2% TFA) was deposited on
the sample spot after drying. For analysis of bacteria grown on the
solid TSA medium, the standard extraction method was used
(Matsuda et al., 2012). Briefly, a 1-μl loop of bacteria was
suspended in 300 μl H2O, and 900 μl ethanol was added. After
vigorous vortex, the mixture was centrifuged at 12,000 rpm for
5 min. The supernatant was discarded, and 30 μl of 70% formic
acid was added to the pellets and thoroughly mixed. Next, 30 μl of
ACN was added, and the resulting solution was centrifuged again at
12,000 rpm for 5min. One microliter of supernatant was deposited
on the MALDI target plate and dried at room temperature. Finally,
1 μl of CHCAmatrix was placed on the sample spots and left to dry.

Clinical Routine Pathogen Identification
The clinical samples were inoculated on the Columbia blood agar,
Sabourand’s fungus agar, and anaerobic medium plate in a sterile
manner and incubated in 35 ± 2°C for 24–48 h in clinical
microbiology laboratory. The bacteria grown on the solid
media were subjected to Gram staining, and the isolates were
identified using a VITEK2-Compact automatic bacterial
identification instrument (Biomérieux) in accordance with the
manufacturer’s instructions.

RESULTS AND DISCUSSION

Feasibility of the Proposed Method
The workflow of the proposed method was illustrated in Scheme
1. The pathogens in liquid clinical samples or short-
term–cultured liquid samples were captured by Fc-MBL@

SCHEME 1 | Workflow for the identification of pathogens from the clinical liquid sample.
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Fe3O4; the enriched bacteria were extracted by formic acid from
Fc-MBL@Fe3O4 and subjected to MALDI-TOF MS
identification. Before application in real case, we investigated
the feasibility of the method. A common pathogen in orthopedic
infection, Staphylococcus aureus (S. aureus), was selected as
model to verify the method. The synthesis and
characterization of Fc-MBL@Fe3O4 were presented in
supporting information. The TEM images of Fc-MBL@Fe3O4

binding to S. aureus are shown in Figure 1A, which indicated the
binding capability of Fc-MBL@Fe3O4 to S. aureus. Next, the
capture efficiency of Fc-MBL@Fe3O4 was evaluated by the plate-
counting method. Briefly, the different amounts of S. aureus
suspension were enriched by Fc-MBL@Fe3O4; the bacteria in
original solution, captured by Fc-MBL@Fe3O4, and the
supernatant were inoculated on the TSA plate in parallel, and
the results are shown in Figure 1B. It can be seen that bacteria
were almost captured completely by Fc-MBL@Fe3O4. Then, the
different amounts (108/107/106/105 CFU) of S. aureus in 1 ml
buffer solution were enriched by Fc-MBL@Fe3O4 and identified
by MALDI-TOF MS. As shown in Figure 2, the spectra of
≥106 CFU of bacteria in buffer enriched by Fc-MBL@Fe3O4

show similar profiles with the standard spectrum of pure
bacteria. It is should be noted that approximately ∼105 CFU
are needed on the target plate for successful bacteria
identification with MALDI-TOF MS (Segawa et al., 2014),
which means the concentration of 108 CFU/ml is needed,
wherein 1 μl of bacteria suspension is deposited on the target
plate. In this method, the enriched pellets were eluted by 10 μl
solution (5 μl 70% formic acid +5 μl ACN), and the 1 μl of
solution is deposited on the target plate. Thus, the results are
rational that 106 CFU of bacteria in 1 ml buffer solution could be
detected successfully by the proposed method.

Furthermore, S. aureus and another bacteria Klebsiella
pneumoniae (K. pneumoniae) were spiked in LB liquid media at

108 CFU/ml (the concentration of clinical positive cultures is
∼108 CFU/ml). The 100 μl of liquid bacterial cultures were
enriched by Fc-MBL@Fe3O4 and analyzed by MALDI-TOF MS.
The pure bacteria were tested byMALDI-TOFMS, and the obtained
spectra were compared with those captured by Fc-MBL@Fe3O4

from LB media. As shown in Figure 3, the spectra of captured
bacteria (S. aureus andK. pneumoniae) from LBmedia show similar
profiles to pure bacteria. For evaluation of reproducibility, the
sample of S. aureus in LB broth was carried out in triplicate, and
each sample was deposited at three spots; the obtained spectra all
show matched profiles (Supplementary Figure S5). These results
indicated the feasibility of the proposed method for rapid
identification of bacteria in clinical bacterial liquid cultures.

Identification of Bacteria in a Patient With
Open Fracture
Rapid and accurate identification of progressive bacteria colonizing
orthopedic trauma, especially open fracture, is important for clinical
diagnosis and treatment to avoid posttraumatic or postoperative
infections. In the case presented here, the patient’s leg suffered an
open fracture on the coastal sea of China. Fc-MBL@Fe3O4 possesses
a universal enrichment capacity for different pathogens, and
MALDI-TOF MS can identify a wide range of pathogens,
including bacteria and fungi, with high accuracy at both the
genus and species level (97–99% and 85–97%, respectively)
(Patel, 2013). Considering the special of this case, we attempt to
use MALDI-TOFMS in coupling with Fc-MBL@Fe3O4 enrichment
for the identification of probable pathogens in this case. For analysis
of clinical bacterial samples, a short-term subculture step is always
needed since the amount of ∼105 CFU is requisite for MALDI-TOF
MS identification. Herein, the wound swab and fluid were short-
term cultured in liquid LB media, and the liquid samples were
analyzed by the proposed method. As a control, a sterile swab was

FIGURE 1 | (A) TEM images of S. aureus conjugated with Fc-MBL@Fe3O4. (B) Photographs of cultured plate of original solution, enriched pellets, and supernatant.
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cultured in liquid LBmedia in parallel. Four sample spots were tested
in parallel, and the representative mass spectrum is shown in
Figure 4. The mass spectra of the bacteria in the wound swab
matched Vibrio alginolyticus (V. alginolyticus), a common
pathogenic bacteria of numerous aquatic animals that is widely
present in the sea, with an average score of 2.15 (Table 1). The fluid
sample was also identified as V. alginolyticus, with an average score
of 2.31 (Table 1). Thus, these scores indicated that the identification
results were reliable at the species level. The LB media of the control
group keep the clear liquid phase, and the identification results by the

proposed method were unreliable (score <1.7), indicating that the
control group is negative for bacteria.

Verification of the Results
To verify the results, short-term–cultured liquid samples
continue to grow on a solid medium, and the isolates
were analyzed by MALDI-TOF MS. The results were
consistent with those obtained by magnetic enrichment
coupled with MALDI-TOF MS (Table 1 and
Supplementary Figure S6).

FIGURE 2 |MALDI-TOFMS spectra of S. aureus obtained from pure solution (top) and enriched by Fc-MBL@Fe3O4 from 1 ml buffer solution at different amounts.

FIGURE 3 | MALDI-TOF MS spectra of (A) S. aureus and (B) K. pneumoniae obtained from pure solution (top) and enriched by Fc-MBL@Fe3O4 from LB liquid
media (bottom).
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Furthermore, Gram staining showed that the bacteria were
Gram-negative rods (Supplementary Figure S7), and the
pathogen was identified as V. alginolyticus by the VITEK2-
Compact automatic bacterial identification system. V.
alginolyticus, a type of Gram-negative opportunistic bacteria,
infects both humans and aquatic animals (Xie et al., 2020). This
infection is one of themain causes of aquaculture disease resulting in
economic losses in mariculture in South China (Xie et al., 2005; Yu
et al., 2018; Yu et al., 2019). Therefore, it was not surprising that V.
alginolyticus was identified in this case. The whole process of the
routine method required >24 h. The identification results from
MALDI-TOF MS coupled with Fc-MBL@Fe3O4 enrichment were
in agreement with the conventional method and required only ∼9 h.

CONCLUSION

In conclusion, direct pathogen identification from liquid-cultured
clinical samples can be achieved by MALDI-TOF MS identification
and appropriate pre-purification. Fc-MBL@Fe3O4 could recognize
and capture broad-spectrum microbes, and therefore, it is adaptable
to combine with MALDI-TOF MS. In this study, we identified V.
alginolyticus in a patient with an open fracture using MALDI-TOF

MS profiling coupled with Fc-MBL@Fe3O4 enrichment. With
extension of the MALDI microbial database, particularly for
bacterial mixtures, magnetic enrichment coupled with MALDI-
TOF MS has great potential for more clinical samples.
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TABLE 1 | MALDI-TOF MS identification of bacteria in a real case.

Sample The proposed method Solid culture-based method

Genus Species Score Genus Species Score

Swab Vibrio alginolyticus 2.14 Vibrio alginolyticus 2.41
Swab Vibrio alginolyticus 2.14 Vibrio alginolyticus 2.39
Swab Vibrio alginolyticus 2.12 Vibrio alginolyticus 2.27
Swab Vibrio alginolyticus 2.21 Vibrio alginolyticus 2.35
Fluid Vibrio alginolyticus 2.29 Vibrio alginolyticus 2.28
Fluid Vibrio alginolyticus 2.26 Vibrio alginolyticus 2.29
Fluid Vibrio alginolyticus 2.33 Vibrio alginolyticus 2.35
Fluid Vibrio alginolyticus 2.35 Vibrio alginolyticus 2.30
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In recent years, matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) plays an essential role in the analysis of polymers. To
acquire a more reliable strategy for polymer profiling, we characterized four representative
polymers including polyethylene glycol 6000, polyvinylpyrrolidone K12, polymer polyol
KPOP-5040, and polyether polyol DL-4000. The preparation methods of these four
polymer samples have been optimized from six aspects, including matrix, cationization
reagent, solvent, mixing ratio of cationization reagent to polymer, mixing ratio of matrix to
polymer, and laser intensity. After investigating the effects of seven commonly used
matrices on the ionization efficiency of four polymers, trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene] malononitrile (DCTB) was found to be the only matrix suitable for
the analysis of all the four polymers. Our experimental results suggested that different
polymers showed a certain preference for different cationization reagents. For example,
the polymer polyol KPOP-5040 was suitable for sodium iodide as the cationization
reagent, while polyvinylpyrrolidone K12 was more suitable for silver trifluoroacetate
(AgTFA). For the choice of solvent, tetrahydrofuran is a reagent with rapid evaporation
and a wide range of dissolution which can achieve the best results for the analysis of four
polymers. The optimized method was successfully applied to the identification of DSPE-
PEG-NH2 with different polymerized degrees. This MALDI-TOF strategy potentially
provided the supplementary function through the polymer’s application in biomedical
and visible probing.

Keywords: MALDI-TOF MS, polymer, polyvinylpyrrolidone K12, polymer polyol KPOP-5040, polyether polyol DL-
4000, polyethylene glycol 6000

INTRODUCTION

Compared with electrospray mass spectrometry (MS), matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) has the characteristics of high sensitivity,
easy operation, and wide application (Danis et al., 1992; Roy et al., 1995; Nielen, 1999; Falkenhagen
and Weidner, 2010; Peng and Kinsel, 2010). With the development of MALDI-TOF MS, it is
increasingly used in the research of polymer structure analysis, including the number of repeating
polymer units, molecular weight distribution, terminal structure, and other information, which
could perfectly complement the other traditional techniques such as NMR and XRD. Sample
preparation is one of the most critical steps for MALDI-TOF MS (Michael et al., 1985; Zhang and
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Kinsel, 2002) analysis. Since polymers have the characteristics
of large molecular weight range and limited solubility,
optimization for the polymer preparation method is
significant (Hanton and Parees, 2005).

The molecular weight ranges from several hundreds to a few
millions in different polymers. In the meantime, the structure
of polymers is also complex and diverse. Therefore, a suitable
polymer sample solvent, matrix, cationization reagent,
instrument parameter, and spotting method, etc., are the
key conditions for the sample preparation method of MS-
based polymer characterization (Juhasz et al., 1993; Dai et al.,
1996; Bauer et al., 2010; Skelton et al., 2013). Six aspects need
to be considered when performing polymer MALDI-TOF MS
analysis, including the compatibility of different polymers and
matrices, the compatibility of different polymers and
cationization reagent solvents, with the best selection of
matrices and cationization reagents, taking into account the
proportional relation between different polymers and the
matrix, the proportional relation between different
polymers and the cationization agent, the volatilization of
mixed solvents, and the uniform cocrystallization. In this
study, MALDI-TOF MS was used to characterize four
representative polymers including polyethylene glycol
6000(PEG-6000), polyvinylpyrrolidone K12 (PVPK12),
polymer polyol KPOP-5040 (KPOP-5040), and polyether
polyol DL-4000 (DL-4000). At the same time, the
preparation methods of these four polymer samples had
also been further optimized in this study.

To determine the molecular weight of polymers by MS is
important to illustrate their structure and function. PEG is
widely used in industrial and consumer products. During
biochemical assays, PEG is always employed to partition
proteins in aqueous two-phase systems (Singh and Tavana,
2018). Recently, PEG was described as a high-risk hidden
allergen in drug and food items that can induce allergic
reactions and diseases (Przepiorka et al., 1980). A research
suggested that PEG may have a potential role in the allergic
reactions to the COVID-19 vaccine, and for patients testing
positive, avoidance of PEG and PEG analogues is strictly
recommended (Cabanillas et al., 2020). PVP is widely used
in automobile, furniture, and petroleum industries and as the
main raw materials of curing waterproof coating; furthermore,
it was also found to be better formulations to achieve
introducing a clinically relevant hydrophobic anticancer drug
into self-assembled nanoparticles successfully (Chowdhury
et al., 2018; Schupp et al., 2018). The use of the polyether
polyol enables the production of a low-density, low-hardness
flexible urethane foam using a small amount of water, without
requiring any environment-unfriendly chlorofluorocarbon and
without being accompanied by deterioration of humid age
compression set and other characteristics. Therefore, it is
essential to generate a widespread method for polymer
detection. We took a comparative work on the selection of

matrix, solvent, and different proportions of polymer detection
conditions, aiming at the promotion of polymer ionization
efficiency and mass spectrum signal.

EXPERIMENT

Reagents and Materials
PEG-6000 and PVPK12 were purchased from Sigma-Aldrich (St.
Louis, MO, United States). KPOP-5040 was purchased from
Guodu Chemical Company (Kunshan, Jiangsu, China). DL-
4000 was purchased from Bluestar Dongda Chemical
Company (Zibo, Shandong, China). 2,5-Dihydroxybenzoic acid
(DHB), trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB), dithranol, 2,3,4-
trihydroxyacetophenone (2,3,4-THAP), 2,4,6-
trihydroxyacetophenone (2,4,6-THAP), a-cyano-4-
hydroxycinnamic acid (CHCA), 9-aminoacridines (9AA),
silver trifluoroacetate (AgTFA),sodium iodide, and sodium
trifluoroacetate (NaFTA) were purchased from Sigma-Aldrich
(St. Louis, MO, United States). High-performance liquid
chromatography (HPLC)-grade chloroform, acetonitrile,
tetrahydrofuran, methanol, acetone, and trifluoroacetic acid
were purchased from Merck Millipore (Billerica, MA,
United States). The water used in all experiments was
prepared in a Milli-Q water purification system and displayed
a resistivity of ≥18.2 MΩ cm−1.

Instruments
The centrifugal dryer (Concentrator plus), high-speed centrifuge
(Centrifuge, 5417R), and thermomixer comfort were produced by
Eppendorf (Germany). The BS110S precision balance was
produced by Sartorius (Germany). The MALDI-T0F/TOF
5800 system was produced by SCIEX (United States).

Experimental Procedure
Effects of Matrix
Seven commonly used matrices (CHCA, DHB, DCTB,
dithranol, 9AA, 2,3,4-THAP, and 2,4,6-THAP) were
weighted separately and dissolved in tetrahydrofuran to
prepare a 20 mg/ml solution. Three cationization reagents
(silver trifluoroacetate, sodium iodide, and sodium
trifluoroacetate) were weighted separately and dissolved in
tetrahydrofuran to prepare a 5 mg/ml solution. Two solid
particle polymers (PEG-6000 and PVPK12) were weighted
separately and dissolved in tetrahydrofuran to prepare a
10 mg/ml solution. 10 μL of two solution polymers (KPOP-
5040 and DL-4000) was transferred into the tube separately with
a sample gun and diluted to 1 ml with tetrahydrofuran.
Ultrasound was used to assist in dissolving all of the above
solutions and mixing according to polymer/matrix/
cationization agent � 5/15/1 (v/v/v). The cationization
reagent was fixed as silver trifluoroacetate.
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Cationization Reagent Application Optimization
According to the method described in Effects of Matrix, the matrix,
cationization reagent, and polymer were taken in the
corresponding amount, dissolved, and diluted with 1 ml of
tetrahydrofuran, respectively. Then, according to the best matrix
for each polymer, polymer/matrix/cationization agent � 5/15/1 (v/
v/v) was mixed with silver trifluoroacetate, sodium iodide, and
sodium trifluoroacetate chosen as cationization reagents.

According to the best matrix and cationization reagent for
each polymer, polymer/matrix � 5/15 μL (v/v) was mixed.
Different amounts of cationization reagents (0, 1, 2, 4, 6, 8,
and 10 μL) were set for mixing with the polymer and matrix
with a fixed volume ratio.

Effects of the Matrix Solution Composition
According to the method described in Effects of Matrix, the
matrix, cationization reagent, and polymer were taken in the
corresponding amount, dissolved, and diluted with 1 ml of
tetrahydrofuran, 1 ml methanol, and 1 ml acetone, respectively.
Then, according to the best matrix and cationization reagent for
each polymer, polymer/matrix/cationization agent � 5/15/1 (v/v/
v) was mixed.

Matrix and Cationization Reagent Mixing Ratio
Optimization
According to the method described in Effects of Matrix, the
corresponding amount of matrix, cationization agent, and
polymer were taken, respectively, dissolved, and diluted with
1 ml of tetrahydrofuran. Then, the volume of each polymer was
fixed at 5 μL with the best matrix and cationization reagent.
According to the selected optimal cationization reagent amount,
different amounts of the matrix solution (1, 5, 15, 25, 35, 50, and
100 μL) were set for mixing.

Laser Intensity Optimization
The optimized matrix, cationization reagents, and their ratio of
each polymer selected according to the previous experiment were
applied for sample preparation; different laser energies for
MALDI-TOF MS analysis are used to screen out the optimal
laser energy conditions.

MALDI-TOF MS-Based Sample Analytical Procedure
MALDI-TOF/TOF MS analysis was performed with the SCIEX ®
5800 system. To reduce the operational error and systematic
error, enzymatically hydrolyzed peptide of myoglobin from the
horse was used for each sample group before analysis, as an
external sample for external instrument calibration. The MS
parameter was set as follows. An Nd: YAG laser at 335 nm
was used with a pulse frequency of 40 Hz and acceleration
voltage was set as 20 kV. The reflected positive ion mode was
selected and the data are acquired as the automatic acquisition
mode. The best scanning mass-to-charge ratio (m/z) range for
MALDI-TOF MS was 600–12,000. Each scan accumulated 500
mass spectrum signals, and each sample accumulated 2,000
signals. Peak identifications were performed using Data
Explorer software (version 4.5).

RESULTS AND DISCUSSION

Effect of Matrix on Polymer Ionization
Efficiency
As a small molecule compound, the matrix has the function of
absorbing laser energy and transferring protons in the MALDI
process. Generally, the compatibility of the matrix and the
polymer is the first thing to be considered when choosing the
matrix for polymer analysis (Dwyer, 1996). Only by choosing a
matrix that is relatively close to the hydrophilicity/
hydrophobicity of the polymer can the uniformity of the two
mixtures be ensured, including the uniformity of the solution and
the uniformity of the crystals on the target after cocrystallization
(Tummala and Limbach, 2010). In this study, MALDI-TOF MS
was used to characterize four representative polymers including
PEG-6000, PVPK12, KPOP-5040, and DL-4000. The preparation
methods of these four polymer samples have been optimized
from six aspects, including matrix, cationization reagent, solvent,
mixing ratio of cationization reagent to polymer, mixing ratio of
matrix to polymer, and laser intensity (Figure 1).

Firstly, we mixed the fixed volume ratio of polymer, matrix,
and cationization reagent to 5/15/1(v/v/v) based on experience.
Silver trifluoroacetate was used as a fixed cationization reagent for
all polymers, in order to examine the effects of different matrices
on the ionization efficiency of the four polymers separately.
Figure 2 shows the results of PEG-6000 detection on seven
matrices, including CHCA, DHB, DCTB, dithranol, 9AA,
2,3,4-THAP, and 2,4,6-THAP (Figures 2A–G). It was
suggested that different polymers have preferences for different
matrices (Figure 2H). In our experiments, DCTB, DHB,
dithranol, and CHCA were considered to have better
ionization effects than the other three matrices. Interestingly,
DCTB was the only matrix that had good effects for all four
polymers. This result suggested that DCTB was a good matrix for
polymers with different structures or molecular weights. It was
shown that 2,3,4-THAP and 2,4,6-THAP as the matrix have the
most unsatisfactory results, indicating that these two matrices
with similar structures were not suitable for analysis. Since the use
of DHB required a stronger laser, a large number of fragment ion
peaks were generated in the low molecular weight region.
However, DHB required a higher energy laser, and the
uniformity of the crystal was not as effective as DCTB.

Effect of Cationization Reagent on Polymer
Ionization Efficiency
Analytes with strong proton affinity (containing amino groups)
were easily ionized by most matrices. However, for polymers, it is
difficult for conventional acidic matrices to provide a suitable
ionization strategy (Biemann, 1994; Otto et al., 2010). For these
special analytes, it is very necessary to choose a suitable
cationization reagent (Brandt et al., 2010). The correct choice
of the cationization reagent depends on the chemical properties of
the analyte. The addition of alkaline ions is considered to be the
best way to help polymers without containing amino groups to be
ionized. Considering that most polymers were dissolved in
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organic solvents with higher volatility before MALDI-TOF MS
analysis, basic salts with better compatibility with organic
solvents, such as trifluoroacetate (Evason et al., 2000), are
selected. It is valuable to consider the affinities of different
polymers with basic ions, especially those polymers whose
functional group charge properties differ from those of basic ions.

Among the four polymers selected in this experiment, except
PVPK12 which selected DHB as thematrix, DCTBwas selected as
the matrix of the other three polymers. Then, according to the
best matrix for each polymer, polymer/matrix/cationization
agent � 5/15/1 (v/v/v) was mixed. The silver trifluoroacetate,
sodium iodide, and sodium trifluoroacetate were the
cationization reagents we chose. We explored the effects of
three different cationization reagents on the ionization effect
of PEG-6000 (Figures 3A–C) and recommended sodium
iodide as the more appropriate one. Our research has found
that different polymers have a preference for cationization
reagents (Figure 3D). For example, the KPOP-5040 was
suitable for sodium iodide as the cationization reagent, while
AgTFA was more suitable for PVPK12. In addition, the DL-4000
prefers NaTFA.

Effect of Solvents on Polymer Ionization
Efficiency
ForMALDImass spectrometry analysis based on solution drying,
the first consideration for sample preparation is to completely
dissolve the analyte, matrix, and cationization reagent (Marie

et al., 2000). The solubility of different analytes themselves, as well
as their solubility with the matrix and cationization reagents,
should be taken into consideration at the same time. The ideal
situation is to choose only one solvent during the entire
experiment to avoid precipitation that might be caused by
multiple solvents not evaporating at the same time. In
addition, to avoid matrix recrystallization over the solvent
evaporation process, it is better to choose a solvent that
evaporates very quickly (Schwarzinger et al., 2012). Thus,
solvents with a wide range of dissolution and rapid
evaporation were ideal for polymer sample preparation.

In this study, three common solvents (methanol,
tetrahydrofuran, and acetone) with a wide range of dissolution
and rapid evaporation were selected for comparison and
optimization. Our experimental results suggested that only
tetrahydrofuran had the ability to be compatible with all nine
substances, in the process of dissolving four polymers, two
substrates, and three cationization reagents. DCTB and PEG-
6000 showed relatively poor solubility in methanol, while PEG-
6000 and PVPK12 exhibited poor solubility in acetone. PEG-6000
dissolved in tetrahydrofuran showed the best ionization efficiency
(Supplementary Figures S1A–C). We deduced that the most
likely reason was the different polarities of the three solvents. The
polarity of these three solvents is methanol > acetone >
tetrahydrofuran in descending order. Since PEG-6000 is a
nonpolar polymer, it has better compatibility with
tetrahydrofuran, which is relatively smaller polarity. The
experimental result indicated that, when tetrahydrofuran was

FIGURE 1 | Experiment scheme. Workflow of the study.
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used as the solvent, the MS spectra of the four polymers had the
best quality (Figure 3E). At the same time, no obvious signal was
detected when PVPK12 was dissolved in methanol and acetone,
which was consistent with the poor solubility of PVPK12 over the
sample dissolution process. It can be proved that the successful
screening of a solvent which simultaneously dissolves the
polymer, matrix, and cationization agent is essential and a
success factor for the MALDI-TOF MS analysis of molecular
polymers.

Effect of Different Mixing Ratios on the
Polymer Ionization Efficiency
After selecting the matrix, cationization agent, and solvent
corresponding to each polymer, the mixing ratio among them
also had a great effect on the ionization efficiency of the polymer.
First of all, the sample, matrix, and cationization reagent should
be dissolved in a reasonable concentration. When the mixture
was volatilizing, precipitation would occur if the sample was the
earliest one that reached the dissolution limit, and the effect of

FIGURE 2 |MALDI-TOF MS spectrums of PEG-6000 with different matrices including CHCA (A), DHB (B), DCTB (C), dithranol (D), 9AA (E), 2,3,4-THAP (F), and
2,4,6-THAP (G). Effect of the matrix on polymer ionization efficiency (H). Blue, orange, gray, and yellow colors indicate the peak intensity of PEG-6000, PVPK12, KPOP-
5040, and DL-4000, respectively.
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forming cocrystal crystals would be poor (Schriemer and Liang,
1997).

The first step is to take into account the mixing ratio between
the cationization reagent and the polymer. Under the condition
of a fixed amount of matrix, the polymer peak was very weak,
when the amount of cationization reagent is 0 μL, which
suggested that the cationization reagent was really able to
increase the intensity of the polymer signal (Figures 4A,B).
However, when the amount of cationization reagent was
gradually increased from 1 to 10 μL, there was no obvious
difference in the effect of the four polymers, which suggested
that excessive cationization reagent had no obvious effect on the

improvement of the polymer signal (Figure 4C). Interestingly,
the cationization reagent was found to not only increase the
signal strength of the polymer, but also interfere with the
analysis of MALDI-TOF MS. For example, in the analysis of
PVPK12, with the increase of AgTFA concentration, the silver-
added cluster peaks formed by the polymer became more and
more obvious.

The second step is to take into account the mixing ratio
between the matrix and the polymer. Since the selection of a
suitable matrix plays a very important role in polymer analysis, a
suitable mixing ratio of the matrix and polymer also has a great
effect on the analysis signal (Macha et al., 2001). Generally, the

FIGURE 3 |MALDI-TOF MS spectrums of PEG-6000 with different cationization reagents including AgTFA (A), NaTFA (B), and NaI (C). Intensities of four polymers
with different cationization reagents (D). Effect of solvent on the polymer ionization efficiency (E). Blue, orange, gray, and yellow colors indicate the peak intensity of PEG-
6000, PVPK12, KPOP-5040, and DL-4000, respectively.

Frontiers in Chemistry | www.frontiersin.org June 2021 | Volume 9 | Article 6982976

Wang et al. MALDI-TOF Strategy for Characterizing Polymers

16

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


matrix/polymer whose molar ratio was in the range of 100/1 to
100,000/1 was able to get good detection results (Figure 4D).
However, when the polymer itself could not be ionized, such as
when the amount of matrix was quite low, the peaking effect
would become very poor. In this experiment, the signal strength
of the four polymers was very weak when the molar ratio of the
matrix to polymer was at a low level (the matrix volume was set as
1 and 5 μL). On the contrary, while the molar ratio of the matrix
to the polymer was gradually increased (the matrix volume was

set from 15 to 100 μL), the four polymers could obtain sufficiently
strong signal intensities.

Effect of Laser Energy on the Polymer
Ionization Efficiency
For MALDI-TOF MS, in addition to the sample preparation that
determines whether the analyte can be ionized under the optimal
conditions, the laser energy also affects the peaking of the analyte

FIGURE 4 |MALDI-TOF MS spectrums of polymers with the cationization reagent (A) and without the cationization reagent (B). The effect of different ratios of the
cationization reagent (C), different ratios of thematrix (D), and laser energy (E) on the polymer ionization efficiency. Blue, orange, gray, and yellow colors indicate the peak
intensity of PEG-6000, PVPK12, KPOP-5040, and DL-4000, respectively.
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(Cohen and Chait, 1996). In the process of MALDI source
ionization, the laser plays two important roles, including
providing energy for the matrix and analyte and ionizing the
matrix to generate ion current (Wang et al., 1996). The sample
cannot be ionized at low laser energy. Properly increasing the
laser energy can significantly increase the signal of the analyte
(Montaudo et al., 1995). The prerequisite is that the laser energy
must be higher than the minimum energy required for sample
ionization. In this study, the signals of the four polymers have
been observed to be significantly improved when the laser energy
was gradually increased from 4000 to about 7000 (Figure 4E and
Supplementary Figures 2A–D). However, when the laser energy
reached 7900, the signal of the polymer was not significantly
improved as wished, but the resolution of the peak was reduced.

This result might suggest that, when the laser energy was too high,
it would produce negative effects. This would affect the analysis of
the polymer structure from two aspects, including the reduction
of resolution due to the saturation of the detector signal and
fragments formed due to the fracture of the polymer.

DSPE-PEG-NH2 Identification
As a significant linker for liposomal nanocarrier, different degrees
of polymerized DSPE-PEG-NH2 were widely used in biomedical
and visible probing (Kang and Ko, 2019; Rodrigues et al., 2019).
We further applied the optimized method to identify DSPE-PEG-
NH2 with different polymerized degrees. DSPE-PEG-NH2-2000
and DSPE-PEG-NH2-3400 were first dissolved in
tetrahydrofuran in order to get better ionization efficiency.

FIGURE 5 | Identification of DSPE-PEG-NH2-2000 (A) and DSPE-PEG-NH2-3400 (B) with the optimized strategy.
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DCTB was chosen as the matrix due to the better compatibility
for polymers. Sodium iodide was employed as the cationization
reagent to achieve better ionization efficiency. As shown in
Figure 5, both DSPE-PEG-NH2-2000 and DSPE-PEG-NH2-
3400 were identified with excellent intensity even when the
concentration was only 0.5 mg/ml.

CONCLUSION

In this study, MALDI-TOF MS was used to characterize four
representative polymers including PEG-6000, PVPK12, KPOP-
5040, and DL-4000. The preparation methods of these four
polymer samples have been optimized from six aspects,
including matrix, cationization reagent, solvent, mixing ratio
of cationization reagent to polymer, mixing ratio of matrix to
polymer, and laser intensity. After investigating the effects of
seven commonly used matrices on the ionization efficiency of
four polymers, DCTB was found to be the only matrix suitable for
the analysis of all the four polymers. For PVPK12, DHBwas also a
suitable matrix, which was helpful for improving sensitivity. Our
experimental results suggested that sufficient strong signal
intensities were obtained only when the molar ratio of matrix
to polymer was at a certain high level. Otherwise, the effect of
forming cocrystal crystals would be poor while the molar ratio of
matrix to polymer was at a low level. The polymer peak was very
weak without the cationization reagent. We found that it was
really able to increase the intensity of the polymer signal when the
amount of cationization reagent was gradually increased.
However, different polymers showed a certain preference for
different cationization reagents. For example, the KPOP-5040
was suitable for sodium iodide as the cationization reagent, while
PVPK12 was more suitable for AgTFA. In addition, the DL-4000
prefers NaTFA. For the choice of solvent, tetrahydrofuran is a
reagent with rapid evaporation and a wide range of dissolution
which can achieve the best results for the analysis of four
polymers. Finally, the optimization of laser energy was also
crucial. The appropriate laser energy we chose was able to
achieve the best ionization effect without breaking the
polymer. The optimized method was successfully applied to

the identification of DSPE-PEG-NH2 with different
polymerized degrees. We have systematically analyzed the
relevant factors for the high molecular polymer MALDI-MS
assay and thus optimized the MALDI-MS strategy. This work
provides an effective method for the fast characterization of
polymers with MALDI-MS.
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Rapid diagnostics of bacterial infection is the key to successful recovery and eradication of
the disease. Currently, identification of bacteria is based on the detection of highly
abundant proteins, mainly ribosomal proteins, by routine MALDI-TOF mass
spectrometry. However, relying solely on proteins is limited in subspecies typing for
some pathogens. This is the case for, for example, the mycobacteria belonging to the
Mycobacterium abscessus (MABS) complex, which is classified into three subspecies,
namely,M. abscessus subsp. abscessus,M. abscessus subsp. bolletii, andM. abscessus
subsp.massiliense. Being able to detect bacteria accurately and rapidly at the subspecies
level could not only reliably identify the pathogen causing the disease but also enable better
antibiotic stewardship. For instance, M. abscessus subsp. abscessus and M. abscessus
subsp. bolletii possess a functional erm41 (erythromycin ribosomal methylation gene 41)
gene, whilst M. abscessus subsp. massiliense does not, resulting in differences in
macrolide antibiotic (e.g., clarithromycin and azithromycin) susceptibilities. This
presents a challenge for physicians when designing an appropriate treatment regimen.
To address this challenge, in addition to proteins, species-specific lipids have now been
considered as a game changer in clinical microbiology diagnostics. However, their
extraction can be time-consuming, and analysis requires the use of apolar toxic
organic solvents (e.g., chloroform). Here, we present a new method to accurately
detect species and subspecies, allowing the discrimination of the mycobacteria within
the MABS complex and relying on the use of ethanol. We found that a combination of the
matrix named super-DHB with 25% ethanol with a bacterial suspension at McFarland 20
gave robust and reproducible data, allowing the discrimination of the bacteria within the
MABS complex strains tested in this study (n � 9). Further investigations have to be
conducted to validate the method on a larger panel of strains for its use in diagnostic
laboratories.
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INTRODUCTION

Matrix-assisted laser desorption ionization/time-of-flight
(MALDI-TOF) mass spectrometry (MS), a cost-effective, rapid,
and accurate method for microbial identification based on
protein signatures, has revolutionized microbiological
diagnostics (Croxatto et al., 2012; Clark et al., 2013; Singhal
et al., 2015). However, protein profiling by MALDI-TOF MS
possesses some limitations when it comes to an efficient typing
for some closely related species and subspecies (Kostrzewa et al.,
2019; Welker et al., 2019).

That is the case for the bacterium named Mycobacterium
abscessus, which is part of a complex of very similar organisms.
The M. abscessus complex (MABS complex) is classified into
three subspecies, namely, M. abscessus subsp. abscessus, M.
abscessus subsp. bolletii, and M. abscessus subsp. massiliense.
M. abscessus is found to be present within 80% of the
respiratory isolates of rapidly growing mycobacteria and
demonstrates resistance to many antibiotic classes like
aminoglycosides, β-lactams, and macrolides (Johansen et al.,
2020). For example, M. abscessus subsp. abscessus and M.
abscessus subsp. bolletii possess a functional erm41
(erythromycin ribosomal methylation gene 41) gene, whilst M.
abscessus subsp. massiliense does not (Kim et al., 2010; Ryu et al.,
2016; Ryan and Byrd, 2018). This results in different macrolide
antibiotic (i.e., clarithromycin and azithromycin) susceptibilities.
Therefore, identification of the different subspecies is important
in the clinical environment. As mentioned earlier, clarithromycin
is more effective against M. abscessus subsp. massiliense lung
infections, while resistance is commonly observed inM. abscessus
subsp. abscessus and M. abscessus subsp. bolletii isolates
(Adekambi et al., 2006; Esther et al., 2010; Kim et al., 2010;
Koh et al., 2011; Harada et al., 2012). This presents a challenge for
physicians when designing an appropriate treatment regimen
(Koh et al., 2011; Brown-Elliott et al., 2012; Harada et al., 2012;
Kothavade et al., 2013).

Current available tools, such as PCR, sequencing of multiple
genes, and whole genome sequencing, are time-consuming,
relatively expensive, and require experts for the sample
preparation and data analysis, which is not ideal for routine
clinical use despite offering excellent subspecies identification
(Nash et al., 2009; Kim et al., 2010; Koh et al., 2011). That is why
having a diagnostic tool that allows early MABS complex
identification would be ideal for subspecies identification and
therefore guiding drug prescription (Ryu et al., 2016). In order to
introduce this tool across clinical laboratories worldwide, it needs
to be simple, rapid, inexpensive, and highly specific. Therefore,
the continuous development of laboratory techniques for
subspecies-level discrimination between bacterial species
alongside the identification of their antibiotic-resistant
counterparts is of utmost importance to best assist physicians
in the administration of an appropriate drug regimen.

MALDI-TOF MS offers an alternative to the methods cited
earlier. Indeed, several studies report on the use of MALDI-TOF
MS to detect bacteria within the MABS complex (Tseng et al.,
2013; Fangous et al., 2014; Panagea et al., 2015; Kehrmann et al.,
2016; Luo et al., 2016). Those approaches rely on a multistep

sample preparation consisting of the inactivation of the bacteria,
followed by mechanical lysis in order to have access to
intracellular proteins that serve as markers. However, the
multistep strategy combined with extensive data analysis used
to detect the MABS complex can be improved in order to ease
routine microbiology laboratory practice.

In terms of addressing this unmet need, species-specific lipid
fingerprints could represent an attractive approach when it comes
to microbial identification by MALDI-ToF MS. Lipids are highly
abundant in bacteria and structurally diverse. Several studies have
reported successfully on the use of microbial lipidomics by
MALDI-ToF MS and their uses in academic laboratories and
diagnostic laboratories for accurate microbial identification,
making lipid fingerprinting a complementary approach to
protein-based fingerprinting in order to tackle the challenge of
microbial differentiation by MALDI-ToF MS (Shu. et al., 2012;
Voorhees et al., 2013; Cox et al., 2015; Larrouy-Maumus and
Puzo, 2015; Leung et al., 2017; Gonzalo et al., 2020; Lellman and
Cramer, 2020).

Nevertheless, those methods, based on lipid fingerprints (cited
earlier), rely on the use of highly toxic organic solvents (e.g.,
CHCl3, CH3OH, or a mixture of CHCl3 and CH3OH), hampering
an easy implementation of the method in routine clinical
laboratories due to safety concerns. Also, those solvents have a
relative polarity ranging from 0.259 to 0.762, which could have an
impact on the selectivity of the species-specific lipids to be
extracted and detected by MALDI-TOF MS, influencing the
outcome of bacterial identification. To address this challenge,
we investigated the use of ethanol (CH3CH2OH, relative polarity
0.654) as a commonly used organic solvent widely used in routine
clinical microbiology laboratories worldwide as an alternative to
chloroform and methanol to extract species-specific lipids for the
rapid identification of bacteria belonging to the MABS complex.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
M. abscessus subsp. abscessus ATCC 19977, M. abscessus subsp.
abscessus M02004436,M. abscessus subsp. abscessus M07001466,
M. abscessus subsp. bolletii M09013950, M. abscessus subsp.
bolletii M04009973, M. abscessus subsp. bolletii H123680049,
M. abscessus subsp. massiliense M10010169, M. abscessus
subsp. massiliense M07012434, and M. abscessus subsp.
massiliense H120280022 obtained from the National
Mycobacterium Reference-NMRS-South (United Kingdom)
were cultured in Middlebrook 7H9 broth liquid medium
supplemented with 0.5 g/L Fraction V (bovine serum
albumin), 0.05% tyloxapol, 0.2% dextrose, 0.2% glycerol, and
10 mM NaCl. The inoculated cultures were then incubated at
37°C for 2 days. Bacterial pellets were heat-killed at 95°C for
30 min before leaving the BSL3 containment area.

Sample Preparation
100 µl of bacterial suspension (from liquid- or agar-based media)
was placed into 1.5 ml microtubes that contain 200 µl of double-
distilled water. The bacteria were then washed twice with 200 μl of
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double-distilled water and suspended at various McFarland
standards ranging from 5 to 40 using a McFarland tube
densitometer (Grant-Bio®). Then, 0.5 µl of the resuspended
pellet was pipetted onto the MALDI target plate and mixed
with 1.2 µl of the MALDI matrix (Figure 1). The matrix used
consisted of a 9:1 mixture of 2,5-dihydroxybenzoic acid and 2-
hydroxy-5-methoxybenzoic acid (super-DHB, Sigma-Aldrich) at
a concentration of 10 mg/ml in ethanol at various percentages
ranging from 0 to 100%. Additionally, for external calibration,
0.5 µl of calibration peptide mixture was loaded along with 0.5 µl
of the given calibration matrix (peptide calibration standard II,
Bruker Daltonics, Germany). The samples were loaded onto a
disposable MBT 96 Biotarget plate (Bruker Part-No. 1840375).

Mass Spectrometry Analysis
MS analyses were performed on an MALDI Biotyper Sirius
system (Bruker Daltonics, Germany). The mass spectra were
scanned in the range of m/z 1,100–1,600. The mass profiles
were acquired using FlexControl 3.4 software (Bruker
Daltonics, Germany). The spectra were recorded in the linear
positive ion mode (laser intensity 95%, ion source 1 � 10.00 kV,
ion source 2 � 8.98 kV, lens � 3.00 kV, detector voltage � 2652 V,
pulsed ion extraction � 150 ns). Each spectrum corresponded to
an ion accumulation of 5,000 laser shots randomly distributed on
the spot. The spectra obtained were processed with default
parameters using FlexAnalysis v.3.4 software (Bruker
Daltonics, Germany).

RESULTS AND DISCUSSION

In this study, we optimized the number of bacteria loaded onto
the MALDI target plate and the solvent to solubilize the matrix
prior toMS analyses in the positive ionmode to address themajor
challenge in subspecies typing by MALDI-TOF MS inside the
MABS complex.

By using the reference strain M. abscessus subsp. abscessus
ATCC 19977, we found that a suspension of bacteria at
McFarland 20 combined with the matrix super-DHB
solubilized in 25% ethanol at a final concentration of 10 mg/

ml was most appropriate for our experiments. We chose to use
super-DHB as a matrix due to its versatility for the analysis of
lipids and glycolipids (Schiller et al., 2007). This was decided
following observation of the raw mass spectra obtained across 5
McFarland dilutions (5, 10, 20, 30, and 50) and 5 percentages of
ethanol used to solubilize the matrix (10, 25, 50, 70, and 100%).
Regardless of the McFarland dilution and percentage of ethanol
used in the study, the positive ion mass spectra of M. abscessus
subsp. abscessusATCC 19977 showed two sets of peaks starting at
m/z 1201.8 up tom/z 1299.9 and starting atm/z 1375.9 up tom/z
1445.9, distant of 14 mass units with the most intense peaks atm/
z 1259.9 and m/z 1405.9 assigned to potassium
cationized–diglycosylated glycopeptidolipids ([M + K]+ m/z
1259.9) and triglycosylated glycopeptidolipids ([M + K]+ m/z
1405.9) (Figure 2A), which are known to make up more than
70% of the surface-exposed mycobacterial lipids.
Glycopeptidolipids have been demonstrated to play a key role
in mycobacterial physiology and pathogenicity (Byrd and Lyons,
1999; Howard et al., 2006; Catherinot et al., 2007; Ripoll et al.,
2007; Whang et al., 2017; Gutierrez et al., 2018; Tran et al., 2019;
Kurz and Rivas-Santiago, 2020; Jackson et al., 2021). Such lipid
profiles are similar in terms of lipid species detected to the ones
that have been obtained in the literature using conventional
methods (Ripoll et al., 2007; Gonzalo et al., 2020); this
indicates that as a solvent (to solubilize the matrix), ethanol
produces efficient extraction and co-crystallization, and thereby
desorption and ionization of surface lipids on the MALDI target
plate. A possible mechanism is that ethanol could act as an eraser
enabling the selective on-target extraction of the surface-exposed
di- and triglycosylated glycopeptidolipids and their co-
crystallization with the matrix, allowing their desorption and
ionization.

In addition, here, we aimed to have the highest quality signal in
order to enhance reproducible and robust data. To decide which
bacterial suspension and percentage of ethanol were appropriate
for performing the analysis, we recorded the signal-to-noise (S/
N), resolution, and intensity of the dominant peak at m/z 1259.9.
First, regarding the S/N, as seen in Figure 2B, at McFarland 5, the
S/N is ∼10 across all percentages of ethanol tested. Interestingly,
when using a bacterial suspension of McFarland 10, the S/N

FIGURE 1 | Schematic diagram of the sample preparation before the MALDI mass spectrometry measurement. 1.5 ml of mycobacterial culture is aliquoted in a
microtube. The mycobacterial suspension is then washed twice with double-distilled water and adjusted to the desired McFarland suspension. 0.5 μL of this preparation
is loaded into the MALDI target plate, followed by the addition of 1.2 μl of the matrix (super-DHB solubilized at 10 mg/ml in ethanol) and mixing on the MALDI MBT 96
Biotarget plate. Once dried, the mass spectra are acquired in the linear positive ion mode. The image has been created using BioRender.
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increases when passing from 10 to 25% ethanol, going from S/N
18 to 25, and then decreases and plateaus at S/N 7.5 for a
percentage of ethanol of 100%. A similar pattern is observed
when using higher McFarland values. Indeed, for a bacterial
suspension set at McFarland 20, at 10% ethanol, the S/N is
∼50, which is almost 3 times higher than it is when using
McFarland 10, and it even increases up to S/N ∼80 for a value
of 25% ethanol before decreasing gradually to S/N ∼20 for 100%
ethanol. However, when using higher bacterial suspension, for
example, McFarland 30 or 40, the S/N tends to decrease across all
percentages of ethanol tested compared to the S/N observed for
McFarland 20, going for S/N to at 25% ethanol to S/N ∼60 and
S/N ∼40 for the same percentage of ethanol. Such observations

could be explained by the ratio of the matrix to the sample
required for the optimal co-crystallization of the molecules of
interest with the matrix on the MALDI target plate and allowing
their optimal desorption and ionization (Smolira and Wessely-
Szponder, 2015; Wiangnon and Cramer, 2015; Wang et al.,
2016; Boesl, 2017). In other words, the fact that higher
McFarland or higher percentage of ethanol did not generate
good quality spectra could be explained by the poor co-
crystallization with the matrix. That could lead to a
nonhomogeneous spot on the MALDI target plate,
precluding any transfer of the energy provided by the laser to
the matrix in allowing the desorption of the molecules of
interest (Dreisewerd, 2003; Wang et al., 2016).

FIGURE 2 | Optimization of McFarland and percentage of ethanol for the optimal mass spectrum signal. (A)Mass spectra acquired in the positive ion mode ofM.
abscessus subsp. abscessus ATCC 19977 set at McFarland 20 and for a percentage of ethanol to solubilize the matrix ranging from 10 to 100%. (B) Graph depicting the
changes in the S/N ratio in the function of the percentage of ethanol across 5 McFarland dilutions. (C) Graph depicting the changes in the intensity of the peak at m/z
1259.9 in the function of the percentage of ethanol across 5 McFarland dilutions. (D) Graph depicting the changes in the resolution of the peak atm/z 1259.9 in the
function of the percentage of ethanol across 5 McFarland dilutions. Experiments have been performed in biological and technical triplicates. Error bars indicate the
standard deviation.
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A similar conclusion can be drawn for the intensity of the signal.
As seen in Figure 2C, for both McFarland 5 and McFarland 40, the
signal intensity remains low across all the percentages of ethanol
tested, with an intensity of ∼1,000 a.u. However, for intermediate
McFarland values, when going from10% ethanol to 25% ethanol, the
intensity of the signal increases from ∼2,000 a.u. to 5,000 a.u. and
then decreases gradually when reaching 100% ethanol. That agrees
with the S/N data where McFarland 20 and 25% ethanol are the
parameters required for the optimal quality signal.

Regarding the resolution, neither McFarland nor the percentage
of ethanol seems to influence that parameter which has its range
from 300 to 500 with no significative differences (Figure 2D).

Taken together, a bacterial suspension set at McFarland 20 and
the use of the super-DHB solubilized at 10 mg/ml in 25% ethanol
gave the most appropriate quality data for bacterial species
identification by routine MALDI-TOF MS.

To test if that optimized methodological approach has the
potential to address the challenge of subspecies typing in the
MABS complex, we applied the developed method to M.
abscessus subsp. abscessus ATCC 19977, M. abscessus subsp.

abscessus M02004436, M. abscessus subsp. abscessus M07001466,
M. abscessus subsp. bolletii M09013950, M. abscessus subsp. bolletii
M04009973, M. abscessus subsp. bolletii H123680049, M. abscessus
subsp. massiliense M10010169, M. abscessus subsp. massiliense
M07012434, and M. abscessus subsp. massiliense H120280022. .
As seen in Figure 3 for the mass spectra for theM. abscessus subsp.
abscessus strains, the mass spectra for theM. abscessus subsp. bolletii
strains and M. abscessus subsp. massiliense strains are composed of
two sets of peaks starting atm/z 1201.8 up tom/z 1299.9 and starting
at m/z 1375.9 up to m/z 1445.9, distant of 14 mass units with the
most intense peaks assigned to potassium cationized–diglycosylated
glycopeptidolipids and triglycosylated glycopeptidolipids. However,
as opposed to the mass spectrum of M. abscessus subsp. abscessus
strains, where the ratio of diglycosylated glycopeptidolipids/
triglycosylated glycopeptidolipids is ∼1:1, in the mass spectra of
M. abscessus subsp. bolletii strains, the ratio of diglycosylated
glycopeptidolipids/triglycosylated glycopeptidolipids is ∼1:0.2 and
forM. abscessus subsp.massiliense strains, the ratio of diglycosylated
glycopeptidolipids/triglycosylated glycopeptidolipids is ∼1:0.5
(Figure 3). Taken together, those data suggest that the lipid
fingerprint has the potential to discriminate between
mycobacteria within the MABS complex.

CONCLUSION

Here, we provide a new and simple method for the detection of
subspecies-specific lipids, applied to the MABS complex. The
method is easy to put in place, requires a minimal number of
steps, and is performed on a routine MALDI mass spectrometer
in the positive ion mode. One of the limitations of the study
resides in the use of a very limited amount of strains (n � 9).
Further studies are now required to test and validate that new
approach in the rapid detection of the mycobacteria belonging to
theMABS complex, using characterized clinical isolates and other
bacterial species and subspecies.
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FIGURE 3 | Mass spectra of mycobacteria belonging to the M.
abscessus complex. Mass spectra were acquired in the positive ion mode
with a bacterial suspension set at McFarland 20 and using the super-DHB as a
matrix solubilized at 10 mg/ml in 25% ethanol.
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Matrix-assisted laser/desorption ionization (MALDI) has become a very popular ionization
technique for mass spectrometry of synthetic polymers because it allows high throughput
analysis of low amounts of sample while avoiding the complexity introduced by extensive
multiple charging of electrospray ionization. Yet, fundamental mechanisms underlying this
ionization process are not fully understood, so development of sample preparation
methods remains empirical. Reliable prediction for the optimal matrix/analyte/salt
system is indeed still not possible for homopolymers and it becomes even more
challenging in the case of amphiphilic block copolymers where conditions dictated by
one block are not compatible with MALDI requirements of the second block. In order to
perform MALDI of copolymers composed of poly (ethylene oxide) (PEO) and polystyrene
(PS) blocks, it was postulated here that experimental conditions suitable for both species
would also be successful for PEO-b-PS. Accordingly, designs of experiments based on
Quantitative Structure Activity Relationship (QSAR) analysis were first implemented,
studying the influence of 19 matrices and 26 salts on the laser fluence requested for
successful MALDI. This analysis first permitted to highlight correlations between the
investigated 10 descriptors of matrices and salts and the analytical response, and then
to construct models that permits reliable predictions of matrix/salt couples to be used for
one or the other homopolymer. Selected couples were then used for MALDI of a PEO-b-
PS copolymer but no general trend was observed: experimental conditions expected to
work often failed whereas ionic adducts of the copolymer were clearly detected with some
matrix/salt systems that were shown to badly perform for constituting homopolymers.
Overall, this rules out the working assumption stating that the MALDI behavior of chains
composed of PEO and PS segments should combine the behavior of the two polymeric
species. Yet, although requiring a dedicated design of experiments, MALDI of the
amphiphilic PEO-b-PS copolymer was achieved for the first time.

Keywords: MALDI, design of experiments, QSAR, space filling design, mass spectrometry, amphiphilic copolymers
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INTRODUCTION

Matrix-assisted laser/desorption ionization (MALDI) (Karas and
Hillenkamp, 1988; Tanaka et al., 1988) is a technique allowing
production of gas phase ions upon laser irradiation of a solid
mixture of non-volatile analytes embedded in matrix molecules.
It has become a very popular ionization technique for mass
spectrometry of macromolecules because it allows high
throughput analysis of low amounts of sample. However,
fundamental mechanisms underlying this ionization process
are still not fully understood, which is particularly detrimental
to the development of MS methods for analytes exhibiting a great
structural variety such as synthetic polymers. Sample preparation,
that is, proper matrix selection as well as solid-state organization,
is known to be a key issue in the success of MALDI-MS analyses.
Typically, MALDI samples are obtained after solvent evaporation
of a matrix/analyte mixture, and although no longer present in
the solid sample, the nature of solvents used to prepare individual
solutions has critical impacts on sample homogeneity and hence
on MALDI-MS data quality (Yalcin et al., 1998). The matrix
should also fulfill different criteria, some of which are clearly
defined (strong absorptivity at the employed laser wavelength or
good vacuum stability) whereas other requirements, such as a
good miscibility of the matrix with the analyte in the solid state,
are not easily related to physico-chemical parameters of the
matrix. In the particular case of synthetic polymers that
mostly ionize via cation adduction, the solid mixture to be
laser-irradiated should also contain a salt. Once the cation is
chosen based on the nature and size of polymeric chains, the
nature of the counter-anion often influences salt solubility (and
hence the amount of available cations) depending on the solvent
selected for sample preparation. Moreover, ionization yield of
synthetic polymers subjected to MALDI is very sensitive to
relative molar concentration of components in the ternary
mixture. The task becomes even more challenging when
dealing with copolymers composed of blocks with different
chemical properties that may dictate incompatible
experimental conditions for each segment. Overall, as long as
the role of most influential parameters controlling the MALDI
process is not clearly identified, accurate prediction for the
optimal matrix/polymer/salt system is not possible and
development of sample preparation methods remains
empirical, either starting from published protocols that were
shown to work for a given polymeric system (NIST Synthetic
Polymer MALDI Recipes Database) or using a trial and error
approach.

To gain insights in the MALDI process, morphology and
molecular interactions within MALDI samples have been
studied using a variety of techniques operating on solid state
analytes such as scanning electron microscopy (Doktycz et al.,
1991; Horneffer et al., 2003), time-of-flight secondary ion mass
spectrometry (Hanton et al., 1999), crystallography (Mele and
Malpezzi, 2000), MS imaging (Hanton et al., 2008) or solid state
nuclear magnetic resonance (Pizzala et al., 2009; Major et al.,
2012; Pizzala et al., 2021). Although providing useful new
information, reported findings could not be clearly related to
molecular properties of components in the solid mixture, and

hence could not allow construction of predictive rules.
Alternatively, more global approaches based on design of
experiments (DoE) can be developed to take into account not
only the variety of parameters that may actually be involved in the
MALDI process but also their synergistic effects. The first step
towards fundamental understanding of MALDI indeed implies to
clearly identify which parameters are critical to the process, their
respective influence as well as their interaction. Validation of
these parameters typically consists of developing a model which
predictive character can be experimentally verified. In mass
spectrometry, the use of DoE is an emerging trend for
simultaneous optimization of numerous factors (Hecht et al.,
2016). Focusing on the field of MALDI-MS for synthetic
polymers, different approaches have been reported. Wetzel
et al. used fractional factorial design to study the effects of five
instrumental parameters for different mixtures of polystyrene
(PS) with dithranol or all-trans-retinoic acid as the matrix
(Wetzel et al., 2006). While detector voltage and delay time
were the most influential parameters for PS when mixed with
all-trans-retinoic acid, laser energy was a supplemental factor to
be considered when using dithranol as the matrix. Full factorial
design was used by Brandt et al. to study effect of molar mixing
ratio of several synthetic polymers [PS, poly(dimethylsiloxane),
poly(ethylene glycol) and poly(methylmethacrylate)], using eight
frequently employed matrices, five salts and thirteen different
solvents (Brandt et al., 2010). The optimal ternary mixture
composition was found to highly depend on the studied
combination matrix/polymer/solvent used. The same group
then focused on PS to build a predictive model based on
partial least square regression that enables appropriate matrix/
salt/solvent combinations to be defined from a few experiments
(Brandt and Ehmann, 2010). A general linear model was
successfully employed by Badia et al. to optimize MALDI
conditions for poly(ethylene terephthalate) (Badia et al.,
2011b) and for poly(lactide) (Badia et al., 2011a). The quality
assessment method developed by Kooijman et al. for
unsupervised quantitation of sample preparation quality was
based on eight parameters (such as number and intensity of
detected peaks, angular and radial signal distribution) to describe
spots imaged by MALDI (Kooijman et al., 2016; Kooijman et al.,
2017). The method permitted to select the best sample
preparation parameters to be employed for MALDI of PEG,
PMMA and polytetrahydrofuran, which were found to be
highly polymer-dependent.

Here, we have evaluated the performance of a new approach,
using space filling design (Santner et al., 2003; Fang et al., 2006),
to construct predictive models aimed at identifying optimal
conditions for MALDI-MS of PS and PEG, in order to find
suitable conditions to be used when these polymeric species are
part of amphiphilic PEO-b-PS macromolecules, assumed to
combine the behavior of each segment in MALDI. In order to
remove any contributing roles of the solvent that introduce
additional complexity (Weidner et al., 2011), solvent-free
sample preparation (Skelton et al., 2000; Trimpin et al., 2001)
was used to investigate 19 matrices combined with 26
cationization agents, and considering that the MALDI process
is most efficient when requiring the lowest laser fluence.
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MATERIALS AND METHODS

Chemicals
Polystyrene (PS) sample (Mn 2,000 g mol−1) was from Fluka
(Buchs, Switzerland), the poly(ethylene glycol) (PEG) sample
(Mn 4,000 g mol−1) was from Sigma (St Louis, MO) while the
PEO-b-PS block copolymer (Mn 1,800 g mol−1 for the PEO block,
Mn 1,600 g mol−1 for the PS block) was purchased from Polymer
Service GmbH (Altdorf, Germany). The following 19 matrices
from Sigma were considered: 1,8,9-anthracenetriol (Dith),
2′,4′,6′-trihydroxyacetophenone (THAP), 2-(4′-
hydroxybenzeneazo) benzoic acid (HABA), 3-hydroxypyridine-
2-carboxylic acid (HPA), 2,3-dihydroxybenzoic acid (2,3-DHB),
2,4-dihydroxybenzoic acid (2,4-DHB), 2,5-dihydroxybenzoic
acid (2,5-DHB), 2,6-dihydroxybenzoic acid (2,6-DHB), 2,5-
dihydroxy-p-benzoquinone (DHBQ), 2-mercaptobenzothiazole
(MBT), 3,5-dimethoxy-4-hydroxycinnamic acid (sinapinic acid,
SA), trans-indoleacrylic acid (IAA), 3-methoxy-4-
hydroxycinnamic acid (ferulic acid, FA), 5-chloro-2-
mercaptobenzothiazole (CMBT), 5-chlorosalicylic acid (5-
CSA), 9-nitroanthracene (9-NA), 9H-pyrido [3,4-b]indole
(norharmane, NOR), anthracene-9-carboxylic acid (9-ACA),
and α-cyano-4-hydroxycinnamic acid (HCCA). Salts used as
cationizing agents were 16 alkali halides (combining lithium,
sodium, potassium and rubidium to fluoride, chloride, bromide
and iodide), 5 silver salts (AgF, AgCl, AgBr, AgI, and AgNO3) and
5 copper salts (Cu Cl, CuI, CuBr, CuCl2, and Cu(NO3)2) obtained
from Sigma. Methanol used to prepare matrix solution subjected
to fluorescence and UV-Vis experiments was from SDS (Peypin,
France).

MALDI Mass Spectrometry
All MALDI samples were prepared in solvent-free conditions
according to the vortex method (Hanton & Parees, 2005). Prior
mixing, all chemicals and materials were stored in a glove box
operated at 20°C and relative humidity of 65%: these specific
conditions permit capture of atmospheric water molecules by all
components, and not by the most hygroscopic ones only (Major
et al., 2012). The three solid components (matrix, polymer, salt)
were introduced in a 10 ml poly(propylene) tube containing six
stainless steel balls (3 mm diameter) (VWR International, West
Chester, PA). Matrix/salt molar ratio was 50:10 while the amount
of polymer was calculated so as to reach matrix/monomer ratio of
about 1:1. Total amount of ternary mixtures was about 20–40 mg.
Once capped, the tube was taken out of the glove box and held on
a vortex mixer (ThermoFisher Scientific, Waltham, MA) for
grinding of the content at a 2,400 min−1 frequency for 16 min,
as optimized from a previous study (Major et al., 2012). After
mixing, a few grains of the sample were applied onto the MALDI
target with a spatula to form a thin layer. MALDI-TOF MS
experiments were carried out using a Bruker Autoflex instrument
(Bruker Daltonics, Leipzig, Germany) equipped with a nitrogen
laser emitting at 337 nm, a single-stage pulsed ion extraction
source, and dual microchannel plate detectors. Data acquisition
was performed in reflectron mode and, besides laser fluence, all
instrumental parameters were kept constant: pulse frequency:
10 Hz; accelerating voltage: +19 kV; extraction delay time: 100 ns.

Each sample was prepared twice and deposited in quadruplicate
on the MALDI plate. Mass spectra were recorded from each
deposit after 100 laser shots. The working laser fluence was
arbitrarily defined just above (2%) the fluence threshold.
FlexControl software version 2.2 (Bruker Daltonics) was used
for instrument control and data acquisition, and FlexAnalysis
software version 2.2 (Bruker Daltonics) for data processing.

Other Measurements
Additional experiments or calculations had to be performed to
obtain matrix descriptors that were not available in the literature.
Relative Fluorescence Intensity (RFI) was measured with a
microplate spectrofluorimeter (Infinite 200, TECAN,
Männedorf, Switzerland) from matrix solution in methanol
(3.10−3 mol L−1) with excitation at 337 nm. Molar absorption
coefficients were measured at 337 nm from matrix solution in
methanol (1.10−4 mol L−1) on a Shimadzu UV-Visible
spectrophotometer. Theoretical calculations were performed to
determine dipole moments and ionization energies, with
geometry optimization using a DFT B3LYP method (as
implemented in Gaussian) (Frisch et al., 2004) adopting
6–311 g (d,p) basis set and MP2 and ROMP2 levels,
respectively. Proton affinities of some matrices were obtained
using a DFT PBE1PBE method with a 6–31 + g(2d,2p) basis set.

Design of Experiments
Experimental designs are mathematical and statistical techniques
allowing the organization of experiments. These planned designs
lead to an optimal quality of the information and also to a
reduction of the number of experiments. More particularly,
Space Filling Designs were considered here in order to spread
experimental points evenly throughout the domain of interest
described by the 10 descriptors. Designs of experiments were
constructed using WSP algorithm (Santiago et al., 2012) which
selects points to be tested among the set of 494 candidate points.
The modeling was performed using stepwise regression
(Hocking, 1976; Draper and Smith, 1981) from a full degree 2
model by selecting predictive variables. At each step of the model
construction, coefficients to be included or excluded were tested
with F-tests.

RESULTS AND DISCUSSION

Design of Experiments
Descriptors selected for MALDI matrices (X1–X7 in Table 1) are
molecular parameters acknowledged to play effective roles in the
MALDI process, such as absorption coefficient at the employed
laser wavelength (ε337, L mol−1 cm−1), ionization energy (IE, eV),
proton affinity (PA, kJ mol−1) used instead of the less
documented cation affinity, pKa and relative fluorescence
intensity at 337 nm (RFI337). Supplemental features such as
molecular weight (MW, g mol−1) or dipole moment (ρ, Debye)
were also considered. The three descriptors used to characterize
cationizing agents are the radius (in pm) of their constitutive
cation and anion, and their bond energy (kJ mol−1), respectively
defined as X8, X9, and X10 in Table 2. Some of these descriptors,

Frontiers in Chemistry | www.frontiersin.org September 2021 | Volume 9 | Article 7404953

Pizzala et al. DoE for MALDI of Copolymers

30

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


such as pKa (X2), ε337 (X4), RFI337 (X5), ionization energy of the
matrix (X6) and bond energy of salts (X10), have been modified
using a Log transformation in order to obtain a more uniform
variation range. The main computed Y response was the laser
fluence required to obtain MALDI signals. Doing so, we consider
that optimal ternary mixtures are characterized by low laser
fluence. In contrast, poorly efficient sample compositions are
identified by the need for high energy to be supplied to the solid
substrate in order to record MALDI signals. More precisely, Y

corresponds to the lowest laser fluence enabling to measure
intensity of at least 50 counts for the oligomer at the
maximum of the polymer distribution when recording mass
spectra after 100 laser shots. This response is expressed as a
percentage of the total laser power and was experimentally varied
between 20 and 75%.When no signal was observed once reaching
this upper 75% limit, samples were arbitrarily assigned a 100%
fluence. MALDI experiments were also considered as
unsuccessful (hence designated by a 100% laser fluence) when

TABLE 1 | Parameters selected as descriptors for matrices.

Matrix X1 MW (g mol−1) X2 pKa* or# X3 ρ# (Debye) X4 ε337
§

(L mol−1 cm−1)
X5 RFI337

§ X6 IE# (eV) X7 PA* or#

(kJ mol−1)

2,3-DHB 154.12 2.94[a] 2.04 1,620 391 8.43 851[f]

2,4-DHB 154.12 3.29[a] 0.88 210 69 8.76 863[f]

2,5-DHB 154.12 2.97 2.78 3,990 8,008 8.23 855.78[f]

2,6-DHB 154.12 1.30[a] 1.73 1,490 236 8.35 864[f]

5-CSA 172.57 2.6 1.03 1,200 12,122 8.68 802.04
9-ACA 222.24 3.65 1.53 2,930 12,920 7.38 821.31
9-NA 223.23 43 4.01 2,950 663.36 7.64 875.32
CMBT 201.70 6.8 1.49 15,250 48 8.64 902.37
DHBQ 140.09 2.95[a] 0 410 97 9.48 791.97
Dith 226.23 7.16 4.22 6,720 312 8.22 885.51[g]

FA 194.18 4.04[b] 2.35 13,040 1,227 7.89 879[h]

HABA 242.23 3.57 4.93 17,731 31 3.82 949.98[g]

HCCA 189.17 2.6 2.65 24,730 59 8.48 841.55[g]

HPA 139.11 3.9[c] 4.55 680 3,216 9.46 898.49[g]

IAA 187.19 4.59 4.40 16,800 280 7.76 893.88[g]

MBT 167.25 6.93[d] 0.97 6,920 60 8.54 889.74[g]

NOR 168.19 6.8[e] 3.06 4,970 46,809 7.81 875.52[g]

SA 224.21 3.98[b] 4.52 14,900 2,159 7.91 875.88[g]

THAP 168.15 7.76 3.44 1,729 167 8.45 893.04[g]

*From the literature as referenced hereafter.
#Calculated values.
§Experimental values.
a(Schiller et al., 2007).
b(Remily-Wood et al., 2009).
c(Chou et al., 1999).
d(Woods et al., 2000).
e(De Andres et al., 2010).
f(Mormann et al., 2000).
g(Mirza et al., 2004).
h(Jorgensen et al., 1998).

TABLE 2 | Parameters selected as descriptors for cationizing agents.

X8, cation radius (pm)[a] Li Na K Rb Cu Ag
128 166 203 220 132 145

X9, anion radius (pm)[a] F Cl Br I NO3

64 99 121 140 200

X10, bond energy (kJ mol–1)[b] of cationizing agents
LiF 1,030 NaF 910 KF 808 RbF 774 AgF 953 CuCl 992
LiCl 834 NaCl 769 KCl 701 RbCl 680 AgCl 910 CuBr 969
LiBr 788 NaBr 732 KBr 671 RbBr 651 AgBr 897 CuI 948
LiI 730 NaI 682 KI 632 RbI 617 AgI 881 CuCl2 2,774

AgNO3 820 Cu(NO3)2 2,739

aAs referenced for covalent radii.(Cambridge Crystallographic Data Center www.ccdc.cam.ac.uk/products/csd/radii).
bAs reported in referenced handbook (Lide, 2008).
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displaying signals that do not correspond to the expected
oligomers adducted with the cation from the supplemented
salt. Indeed, sodium is a common matrix pollutant which was
shown to efficiently compete for PS or PEG cationization in
MALDI, even when present at concentration levels far below that
of the added salt (Pizzala et al., 2021).

Combining 19 matrices with 26 salts leads to 494 matrix/salt
couples characterized by 10 descriptors. Classically in QSAR
study (Todeschini et al., 2020), a model is postulated and a
subset of points is selected in order to calculate the
estimations of the coefficients of this model. In our case, it is
obvious that a degree 1 model is not sufficient (due to non-linear
phenomenon) to model the behavior. Yet, a complete degree 2
model would need a very high number of experiments (at least 66
experiments). Alternatively, we propose a new approach which
does not require postulation of a model but, instead, consists of
selecting points according to a uniformity criterion. Among
the 494 candidates, a subset of 25 points distributed as
uniformly as possible in the space of the 10 descriptors was
selected, using the WSP algorithm (Santiago et al., 2012) which
guarantees a good uniformity of the points (Santiago et al.,
2012; Beal et al., 2014). At the end of the experimentation,
different statistical treatments were performed, such as
stepwise regression to consider the most significant
interaction terms or square terms.

QSAR Study of PS
Results obtained when testing the selected 25 matrix/salt couples
for MALDI of PS are reported in Table 3. Before performing
quantitative treatments to establish the variation of the fluence
threshold as a function of the 10 descriptors, multidimensional
descriptive analyses were performed to identify any general
trends. Principal component analysis (PCA) was carried out
for these 25 experimental points in order to highlight
characteristics shared by matrix/salt couples associated with
low fluence values vs those leading to failed experiments
(100% fluence). For that purpose, experimentally determined
fluence threshold was added as an 11th variable to the set of

the 10 descriptors (X1–X10). The PCA plots shown in Figure 1
reveal that the most discriminant variable accounting for failed
MALDI of PS is the nature of the salt. On the one hand, the small
angle formed by vectors associated to “fluence” and “cation
radius” in Figure 1A reveals a positive correlation (r � +0.76)
between these two variables. In other words, 100% fluence values
are associated to experiments involving salt with high radius
cation. PS adducts produced in the gas phase are usually
described with the cation stacked between two adjacent phenyl
groups (Gidden et al., 2002): our results suggest that such a
conformation would be disfavored by large size cations. On the
other hand, vectors associated to “salt bond energy” and “anion
radius” form an angle close to 180° with the “fluence” vector
(Figure 1A): these negative correlations (r � –0.50 and r � –0.64,
respectively) indicate that 100% fluence values are associated to
experiments involving salt with low radius anion or salt of low
bond energy. These results are quite surprising since the amount
of free cations available to interact with PS chains is expected to
increase (and hence favor production of gas phase ions) as the
bond energy of the salt decreases. Finally, with their vectors nearly
orthogonal to the “fluence” vector in Figure 1A, any descriptors
related to the matrix are poorly correlated with the fluence
variable. Plotting the distribution of salts in this factorial plan
(Figure 1B) clearly shows that rubidium and potassium salts all
poorly perform (hence, in red) for MALDI of PS. A 100% fluence
value is indeed assigned to all experiments conducted with KX or
RbX salts (Supplementary Table 1), independently of the X
counter-anion and of the matrix. Failure to acquire spectra of [PS
+ K]+ or [PS + Rb]+ was previously reported by Scrivens and
coworkers when using dithranol as the matrix (Deery et al., 1997).
In contrast, most data points associated to the use of silver or
copper salts are located in the upper part of Figure 1B, indicating
that these salts perform well for MALDI of PS. Of note, all
detected ions inMALDImass spectra were singly charged species,
which means that CuII was reduced to CuI by electrons emitted
from the metallic MALDI plate upon laser irradiation (Zhang
et al., 2003). As detailed in Supplementary Table 1, fluence
values below ∼40% were recorded for four of the six experiments
involving Cu and three of the five experiments conducted with
Ag. This result is consistent with the role of pre-formed matrix/
salt clusters in the formation of PS ions in MALDI, as well as with
the less pronounced clustering propensity of silver compared to
copper, as demonstrated with dithranol (Lehmann et al., 1997).
An intermediate situation is observed for lithium and sodium
salts, with the success of MALDI experiments being matrix-
dependent, as also reported by others (Deery et al., 1997).
From these first results, it was decided to remove rubidium
and potassium salts from the list of cationizing agents for PS.
This led to withdrawal of 152 points from the candidate set (now
composed of 342 points) and of 8matrix/salt couples from the 25-
point subset. The newly obtained subset of 17 points was badly
conditioned and did not permit to estimate coefficients of a
mathematical model. The uniform matrix was hence repaired
by choosing new couples among the 342 remaining candidate
points. Using the WSP algorithm and protecting the points
already chosen, 16 new points were selected and
experimentally tested: fluence values show failure of MALDI

TABLE 3 | Experimental (PSYexp) vs predicted (PSYcalc) fluence values when using
the model built for PS with Ag and Cu metals (Eq. 1), with residuals (res)
reported as PSYexp–

PSYcalc.

Matrix/salt PSYexp
PSYcalc Res

CMBT/Cu(NO3)2 22 21.5 +0.5
IAA/AgNO3 26 27.0 –1.0
FA/CuCl2 27 26.2 +0.8
FA/AgI 28 30.9 –2.9
5-CSA/AgI 29 28.6 +0.4
SA/Cu(NO3)2 31 32.0 –1.0
2,4-DHB/AgI 32 29.9 +2.1
HPA/AgNO3 40 40.6 –0.6
2,4-DHB/Cu(NO3)2 41 40.5 +0.5
NOR/CuCl 42 42.0 0
9-NA/AgI 44 43.4 +0.6
DHBQ/CuCl2 44 43.6 +0.4
HPA/CuCl2 45 46.5 –1.5
9-ACA/AgNO3 45 43.4 +1.6
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experiments in six cases, five of which involve the FA matrix
(Supplementary Table 2).

The model built when considering N � 33 points (17
remaining couples in Supplementary Table 1 + the 16
couples of Supplementary Table 2) was quite bad at
predicting correct fluence values and the behavior of the
different couples remained very difficult to understand (data
not shown). It was thus decided to split the learning set based
on the nature of the cation, that is, metals such as Ag and Cu that

systematically allow successful MALDI of PS vs alkali (Na and Li)
with which production of cationized PS is matrix-dependent. The
PCA plot obtained for the group of 14 couples involving either Ag
or Cu salt is shown in Figure 2. A single positive correlation is
observed between the laser fluence and matrix fluorescence: this
matrix property is well-known to be detrimental to the MALDI
process but the measured correlation remains quite low (r �
+0.28). In contrast, a strong negative correlation (r � –0.75) is
clearly revealed in Figure 2 between the laser fluence and the
absorption coefficient of the matrix (ε337). Another negative
correlation, yet less pronounced (r � –0.28), is found between
laser fluence and proton affinity, used here to illustrate cation
affinity of the matrix. This last result supports the current opinion
about PS cationization occurring via a gas phase process
(Lehmann et al., 1997): when using matrices with high cation
affinity, energy input has to be increased for cations to be
transferred from the matrix/salt clusters to PS chains.

The model constructed with a stepwise regression based on the
subset of 14 points available for Ag and Cu salts is defined by Eq.
1. As reported in Table 3, this model allows excellent predictions
of the fluence, with R2 � 0.976 and residuals below ±3.

Y � 46.89 − 1.67X1 + 5.50X2 − 1.452X6 + 10.75X8 − 6.10X9

+ 11.44X10 + 18.45X8X10 + 4.98X1X8 − 26.25X2X9
(1)

As compared to this first model, the second model constructed
for PS with the subset of 19 points related to alkali salts is slightly
less efficient at predicting accurate fluence (R2 � 0.874). It is
defined by Eq. 2 and yields PSYcalc data with absolute value of
residuals ranging from 0.5 to 22.3 (Table 4).

Y � 54.91 + 45.31X1 − 19.00X4 − 2.87X6 − 23.25X7 + 3.98X8

+ 2.56X10 − 108.89X4X6 + 53.48X6X10 + 18.86X7X8

(2)

However, nearly 74% of these predictions were achieved with a
residual value below ±10 and, most importantly, the model allows

FIGURE 1 | PCA plots of (A) variables and (B) individuals for the 25 matrix/salt couples tested for MALDI of PS.

FIGURE 2 | PCA plot of variables for the 14 couples involving Ag or Cu
salts tested for MALDI of PS.
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unsuccessful experiments (fluence 100%) to be clearly
discriminated from those yielding PS ions upon MALDI. With
both models in hands, predicted fluence values were calculated
for the 494 matrix/salt combinations (Supplementary Tables
4–13) and will be considered together with predictions obtained
for PEG to rationalize the selection of matrix/salt couples for
MALDI of PEO-b-PS block copolymer (vide infra).

QSAR Study of PEG
The same 25 couples as first used in the case of PS were
considered in the QSAR study of PEG. However, results of
MALDI experiments led us to remove some couples from this
subset. The CMBT/LiF couple was no longer considered because
it led to mass data strongly lacking reproducibility. Three
additional couples were removed to avoid biased results due to
spectral interferences between the targeted species and ionic
adducts formed with residual sodium of polluted matrices. For
example, safe distinction could not be achieved between [PEGn–1

+ Cu]+ and [PEGn + Na]+ ions inMALDI experiments conducted
with 2,4–DBH/Cu(NO3)2 and CMBT/Cu(NO3)2. Similarly
[PEGn–2 + Ag]+ could not be resolved from [PEGn + Na]+

when using the 9-ACA/AgNO3 couple. Using the WSP
algorithm, addition of three new matrix/salt pairs (namely,
MBT/AgNO3, HPA/Cu(NO3)2 and HCCA/CuCl2) was found
to be sufficient to repair the matrix.

The PCA plot built with data obtained for PEG with the new
24-point subset (Supplementary Table 3) allows three main
matrix descriptors to be identified for their influence on laser
fluence (Figure 3). First, the positive correlation (r � +0.29)
observed between laser fluence and the ionization energy of the
matrix indicates that the highest fluence values are most often
found for those matrix having high ionization energy
(Figure 3A). This result is consistent with the coupled
chemical and physical dynamics model proposed by

Knochenmuss (Knochenmuss, 2003): formation of matrix ions
is the key primary event in UV-MALDI since analyte ions
observed in mass spectra are predominantly formed via
secondary ion-molecule reactions with these matrix ions in the
MALDI plume (Knochenmuss and Zenobi, 2003). Two other
matrix descriptors exhibit negative correlation with the laser
fluence when plotting data in a second set of dimensions
(Figure 3B). Matrices with low ε337 absorption coefficient
require high fluence to induce the MALDI process (r � –0.47),
which is a quite obvious relationship. In contrast, the reason why
matrices of low molecular weight are often found in matrix/salt
associated with high fluence (r � –0.53) is more puzzling. Yet,
using solid state NMR, our group has recently shown that, in the
case of 2,x-DHB isomers (with x � 3–6), MALDI of PEG was
influenced bymatrix/polymer aggregates formed in the solid state
upon grinding (Pizzala et al., 2021). A similar study should be
conducted to find out whether such aggregates are also formed
with alternative matrices and, if so, whether the number of
molecules in such aggregates varies with the size, and hence
the molecular weight, of the matrix. The PCA plot of Figure 3A
also highlights the influence of the salt properties. The negative
correlation between laser fluence and the cation radius (r � –0.43)
indicates that low fluence is required to desorb PEG adducted
with large cation: this is consistent with the quite long PEG chains
studied here (Mn � 4 kDa) requiring rather big cation to form
stable adducts in the gas phase (Jackson et al., 1997). A positive
correlation is also noted between laser fluence and the anion
radius (r � +0.36), although it remains hard to interpret, at least in
terms of salt bond energy since the latter parameter was found to
be of negligible influence (r � +0.05). Overall, unlike for PS,
distribution of matrix couples in this factorial plane does not
exhibit any cleavage between individuals (Supplementary
Figure 1). Accordingly, the predictive model for PEG defined
by Eq. 3 was built using all data obtained for these 24 matrix/salt
couples.

Y � 57.89 − 23.99X1 − 33.30X2 + 15.63X3 − 4.25X4 − 13.95X5

− 15.565X6 − 30.69X8 − 1.23X10 + 29.42X1X2 − 67.97X2X8

+ 24.715X1X8 + 9.38X3X5

(3)

With R2 � 0.78, this PEG model is less accurate than the two
models built for PS, although 75% of predicted values have a
residual value below ±15 (Table 5). Moreover, discrimination of
unsuccessful experiments (fluence 100%) is not achieved in a few
cases. For example, the fluence threshold of ∼75% predicted for
failed experiments conducted with AgNO3 and either IAA or
MBT is lower than the 83% value predicted for the THAP/NaBr
couple experimentally found to produce MALDI data from 51%
fluence threshold. In spite of these few limitations, this model was
applied to predict fluence values in MALDI of PEG for the 494
matrix/salt combinations (Supplementary Tables 4–13).

MALDI of the PEO1800-b-PS1600 Copolymer
As previously mentioned, the search for appropriate
experimental conditions enabling successful MALDI of the
targeted block copolymer relies here on the assumption that
any matrix/salt couple found to properly operate (i.e., with low

TABLE 4 | Experimental (PSYexp) vs predicted (PSYcalc) fluence values when using
the model built for PS with alkali salts (Eq. 2), with residuals (res) reported as
PSYexp–

PSYcalc.

Matrix/salt PSYexp PSYcalc Res

HCCA/LiI 25 37.6 –12.6
FA/LiF 31 53.3 –22.3
CMBT/LiF 32 24.1 +7.9
2,6-DHB/NaF 34 28.7 +5.3
HABA/LiBr 42 48.8 –6.8
THAP/NaBr 43 37.9 +5.1
9-NA/LiF 46 48.5 –2.5
2,4-DHB/NaI 58 60.2 –2.2
2,4-DHB/LiI 60 62.4 –2.4
DHBQ/NaI 60 51.9 +8.1
2,4-DHB/NaCl 63 71.4 –8.4

2,4-DHB/LiF 100 107.0 –7.0
FA/LiCl 100 78.9 +21.1
FA/LiBr 100 85.8 +14.2
FA/LiI 100 95.0 +5.0
FA/NaCl 100 100.5 –0.5
FA/NaI 100 115.0 –15.0
HABA/NaF 100 92.4 +7.6
HPA/LiF 100 94.7 +5.3
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fluence threshold) for MALDI of both PEG and PS
homopolymers would be relevant candidates to be tested for
MALDI of PEO-b-PS copolymers. Accordingly, predicted
PEGYcalc and PSYcalc values listed in Supplementary Tables
4–13 were compared for all matrix couples, using a color
code to rapidly identify which conditions were associated to

low (≤50%, in green), medium (51–75%, in orange) or high
(>75%, in red) laser fluence requirement. Then, selected
matrix/salt couples were tested for the PEO1800-b-PS1600
copolymer. Detailed analysis of these results is beyond
the scope of the present study, so only typical examples are
shown in Figure 4 and Supplementary Figure 2. On the
one hand, experimental conditions shown to work for
both homopolymers often failed at producing MALDI data
for the copolymer. For example, data obtained with HCCA/
LiI (Figure 4A) revealed the presence of free PEO in the
studied sample (which was confirmed by liquid
chromatography analysis reported in Supplementary
Figure 3) but no trace of the copolymeric distribution. Even
worse results were obtained with the 5-CSA/AgI couple that
mainly generates [AgI]nAg

+ salt clusters in MALDI
(Supplementary Figure 2A). This particular result shows
that the analyte, alone or in conjunction with the matrix,
actually contribute to the extent of salt dissociation upon
grinding, as previously demonstrated in the case of PEG
with DHB matrices (Pizzala et al., 2021). Accordingly, one
way to further improve the DoE performance should be to
include specific properties of the copolymer as additional
variables. In contrast, employing HCCA/CuCl2 permits to
generate the targeted copolymeric distribution centered at
the expected m/z ∼ 3,600 (Figure 4B), consistent with the
efficiency of this couple to promote MALDI of individual
homopolymers. Detailed assignment of signals measured for
co-oligomers is provided in Supplementary Figure 4. On the
other hand, MALDI of the studied PEO-b-PS copolymer could
also be achieved with some matrix/salt systems that were
shown to badly perform for constituting segments, as
depicted in Figure 4D with 9-NA/CuCl2. Yet, again, this is
not a systematic rule, as exemplified in Figure 4C with the
MALDI mass spectrum obtained with DHBQ/NaI mainly

FIGURE 3 | PCA plots of variables in (A) dimension 2 vs dimension 1 and (B) dimension 3 vs dimension 1 for the 24 matrix/salt couples tested for MALDI of PEG.

TABLE 5 | Experimental (PEGYexp) vs predicted (PEGYcalc) fluence values when
using the model built for PEO, with residuals (res) reported as
PEGYexp–

PEGYcalc.

Matrix/salt PEGYexp
PEGYcalc Res

HABA/LiBr 24 12.7 +11.3
HCCA/CuCl2 27 35.2 –8.2
CMBT/RbF 29 32.6 –3.6
5-CSA/AgI 31 29.6 +1.4
SA/Cu(NO3)2 33 31.4 +1.6
SA/KI 33 47.9 –14.9
9-NA/RbF 35 34.8 +0.2
HABA/KF 35 42.4 –7.4
FA/CuCl2 39 51.8 –12.8
2,5-DHB/KF 45 57.8 –12.8
9-ACA/RbCl 48 33.4 +14.6
DHBQ/NaI 48 69.1 –21.1
HPA/RbCl 49 49.9 –0.9
THAP/NaBr 51 83.9 –32.9
2,4-DHB/RbCl 71 58.8 +12.2
2,4-DHB/LiF 73 84.2 –11.2

9-NA/AgI 100 99.3 +0.7
DHBQ/CuCl2 100 84.6 +15.4
HPA/AgNO3 100 82.6 +17.4
HPA/Cu(NO3)2 100 99.6 +0.4
HPA/LiF 100 97.4 +2.6
IAA/AgNO3 100 74.0 +26.0
MBT/AgNO3 100 75.4 +24.6
NOR/CuCl 100 103.0 –3.0
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showing signals of residual PEO. Overall, these results show that
chains composed of PEO and PS segments do not behave as a
combination of the two polymeric species in MALDI, hence ruling
out our initial assumption. Alternatively, proper modelling of the
MALDI behavior of synthetic polymers would require not only
matrix and salt parameters to be considered but also properties of
the analyte itself. In other words, any DoE aimed at optimizing
MALDI experimental conditions of amphiphilic block copolymers
should be developed for the targeted copolymer itself rather than its
constituting homopolymers. The approach developed here has
permitted to identify some matrix/salt couples that promote
ionization of the PEO-b-PS block copolymer, which means that
the set of 19 matrices and 26 salts used in the present study can be
safely used to perform a new DoE based on QSAR analysis for
MALDI of PEO-b-PS.

CONCLUSION

In this study, 19 matrices and 26 salts were considered for a
design of experiments aimed at studying the influence of 10
variables (7 for each matrix, 3 for each salt) on MALDI data of
PEG and PS homopolymers, in order to further build models
that can predict best experimental conditions, as measured by
the lowest laser fluence threshold requested to achieve

ionization. To do so, WSP algorithm was used to define
reduced subsets based the uniformity of their distribution
in the space of the 10 descriptors. For PS, the subset had to be
split into two groups, containing 14 and 19 couples,
respectively, while a single subset of 24 couples was tested
for PEG. Predictive models built with QSAR were found to be
quite reliable in spite of the simplicity of the singly monitored
response (i.e., laser fluence threshold) which enabled fast
measurement while avoiding extensive mass data analysis.
It should however be acknowledged that the time-limiting
step was the solvent-free sample preparation, but this method
was observed here to produce quite homogeneous solid
mixtures while suppressing any additional (influential)
factors introduced by the use of solvents. Although this
was not the main goal here, this study also permitted to
highlight some general correlations between individual
properties of matrix and salt and the MALDI efficiency of
matrix/salt combinations towards PEG and PS. For example,
it was found that the nature of the salt is the key factor in
MALDI of PS whereas successful MALDI of PEG is also
matrix-dependent. This makes this DoE approach highly
valuable in fundamental works conducted to best
understand MALDI. However, some limitations were also
identified, particularly in the predictive model built for
PEG, which suggests that some influential parameters were

FIGURE 4 | MALDI mass spectra recorded for the PEO-b-PS copolymer when using (A) HCCA/LiI (B) HCCA/CuCl2 (C) DHBQ/NaI, or (D) 9-NA/CuCl2 as the
matrix/salt couple, with the employed laser fluence into parenthesis. Inset: Predicted (Ycalc) or experimental (Yexp) laser fluence when these experimental conditions are
employed for PS and PEG homopolymers, using the same color code as inSupplementary Figures 4-13 to qualify laser fluence requirement (≤50%, in green; 51–75%,
in orange; > 75%, in red).
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not taken into account. Most importantly, this study showed
that, in terms of MALDI behavior, a block copolymer of PS
and PEO is not exactly a combination of these two species,
which means that DoE-based optimization of such an
amphiphilic copolymer should be developed using the
copolymer itself rather than its constituting blocks as models.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

The manuscript was written through contribution from all
authors. HP and VM performed all MALDI-MS experiments;
MCB and MS conceived and performed all DoE and associated
data treatments; LC conceived and supervised the study, and

wrote the manuscript. All authors have given approval to the final
version of the manuscript.

ACKNOWLEDGMENTS

LC acknowledges support from Spectropole, the Analytical
Facility of Aix- Marseille University, by allowing a special
access to the instruments purchased with European Funding
(FEDER OBJ2142-3341). Warmly thanks Marion Rollet (ICR,
Aix Marseille University) for liquid chromatography analysis as
well as Dr Stéphane Humbel (ISM2, Aix Marseille University) for
his help in theoretical calculations.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2021.740495/
full#supplementary-material

REFERENCES

Badía, J. D., Strömberg, E., Ribes-Greus, A., and Karlsson, S. (2011a). Assessing the
MALDI-TOF MS Sample Preparation Procedure to Analyze the Influence of
Thermo-Oxidative Ageing and Thermo-Mechanical Degradation on Poly
(Lactide). Eur. Polym. J. 47 (7), 1416–1428. doi:10.1016/
j.eurpolymj.2011.05.001

Badía, J. D., Strömberg, E., Ribes-Greus, A., and Karlsson, S. (2011b). A
Statistical Design of Experiments for Optimizing the MALDI-TOF-MS
Sample Preparation of Polymers. An Application in the Assessment of the
Thermo-Mechanical Degradation Mechanisms of Poly (Ethylene
Terephthalate). Analytica Chim. Acta 692 (1-2), 85–95. doi:10.1016/
j.aca.2011.02.063

Beal, A., Claeys-Bruno, M., and Sergent, M. (2014). Constructing Space-Filling
Designs Using an Adaptive WSP Algorithm for Spaces with Constraints.
Chemometrics Intell. Lab. Syst. 133, 84–91. doi:10.1016/j.chemolab.2013.11.009

Brandt, H., Ehmann, T., and Otto, M. (2010). Investigating the Effect of Mixing
Ratio on Molar Mass Distributions of Synthetic Polymers Determined by
MALDI-TOF Mass Spectrometry Using Design of Experiments. J. Am. Soc.
Mass. Spectrom. 21 (11), 1870–1875. doi:10.1016/j.jasms.2010.07.002

Brandt, H., Ehmann, T., and Otto, M. (2010). Toward Prediction: Using
Chemometrics for the Optimization of Sample Preparation in MALDI-TOF
MS of Synthetic Polymers. Anal. Chem. 82 (19), 8169–8175. doi:10.1021/
ac101526w

Chou, C.-W., Williams, P., and Limbach, P. A. (1999). Matrix Influence on the
Formation of Positively Charged Oligonucleotides in Matrix-Assisted Laser
Desorption/ionization Mass Spectrometry. Int. J. Mass Spectrom. 193 (1),
15–27. doi:10.1016/s1387-3806(99)00104-9

De Andrés, F., Zougagh, M., Castañeda, G., and Ríos, A. (2010). Simultaneous
Determination of Six Non-polar Heterocyclic Amines in Meat Samples by
Supercritical Fluid Extraction-Capillary Electrophoresis under
Fluorimetric Detection. Electrophoresis 31 (13), 2165–2173. doi:10.1002/
elps.201000080

Deery, M. J., Jennings, K. R., Jasieczek, C. B., Haddleton, D. M., Jackson, A. T.,
Yates, H. T., et al. (1997). A Study of Cation Attachment to Polystyrene by
Means of Matrix-Assisted Laser Desorption/ionization and Electrospray
Ionization-Mass Spectrometry. Rapid Commun. Mass. Spectrom. 11, 57–62.
doi:10.1002/(sici)1097-0231(19970115)11:1<57::Aid-rcm772>3.0.Co;2-g

Doktycz, S. J., Savickas, P. J., and Krueger, D. A. (1991). Matrix/sample Interactions
in Ultraviolet Laser-Desorption of Proteins. Rapid Commun. Mass. Spectrom. 5
(4), 145–148. doi:10.1002/rcm.1290050402

Draper, N., and Smith, H. (1981). Applied Regression Analysis. 2nd Ed. John Wiley
& Sons.

Fang, K. T., Runze, L., and Sudjianto, A. (2006).Design and Modeling for Computer
Experiments. London, United Kingdom: CRC Press.

Frisch, M. J., Trucks, G. W., Schlegel, A., Scuseria, H. B., Robb, G. E., and
Cheeseman, J. R. (2004). Gaussian 03, Revision C.02. Wallingford. Full List
of Authors Can Be Found in Supplementary Information.

Gidden, J., Bowers, M. T., Jackson, A. T., and Scrivens, J. H. (2002). Gas-phase
Conformations of Cationized Poly(styrene) Oligomers. J. Am. Soc. Mass.
Spectrom. 13 (5), 499–505. doi:10.1016/s1044-0305(02)00367-7

Hanton, S. D., Cornelio Clark, P. A., and Owens, K. G. (1999). Investigations of
Matrix-Assisted Laser Desorption/ionization Sample Preparation by Time-Of-
Flight Secondary Ion Mass Spectrometry. J. Am. Soc. Mass. Spectrom. 10 (2),
104–111. doi:10.1016/s1044-0305(98)00135-4

Hanton, S. D., McEvoy, T. M., and Stets, J. R. (2008). Imaging the Morphology of
Solvent-free Prepared MALDI Samples. J. Am. Soc. Mass. Spectrom. 19 (6),
874–881. doi:10.1016/j.jasms.2008.02.009

Hanton, S. D., and Parees, D. M. (2005). Extending the Solvent-free MALDI
Sample Preparation Method. J. Am. Soc. Mass. Spectrom. 16 (1), 90–93.
doi:10.1016/j.jasms.2004.09.019

Hecht, E. S., Oberg, A. L., and Muddiman, D. C. (2016). Optimizing Mass
Spectrometry Analyses: A Tailored Review on the Utility of Design of
Experiments. J. Am. Soc. Mass. Spectrom. 27 (5), 767–785. doi:10.1007/
s13361-016-1344-x

Hocking, R. R. (1976). A Biometrics Invited Paper. The Analysis and Selection of
Variables in Linear Regression. Biometrics 32 (1), 1–49. doi:10.2307/2529336

Horneffer, V., Reichelt, R., and Strupat, K. (2003). Protein Incorporation into
MALDI-Matrix Crystals Investigated by High Resolution Field Emission
Scanning Electron Microscopy. Int. J. Mass Spectrom. 226 (1), 117–131.
doi:10.1016/s1387-3806(02)00979-x

Jackson, A. T., Yates, H. T., MacDonald, W. A., Scrivens, J. H., Critchley, G.,
Brown, J., et al. (1997). Time-lag Focusing and Cation Attachment in the
Analysis of Synthetic Polymers by Matrix-Assisted Laser Desorption/
ionization-Time-Of-Flight-Mass Spectrometry. J. Am. Soc. Mass. Spectrom. 8
(2), 132–139. doi:10.1016/s1044-0305(96)00198-5

Jørgensen, T., Bojesen, G., and Rahbek-Nielsen, H. (1998). The Proton Affinities of
Seven Matrix-Assisted Laser Desorption/ionization Matrices Correlated with
the Formation of Multiply Charged Ions. Eur. J. Mass. Spectrom. 4 (1), 39–45.
doi:10.1255/ejms.189

Karas, M., and Hillenkamp, F. (1988). Laser Desorption Ionization of Proteins with
Molecular Masses Exceeding 10,000 Daltons. Anal. Chem. 60 (20), 2299–2301.
doi:10.1021/ac00171a028

Frontiers in Chemistry | www.frontiersin.org September 2021 | Volume 9 | Article 74049510

Pizzala et al. DoE for MALDI of Copolymers

37

https://www.frontiersin.org/articles/10.3389/fchem.2021.740495/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2021.740495/full#supplementary-material
https://doi.org/10.1016/j.eurpolymj.2011.05.001
https://doi.org/10.1016/j.eurpolymj.2011.05.001
https://doi.org/10.1016/j.aca.2011.02.063
https://doi.org/10.1016/j.aca.2011.02.063
https://doi.org/10.1016/j.chemolab.2013.11.009
https://doi.org/10.1016/j.jasms.2010.07.002
https://doi.org/10.1021/ac101526w
https://doi.org/10.1021/ac101526w
https://doi.org/10.1016/s1387-3806(99)00104-9
https://doi.org/10.1002/elps.201000080
https://doi.org/10.1002/elps.201000080
https://doi.org/10.1002/(sici)1097-0231(19970115)11:1<57::Aid-rcm772>3.0.Co;2-g
https://doi.org/10.1002/rcm.1290050402
https://doi.org/10.1016/s1044-0305(02)00367-7
https://doi.org/10.1016/s1044-0305(98)00135-4
https://doi.org/10.1016/j.jasms.2008.02.009
https://doi.org/10.1016/j.jasms.2004.09.019
https://doi.org/10.1007/s13361-016-1344-x
https://doi.org/10.1007/s13361-016-1344-x
https://doi.org/10.2307/2529336
https://doi.org/10.1016/s1387-3806(02)00979-x
https://doi.org/10.1016/s1044-0305(96)00198-5
https://doi.org/10.1255/ejms.189
https://doi.org/10.1021/ac00171a028
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Knochenmuss, R. (2003). A Quantitative Model of Ultraviolet Matrix-Assisted
Laser Desorption/ionization Including Analyte Ion Generation. Anal. Chem.
75 (10), 2199–2207. doi:10.1021/ac034032r

Knochenmuss, R., and Zenobi, R. (2003). MALDI Ionization: The Role of In-Plume
Processes. Chem. Rev. 103 (2), 441–452. doi:10.1021/cr0103773

Kooijman, P. C., Kok, S., and Honing, M. (2017). Independent Assessment of
Matrix-Assisted Laser Desorption/ionization Mass Spectrometry (MALDI-MS)
Sample Preparation Quality: Effect of Sample Preparation on MALDI-MS of
Synthetic Polymers. Rapid Commun. Mass. Spectrom. 31 (4), 362–370.
doi:10.1002/rcm.7798

Kooijman, P. C., Kok, S. J., Weusten, J. J. A. M., and Honing, M. (2016).
Independent Assessment of Matrix-Assisted Laser Desorption/ionization
Mass Spectrometry (MALDI-MS) Sample Preparation Quality: A Novel
Statistical Approach for Quality Scoring. Analytica Chim. Acta 919, 1–10.
doi:10.1016/j.aca.2016.03.031

Lehmann, E., Knochenmuss, R., and Zenobi, R. (1997). Ionization Mechanisms in
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry: Contribution
of Pre-formed Ions. Rapid Commun. Mass. Spectrom. 11, 1483–1492.
doi:10.1002/(sici)1097-0231(199709)11:14<1483::Aid-rcm982>3.0.Co;2-f

Lide, D. R. (2008). CRC Handbook of Chemistry and Phyics. 89th edition. Boca
Raton, Florida: CRC Press.

Major, Y., Pizzala, H., Ziarelli, F., Phan, T. N. T., Mollica, G., and Charles, L. (2012).
Towards the Rationalization of the MALDI Process: a Combined Mass
Spectrometry/solid-State NMR Approach. Anal. Methods 4 (10), 3118–3126.
doi:10.1039/c2ay25708d

Mele, A., and Malpezzi, L. (2000). Noncovalent Association Phenomena of 2,5-
dihydroxybenzoic Acid with Cyclic and Linear Oligosaccharides. A Matrix-
Assisted Laser Desorption/ionization Time-Of-Flight Mass Spectrometric and
X-ray Crystallographic Study. J. Am. Soc. Mass. Spectrom. 11 (3), 228–236.
doi:10.1016/s1044-0305(99)00143-9

Mirza, S. P., Raju, N. P., and Vairamani, M. (2004). Estimation of the Proton Affinity
Values of Fifteen Matrix-Assisted Laser Desorption/ionization Matrices under
Electrospray Ionization Conditions Using the Kinetic Method. J. Am. Soc. Mass.
Spectrom. 15 (3), 431–435. doi:10.1016/j.jasms.2003.12.001

Mormann, M., Bashir, S., Derrick, P. J., and Kuck, D. (2000). Gas-phase Basicities
of the Isomeric Dihydroxybenzoic Acids and Gas-phase Acidities of Their
Radical Cations. J. Am. Soc. Mass. Spectrom. 11 (6), 544–552. doi:10.1016/
s1044-0305(00)00112-4

Pizzala, H., Barrère, C., Mazarin, M., Ziarelli, F., and Charles, L. (2009). Solid State
Nuclear Magnetic Resonance as a Tool to Explore Solvent-free MALDI
Samples. J. Am. Soc. Mass. Spectrom. 20 (10), 1906–1911. doi:10.1016/
j.jasms.2009.06.021

Pizzala, H., Chendo, C., and Charles, L. (2021). Using Solid-state Nuclear Magnetic
Resonance to Rationalize Best Efficiency of 2,6-dihydroxybenzoic Acid over
Other 2, X -dihydroxybenzoic Acid Isomers in Solvent-free Matrix-assisted
Laser Desorption/ionization of Poly(ethylene Glycol). Rapid Commun. Mass.
Spectrom. 35 (3), e8966. doi:10.1002/rcm.8966

Remily-Wood, E., Dirscherl, H., and Koomen, J. M. (2009). Acid Hydrolysis of
Proteins in Matrix Assisted Laser Desorption Ionization Matrices. J. Am. Soc.
Mass. Spectrom. 20 (11), 2106–2115. doi:10.1016/j.jasms.2009.07.007

Santiago, J., Claeys-Bruno, M., and Sergent, M. (2012). Construction of Space-
Filling Designs Using WSP Algorithm for High Dimensional Spaces.
Chemometrics Intell. Lab. Syst. 113, 26–31. doi:10.1016/j.chemolab.2011.06.003

Santner, T. J., Williams, B. J., and Notz, W. I. (2003). The Design and Analysis of
Computer Experiments. Springer-Verlag.

Schiller, J., Süß, R., Fuchs, B., Müller, M., Petković, M., Zschörnig, O., et al. (2007).
The Suitability of Different DHB Isomers as Matrices for the MALDI-TOF MS
Analysis of Phospholipids: Which Isomer for what Purpose? Eur. Biophys. J. 36
(4-5), 517–527. doi:10.1007/s00249-006-0090-6

Skelton, R., Dubois, F., and Zenobi, R. (2000). A MALDI Sample Preparation
Method Suitable for Insoluble Polymers. Anal. Chem. 72 (7), 1707–1710.
doi:10.1021/ac991181u

Tanaka, K., Waki, H., Ido, Y., Akita, S., Yoshida, Y., Yoshida, T., et al. (1988).
Protein and Polymer Analyses up Tom/z 100 000 by Laser Ionization Time-Of-
Flight Mass Spectrometry. Rapid Commun. Mass. Spectrom. 2 (8), 151–153.
doi:10.1002/rcm.1290020802

Todeschini, R., Consonni, V., Ballabio, D., and Grisoni, F. (2020). “Chemometrics
for QSAR Modeling,” in Comprehensive Chemometrics. Editors S. Brown,
R. Tauler, and B. Walczak 2nd ed. (Elsevier), 599–634. doi:10.1016/b978-0-
12-409547-2.14703-1

Trimpin, S., Rouhanipour, A., Az, R., Räder, H. J., and Müllen, K. (2001). New
Aspects in Matrix-Assisted Laser Desorption/ionization Time-Of-Flight Mass
Spectrometry: a Universal Solvent-free Sample Preparation. Rapid Commun.
Mass. Spectrom. 15 (15), 1364–1373. doi:10.1002/rcm.372

Weidner, S., Knappe, P., and Panne, U. (2011). MALDI-TOF Imaging Mass
Spectrometry of Artifacts in "dried Droplet" Polymer Samples. Anal.
Bioanal. Chem. 401 (1), 127–134. doi:10.1007/s00216-011-4773-1

Wetzel, S. J., Guttman, C. M., Flynn, K. M., and Filliben, J. J. (2006). Significant
Parameters in the Optimization of MALDI-TOF-MS for Synthetic Polymers.
J. Am. Soc. Mass. Spectrom. 17 (2), 246–252. doi:10.1016/j.jasms.2005.11.007

Woods, R., Hope, G. A., and Watling, K. (2000). A SERS Spectroelectrochemical
Investigation of the Interaction of 2-mercaptobenzothiazole with Copper, Silver
and Gold Surfaces. J. Appl. Electrochem. 30 (11), 1209–1222. doi:10.1023/a:
1026561914338

Yalcin, T., Dai, Y., and Li, L. (1998). Matrix-assisted Laser Desorption/ionization
Time-Of-Flight Mass Spectrometry for Polymer Analysis: Solvent Effect in
Sample Preparation. J. Am. Soc. Mass. Spectrom. 9 (12), 1303–1310.
doi:10.1016/s1044-0305(98)00109-3

Zhang, J., Frankevich, V., Knochenmuss, R., Friess, S. D., and Zenobi, R. (2003).
Reduction of Cu(II) in Matrix-Assisted Laser Desorption/ionization Mass
Spectrometry. J. Am. Soc. Mass. Spectrom. 14 (1), 42–50. doi:10.1016/s1044-
0305(02)00807-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pizzala, Claeys-Bruno, Monnier, Sergent and Charles. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Chemistry | www.frontiersin.org September 2021 | Volume 9 | Article 74049511

Pizzala et al. DoE for MALDI of Copolymers

38

https://doi.org/10.1021/ac034032r
https://doi.org/10.1021/cr0103773
https://doi.org/10.1002/rcm.7798
https://doi.org/10.1016/j.aca.2016.03.031
https://doi.org/10.1002/(sici)1097-0231(199709)11:14<1483::Aid-rcm982>3.0.Co;2-f
https://doi.org/10.1039/c2ay25708d
https://doi.org/10.1016/s1044-0305(99)00143-9
https://doi.org/10.1016/j.jasms.2003.12.001
https://doi.org/10.1016/s1044-0305(00)00112-4
https://doi.org/10.1016/s1044-0305(00)00112-4
https://doi.org/10.1016/j.jasms.2009.06.021
https://doi.org/10.1016/j.jasms.2009.06.021
https://doi.org/10.1002/rcm.8966
https://doi.org/10.1016/j.jasms.2009.07.007
https://doi.org/10.1016/j.chemolab.2011.06.003
https://doi.org/10.1007/s00249-006-0090-6
https://doi.org/10.1021/ac991181u
https://doi.org/10.1002/rcm.1290020802
https://doi.org/10.1016/b978-0-12-409547-2.14703-1
https://doi.org/10.1016/b978-0-12-409547-2.14703-1
https://doi.org/10.1002/rcm.372
https://doi.org/10.1007/s00216-011-4773-1
https://doi.org/10.1016/j.jasms.2005.11.007
https://doi.org/10.1023/a:1026561914338
https://doi.org/10.1023/a:1026561914338
https://doi.org/10.1016/s1044-0305(98)00109-3
https://doi.org/10.1016/s1044-0305(02)00807-3
https://doi.org/10.1016/s1044-0305(02)00807-3
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Characterizing Oligomeric Hydroxyl
SiliconOils byMALDI-TOFMSWith the
Pyridine-Modified Matrix
Xiaoxiao Zhang1,2, Yan Wang1, Yiqiu Hu2, Cheng Guo2*, Chenghua Li1 and Kezhi Jiang1*

1College of Material, Chemistry and Chemical Engineering, Key Laboratory of Organosilicon Chemistry and Material Technology
of Ministry of Education, Hangzhou Normal University, Hangzhou, China, 2Cancer Institute (Key Laboratory of Cancer Prevention
and Intervention, China National Ministry of Education), The Second Affiliated Hospital, Zhejiang University School of Medicine,
Hangzhou, China

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF)
is a powerful technique for analysis of various polymers, but it is still very difficult to
characterize silicone oil due to its poor ionization efficiency. In this work, oligomeric
hydroxyl silicone oils were successfully characterized by MALDI-TOF, by using
pyridine-modified 2,5-dihydroxylbenzoic acid (DHB) as the matrix. Furthermore, the
mixed crystal of DHB and hydroxyl silicone oil was analyzed by scanning electron
microscopy (SEM) and energy disperse spectroscopy (EDS), and the analytical results
verified that modification with pyridine could remarkably improve the solubility of hydroxyl
silicone oil in DHB, leading to the enhancement of its ionization efficiency in MALDI. The
analysis of the MS spectra of a series of hydroxyl silicone oils indicated that they tended to
be ionized by the attachment with Na+, and the average molecular weight and the degree
of polymerization were measured for several oligomeric hydroxyl silicon oils.

Keywords: silicon oil, MALDI-TOF, crystal structure of matrix, pyridine-modified DHB, ionization efficiency

INTRODUCTION

Hydroxyl silicone oil refers to a linear polysiloxane with the Si–O–Si bond as the main chain and the
silicon hydroxyl as the end group in the structure (Figure 1). It is usually maintained in the liquid
state at ambient temperature. Owing to its plentiful merits, such as electric insulation, anti-high and -low
temperatures, chemical inertia, physiological inertia, low surface tension, and water-repellent
and moisture-resistant performance, silicone oil and its derivative products have been
extensively applied to electricity, light industry, construction, and other fields (Chen et al.,
2009; Mei et al., 2014; Aziz et al., 2018; Zhang et al., 2020). Currently, infrared (IR) spectroscopy,
nuclear magnetic resonance (NMR), gel permeation chromatography (GPC), supercritical fluid
chromatography (SFC), and matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF) are the powerful techniques to characterize silicone oil
(Semchyschyn et al., 2000; Chmelik et al., 2001; Ren et al., 2019; Liu et al., 2021). GPC is a
popular technique to determine the average molecular weight of polymers, but it is not suitable
for the analysis of oligomeric hydroxyl silicone oils (Montaudo et al., 1995). Thus, it is essential
to develop an alternative method for the characterization of the average molecular weight of
oligomeric hydroxyl silicone oils.

MALDI-TOF has been widely applied for characterizing peptides, proteins, oligomers, and
polymers since its invention in the 1980s, due to its high sensitivity and convenient operation (Karas
et al., 1988; Tanaka et al., 1988; Li et al., 2019). The MALDI-TOF analysis can provide many
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important information of polymers, including the repeating unit,
the molecular weight distribution, and the end group (Yalcin
et al., 1997; Hanton et al., 2000; Pasch et al., 2000; Bauer et al.,
2002; Peacock et al., 2004). Thus, it has become an important
technique to characterize oligomers or polymers (Scrivens et al.,
2000; Chmelik et al., 2001; Hanton, 2001). However, silicone oil
belongs to a non-polar polymer, and it is very difficult to be
ionized in the MALDI source (Mautjana et al., 2012).

Interestingly, it has been reported that the addition of some
organic bases could improve the homogeneous distribution of the
analyte in the traditional matrix and increase the dot-to-dot
reproducibility in MALDI-TOF analysis (Snovida et al., 2008).
In this work, oligomeric hydroxyl silicone oils were characterized
by MALDI-TOF with the pyridine-modified 2,5-
dihydroxylbenzoic acid (DHB) as the matrix, and the
corresponding solid crystals were analyzed by scanning
electron microscopy (SEM) and energy disperse spectroscopy
(EDS) in order to probe the intrinsic mechanism on the
improvement of the ionization efficiency originating from the
modification of the matrix with pyridine.

EXPERIMENT

Reagents and Materials
Hydroxyl silicone oils with different viscosities were purchased from
Qingdao Fenghong Chemical Co., Ltd. (Shandong, China). High-
performance liquid chromatography (HPLC)-grade methanol
(MeOH) was purchased from Sigma-Aldrich (St. Louis, MO,
United States). HPLC-grade tetrahydrofuran (THF) was
purchased from Merck Millipore (Billerica, MA, United States).
2,5-Dihydroxylbenzoic acid (DHB) was purchased from Shanghai
Macklin Biochemical Co., Ltd. (Shanghai, China). Sodium acetate
(NaAc) and pyridine were purchased from Sinopharm (China). The
water used in all experiments was prepared in a Milli-Q water
purification system with a resistivity ≥18.2 MΩ cm−1.

Instruments
The microflex MALDI-TOF system was produced by Bruker
Corporation (Germany). The BS110S precision balance was
produced by Sartorius (Germany). The YM-080S Ultrasonic
Cleaner was manufactured by Fang Ao Microelectronics Co.,
Ltd. (Shenzhen, Guangdong, China). The Sigma 500 scanning
electron microscope (SEM) was produced by Zeiss (Germany).
The energy disperse spectroscopy (EDS) system was produced by
EDAX (United States).

Experimental Procedure
DHBwas weighted and dissolved in THF to prepare a 100 mg/mL
solution. 50 μL pyridine solution was added into 1.0 mL DHB
solution to prepare a solution of pyridine-modified DHB. The
cationization reagent (NaAc) was weighted and dissolved in
MeOH/H2O (50:1, V:V) to prepare a 100 mM solution.
Hydroxyl silicone oils were weighted separately and dissolved
in THF to prepare a 1 mg/mL solution. The mixed solution was
prepared by mixing the above solutions according to oligomer/
matrix/NaAc (or THF) ratio (1:5:1, V/V/V), and the dissolving
process was assisted by ultrasound.

In MALDI-TOF experiments, 1.0 μL mixed solution was dried
on a stainless steel target at room temperature for MALDI-TOF
analysis. The operating parameters of MALDI-TOF were as
follows: the nitrogen laser wavelength was 337 nm and the laser
pulse width was 3 ns. In the direct radiation mode, the acceleration
voltage was 20.0 kV and the reflection voltage was 23.0 kV. A single
scan of the mass spectrum signal was added up to 100 times.

In SEMandEDS experiments, 10.0 μLmixed solutionwas dropped
on a tin foil to dry, and the formed dry point was sprayed with
platinum to enhance its electrical conductivity. Then, the dry point was
subjected to SEM and EDS analysis. The SEM analysis was carried out
at the testing voltage of 3 kV under the vacuum of 5.4 × 10−8 Pa. The
EDS analysis was carried out at the testing voltage of 10 kV.

RESULTS AND DISCUSSION

Effect of the Modified Matrix on the
Ionization Efficiency
The 30 cP hydroxyl silicone oil was selected as a model for the
MALDI-TOF analysis to investigate the effect of matrix on the
ionization efficiency. As shown in Figure 2, the MS showed a
series of equidistant peaks and an approximate t-distribution in
the intensity of the MS signals, indicating a classical MS of the
polymer. The mass gap of 74 Da for the neighboring peaks in the
MS indicated the signal of silicone oil with the repeating unit of
(SiOMe2).With the pure DHB as theMALDImatrix (Figure 2A),
the intensity of the silicone oil signal was about 600 at 1800 Da,
while that of the corresponding noise reached 400, indicating a
bad signal-to-noise ratio (S/N). At the same time, the addition of
ionization agent (NaAc) into the DHB matrix could not
significantly improve the ionization efficiency of the hydroxyl
silicone oils in the MALDI-TOFMS (Supplementary Figure S1).
To be interesting, the corresponding S/N increased about two
times with the pyridine-modified DHB as the matrix (Figure 2B).
What’s more exciting, the noise intensity dropped to about 50,
and thus, the corresponding S/N increased to 8 with the addition
of some NaAc into the pyridine-modified DHB matrix. Thus, the
MALDI-TOFMS was competent for structure characterization of
hydroxyl silicone oils.

Similar results were obtained for MALDI-TOF analysis of the
50 cP and the 150 cP hydroxyl silicone oils (Supplementary
Figures S2 and S3). With modification of the matrix, an
enough intensive signal was produced for the MALDI-TOF
MS of hydroxyl silicone oils, and thus various structural
information could be obtained from the MALDI-TOF analysis.

FIGURE 1 | Structure of hydroxyl silicone oil.
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SEM and EDS Characterizing the Mixed
Crystal of Matrix and Analyte
In order to further investigate the effect of matrix on the ionization
efficiency, the mixed crystal of matrix and analyte was characterized

by SEM and EDS. Figure 3 shows the SEM of the mixed crystal of
DHB and 30 cP hydroxyl silicone oil, in which there were full of the
schistose crystal with the irregular surface and scattered particles
with different diameters at the macro-scale level of 100 μm. EDS

FIGURE 2 |MALDI-TOFMS of 30 cP hydroxyl silicone oil with the different matrix: A) DHB, B) pyridine-modified DHB, C) pyridine-modified DHBwith the addition of
NaAc.

FIGURE 3 | SEM images of the schistose crystal (left) and scattered particles (right) in the mixed crystal of DHB and 30 cP hydroxyl silicone oil.
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analysis of the schistose crystals (Figure 4A) showed the main
elements of C and O, indicating the identity of compound DHB. In
contrast, there was significantly more content of bothO and Si in the
EDS of the particle (Figure 4B), which was consistent with the
identity of hydroxyl silicone oil. Thereby, the silicone oil was
heterogeneously distributed in the DHB matrix.

Further magnification of the mixed crystal at a scale level of 2 μm
resulted in many irregular tabular crystals with the obvious interface
(Figure 5). The corresponding width was found at the μm-scale
level. Similarly, the addition of NaAc into DHB did not significantly
change the shape of the mixed crystal of matrix and analyte
(Supplementary Figure S4). The above experimental results
indicated that DHB had poor solubility with hydroxyl silicone oil,
and thus, poor ionization efficiency was obtained for MALDI-TOF
analysis of hydroxyl silicone oil with the pure DHB as the matrix.

On the contrary, mixing DHB with pyridine obviously
changed the shape of the mixed crystal of matrix and analyte.
As shown in Figure 6, the crystal structure almost disappeared,
and the image was filled with kinds of crystal particles. The large
particles had the diameters of only 39 nm. In addition, there were

much more particles with the diameters less than 10 nm, which is
almost near the size of a molecule. Similarly, the addition of NaAc
also did not obviously change the shape of the mixed crystal of
matrix and analyte, in which many scattered crystal particles had
diameters of 38 nm and much more particles showed diameters
less than 10 nm (Supplementary Figure S5). The above
experimental results showed that the mixture of hydroxyl
silicone oil in the pyridine-modified DHB matrix was more
uniform, in which the crystal cluster diameters decreased and
the solubility increased obviously. As a result, it is much easier for
the matrix to transfer the absorbed laser energy to the analyte in
the process of ionization. Thereby, much better ionization
efficiency was obtained for hydroxyl silicone oil, when using
pyridine-modified DHB as the MALDI-TOF matrix.

Characterization of Oligomeric Hydroxyl
Silicone Oils
According to the optimized experimental parameters, various
oligomeric hydroxyl silicone oils were characterized by MALDI-

FIGURE 4 | EDS images of the schistose crystal (A) and the particle (B) in mixed crystal of DHB and 30 cP hydroxyl silicone oil.

FIGURE 5 | SEM image (at the 2 μm level) of the mixed crystal of DHB
and 30 cP hydroxyl silicone oil.

FIGURE 6 | SEM image (at the 200 nm level) of the mixed crystal of the
pyridine-modified DHB and 30 cP hydroxyl silicone oil.
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TOF (Figure 2C and Figure 7). As can be seen, the m/z ratio of
30 cP hydroxyl silicone oil mainly ranges from 1,000 to 7,000,
and the MS data of the typical 30 cP hydroxyl silicone oil are

listed in Table 1. The mass gap (74 Da) of the neighboring peaks
in the MS indicates the repeating unit of (SiOMe2). The identity
of the attached Na+ can give a reasonable ascription of all the

FIGURE 7 | MALDI-TOF MS of hydroxyl silicone oils (50 cP, 100cP, 150cP and 200 cP) with the matrix of DHB modified by pyridine and NaAc.

Frontiers in Chemistry | www.frontiersin.org November 2021 | Volume 9 | Article 7551745

Zhang et al. Pyridine-Modified Matrix for MALDI-TOF

43

https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


signal in the MS of the hydroxyl silicone oil, which agrees well
with the fact that it tends to be ionized by the attachment
with Na+.

Thus, the number-average molecular weight (Mn), weight-
average molecular weight (Mw), dispersity (PD), and hydroxyl
content of silicone oils (Si-OH%) were calculated to be 2,276,
2,553, 1.12, and 1.68, respectively, according to the following
formula:

Mn � ∑(ni ×Mi)/∑ni,

Mw � ∑(ni ×M 2
i )/∑(ni ×Mi),

PD � Mw/Mn,

OH% � ∑((ni/∑ni)/ × 34/Mi) × 100%,

Here, ni andMi refer to the MS intensity and molecular weight
of any component i of the oligomer.

50 cP hydroxyl silicone oil has the same mass gap (74 Da) of
the neighboring peaks in the MS, but it shows a different mass
distribution with a wider mass range (1,000–9,000 Da). As shown
in Table 2, 50 cP hydroxyl silicone oil has a higher molecular
weight, more dispersity, and less hydroxyl content.

As displayed in Figure 7, there are two series of peaks in the
MS of 100, 150, and 200 cP silicone oils. The mass gap for the
adjacent peaks is also 74 Da (SiOMe2) in each series of MS peaks.
The main series of equidistant peaks is 16 Da less in molecular
weight than the corresponding minor series of equidistant peaks,
indicating that ionization of hydroxyl silicone oil by the
attachment with Na+ results in the main one in the MALDI-
TOF MS, and attachment with K+ results in the minor one. K+

originates from the residue catalyst (KOH) in the polymerization
process. Also, the corresponding parameters of their main
sequence peaks mass distribution are listed in Table 2.

Similarly, Mn, Mw, PD, and Si-OH% of several oligomeric
hydroxyl silicone oils were also calculated and are summarized
in Table 2. As can be seen, the hydroxyl silicone oils of 100 cP,
150 cP, and 200 cP have relatively higher viscosity than 30 cP
and 50 cP, but they show much lower molecular weight
(∼1,000 Da vs. ∼ 3,000 Da). Thus, molecular weight is not the
deciding factor for the viscosity of the oligomeric hydroxyl
silicone oil. The results indicate that the content of the
silicon hydroxyl group, which results in the formation of an
intermolecular hydrogen bond, exerts more influences on their
viscosity (Table 2).

CONCLUSION

In this work, the hydroxyl silicone oils have been successfully
characterized by MALDI-TOF MS. The effects of the addition of
pyridine and cationic reagent into matrix on the characterization
of silicone oil were investigated. The results showed that the
addition of pyridine and NaAc was beneficial to MALDI-TOF

TABLE 1 | MALDI-TOF MS data of 30 cP hydroxyl silicone oil.

[M + Na]+ Chemical formula Intensity (M + Na)+ Chemical formula Intensity

m/z m/z

1,078 C28H86O15Si14Na 124 2,710 C72H218O37Si36Na 291
1,153 C30H92O16Si15Na 203 2,784 C74H224O38Si37Na 268
1,227 C32H98O17Si16Na 266 2,858 C76H230O39Si38Na 259
1,301 C34H104O18Si17Na 324 2,933 C78H236O40Si39Na 237
1,375 C36H110O19Si18Na 329 3,007 C80H242O41Si40Na 242
1,449 C38H116O20Si19Na 369 3,081 C82H248O42Si41Na 221
1,523 C40H122O21Si20Na 374 3,155 C84H254O43Si42Na 189
1,597 C42H128O22Si21Na 377 3,229 C86H260O44Si43Na 220
1,671 C44H134O23Si22Na 376 3,303 C88H266O45Si44Na 189
1745 C46H140O24Si23Na 399 3,377 C90H272O46Si45Na 167
1819 C48H146O25Si24Na 400 3,451 C92H278O47Si46Na 161
1894 C50H152O26Si25Na 400 3,526 C94H284O48Si47Na 151
1968 C52H158O27Si26Na 404 3,600 C96H290O49Si48Na 149
2043 C54H164O28Si27Na 407 3,674 C98H296O50Si49Na 129
2,117 C56H170O29Si28Na 394 3,748 C100H302O51Si50Na 148
2,191 C58H176O30Si29Na 406 3,822 C102H308O52Si51Na 129
2,265 C60H182O31Si30Na 389 3,896 C104H314O53Si52Na 130
2,339 C62H188O32Si31Na 383 3,970 C106H320O54Si53Na 130
2,414 C64H194O33Si32Na 351 4,045 C108H326O55Si54Na 99
2,488 C66H200O34Si33Na 351 4,119 C110H332O56Si55Na 122
2,562 C68H206O35Si34Na 338 4,193 C112H338O57Si56Na 111
2,636 C70H212O36Si35Na 299 4,267 C114H344O58Si57Na 95

TABLE 2 | Mn, Mw, and PD of silicone oils with different viscosities.

Sample/viscosity Mn Mw PD Si-OH%

30 cP 2,383 2,658 1.12 1.61
50 cP 3,185 3,924 1.23 1.38
100 cP 1,135 1,215 1.07 3.19
150 cP 1,151 1,201 1.04 2.90
200 cP 1,460 1,554 1.06 2.48
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MS detection of hydroxyl silicone oils. The reduced baseline, the
increased S/N, and a beautiful peak shape were obtained.
Furthermore, the mixed crystal of matrix and 30 cP hydroxyl
silicone oil was subjected to SEM and EDS analysis, and the results
verified that addition with pyridine promotes the homogeneity of
the crystal of DHB and silicone oil. Finally, several oligomeric
hydroxyl silicone oils were characterized byMALDI-TOFMS, and
the corresponding molecular weight and degree of polymerization
were calculated, and the results indicated that the content of the
silicon hydroxyl group, rather than the molecular weight, exerts
obvious influences on their viscosity.
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Quantifying the Matrix
Metalloproteinase 2 (MMP2) Spatially
in Tissues by Probe viaMALDI Imaging
Mass Spectrometry
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As a matrix metalloproteinase, the abnormal expression of MMP2 is associated with
multiple biological processes, including tissue remodeling and cancer progression.
Therefore, spatial analysis of MMP2 protein in tissues can be used as an important
approach to evaluate the expression distribution of MMP2 in complex tissue
environments, which will help the diagnosis and treatment of various diseases,
including tissue or organ injuries. Moreover, this analysis will also help the
evaluation of prognoses. However, MMP2 is difficult to be spatially determined by
MALDI TOF mass spectrometry due to its large molecular weight (over 72 KD) and low
content. Therefore, a new method should be developed to help this detection. Here,
we have designed a specific MMP2 probe that closely binds to MMP2 protein in
tissue. This probe has a Cl on Tyr at the terminal, which can provide two isotope
peaks to help the accuracy quantitative of MMP2 protein. Based on this, we used the
probe to determine the spatial expression of MMP2 in the tissues based on MALDI
TOF mass spectrometry. This approach may help to study the influence of
multifunctional proteases on the degree of malignancy in vivo.

Keywords: MMP2, MALDI-TOF/MS, spatial quantitative protein detection, tumor, tissue remodeling

INTRODUCTION

Matrix metalloproteinases (MMPs) are a superfamily of zinc-containing endopeptidases.
MMPs play vital roles in the degradation of extracellular matrix components. They are
also involved in various types of physical processes such as cell proliferation, migration,
differentiation, apoptosis, and angiogenesis by interacting with certain cytokines and
chemokine (Griselda et al., 2020). These processes occur to promote tissue or organ
regeneration through actively remodeling. Moreover, the abnormal expression of MMPs
would lead to serious diseases. For example, MMP2 can regulate tissue remodeling, a
normal process in which old bone is broken down and new bone is created to replace it.
At least eight mutations in the MMP2 gene have been documented to cause multicentric
osteolysis, nodulosis, and arthropathy (MONA). In addition, MMP2 was also reported to be
over expressed in several solid tumors, including gastric carcinoma, breast carcinoma, lung
cancer, etc (Montalban-Arques and Scharl, 2019, Weng et al., 2019, Zhang D et al., 2019).
Hence, it is of great importance to locate the expression MMP2 in complex tissues.
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Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI MS) has become a powerful means
of detection technology, which achieved more and more
attention by clinical researchers (Barre et al., 2019; Balluff
et al., 2021). Based on this method, even the spatial location of
biomarkers in the organization can be provided by means of
visualization (Shariatgorji et al., 2019). At present, this
technique has successfully achieved the spatial analysis of
small molecules, such as amino acids, lipids, nucleic bases,
and partial macro-molecules, containing peptides and
proteins (Moore et al., 2019; Boskamp and Soltwisch,
2020). However, it also has difficulty in the detection of
proteins due to their large molecular weight and low
content (Ryan et al., 2019). Although the MALDI
technique is suitable for the detection of macromolecules,
its sensitivity and resolution would decrease significantly
when detecting proteins with a molecular weight greater
than 20 KDa (Zhang et al., 2019b). The MMP2 protein has
a molecular weight of 72 kDa, which would provide challenges
for MALDI spatial detection.

Herein, we have developed a strategy for the MMP2MALDI
spatial protein quantification determination. A peptide probe
was designed containing the MMP2 digestion sequence. This
peptide also had a chlorine atom on Tyr at the peptide
terminal, which could provide two isotopes to increase
detection accuracy. This peptide probe can be digested by
MMP2 into a fragment containing isotope, and the content of
MMP2 can be obtained according to the proportion between
fragment and original probe. Additionally, this method has
been successfully applied to the MMP2 imaging detection in
CRC tissues, which can provide help for the prognoses and
clinical medication of patients.

MATERIALS AND METHODS

The peptide probe was synthesized by BANKPEPTIDE
Biological Technology CO (Anhui, China), with the Cl in
the benzene ring of tyrosine at the C terminal. O-carboxy
cinnamic acid (CHCA) was used as the matrix for MALDI
analysis and purchased from Merck (United States).
Acetonitrile (ACN) was analytically pure and purchased
from Sinopharm Technology CO (Shanghai, China).

A total of 20 couples of human cancer and tumor-adjacent
tissues were collected from CRC patients in the form of frozen
sections. These tissues are slices left from clinical biopsies. All
samples were obtained with informed consent under a
protocol approved by the Second Affiliated Hospital of
Chengdu Medical College (No. E2021015). Patients’
clinical information and pathological results were also
recorded.

All tissues were sectioned at 10 μm thickness and -20 C using a
Leica cryostat (Leica Microsystems, Wetzlar Germany) and traw
mounted onto indium tin oxide (ITO)- coated glass slides (4–8Ω
resistance, Delta Technologies, United States) and stored at -80°C
until analyzed.

For tissue targeted spatial protein quantification
experiments, three layers of peptide prove (0.5 mg/ml
prepared in 10% MeOH with 0.1% TFA) were sprayed
onto the tissue sections. The investigation used 5 μg/ml of
probe, so the incubation time was 15 min at room
temperature. Then three layers of CHCA (10 mg/ml
prepared in 80% ACN) were sprayed onto the tissue
sections after incubation.

MALDI analysis was carried out by Bruker ultrafleXtreme
MALDI TOF/TOF (Bruker Daltonik, Bremen, Germany) with

FIGURE 1 | The scheme of targeted spatial protein quantification strategy.
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a positive ion mode (delay: 150 ns; ion source one voltage:
20 kV; ion source two voltage: 18 kV; lens voltage: 6 kV). All
spectra were shown baseline-subtracted, smoothed, and auto-
scaled in the Y-direction, covering a range of 300–3,000 Da,
with X-axis scale increments of 1Da.

RESULTS

The whole strategy of this method was shown in Figure 1. In our
analysis strategy, a peptide probe was synthesized as the substrate
ofMMP2. For specific identification of this probe inMALDImass

FIGURE 2 | The MS analysis of peptide probe.
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spectrometry, Cl was used binding to the tyrosine terminal, which
provided a [M+2]+ peak with abundance of 30%. Then the probe
can be digested by MMP2 in the tissues and a couple of peaks
were detected in MALDI MS (m/z 534 and 536 for enzyme-
digested product, m/z 852 and 854 for peptide probe). Moreover,
the ratio between 534 and 852 reflect the amount of peptide probe
before and after enzymatic hydrolysis, which can further show the
degree of enzymatic hydrolysis, indicating the concentration of
MMP2. Thus, this ratio can be considered as
the potential biomarker for the quantitative determination
of MMP2.

In the experiment, the peptide probe was firstly identified by
MALDI MS. From the result (Figure 2), [M + H]+ (m/z 852) and
[M + Na]+ (m/z 874) peaks were found with the isotope peaks
[M+2 + H]+ (m/z 854) and [M+2 + Na]+ (m/z 876), which
indicated the probe was successfully synthesized. In addition,

tandem mass result showed that the sequence accuracy of the
peptide probe. Then, the digestion effect was investigated in vitro.
The peptide was incubated by MMP2 enzyme and the digestion
products were detected by MS. From the results, the probe was
successfully digested by MMP2, with two products in sequence of
GPL (m/z 335) and GVRGY-Cl (m/z 534).

After in vitro experiment, the peptide probe was applied into
the in vivo experiment for colon cancer tissues. The concentration
of probe and the incubation time were also optimized beforehand.
The peptide probe was dissolved into 10%MeOH with 0.1% TFA
and sprinkled onto the tissues. Then the tissues were put into the
MALDI MS to detect the sensitivity of product peak. For probe
concentration optimization, five types of concentration, including
1, 1.5, 5, 10, and 15 μg/ml were studied respectively. When the
concentration of probe was over 5 μg/ml, the sensitivity of the
product remained unchanged, indicating that the optimal
concentration of probe was 5 μg/ml (Figure 3A). Next, the
incubation time was also optimized. In this investigation, six
incubation times, containing 5, 10, 15, 20, 25, and 30 min were
compared, in which 15 min achieved the best sensitivity of
product peak (Figure 3B). After method optimization, the
method validation was also processed by tissue samples. From
our results of probe detection in tissues, the LOD was 50 ng/ml
and the LOQ was 150 ng/ml from tissue samples. The LOD and
the LOQ were 10 ng/ml and 30 ng/ml from the blank slides.
Moreover, the method validation showed the recovery was over
50%. Since we are testing a pair of peaks, there is almost no false-
discovery.

Finally, MMP2 was reported to be over-expression in several
solid tumors, including CRC, gastric carcinoma, breast
carcinoma, and lung cancer, etc (Fouad et al., 2019; Ramezani
et al., 2020). It has also been reported that MMP2 played a crutial
role in tumor invasion and metastasis. For the further
understanding its mechanism, the position of MMP2 in tumor
tissues need to be determined (Zhang et al., 2019a). Thus, 20 sets
of tissue samples from colon cancer patients were collected to
prove the ability of our methods. As shown in Table 1, the

FIGURE 3 | The optimization of the amount (A) and incubation time (B) of probe.

TABLE 1 | clinicopathological features of patients with CRC included in this study.

Parameters n = 20

Age (median, range, years) 62 (28–74)
Gender
Male 12 (60%)
Female 8 (40%)

Infiltration depth
T1 + T2 6 (30%)
T3 + T4 14 (70%)

Lymph node metastasis
Yes 13 (65%)
No 7 (35%)

Distant metastasis
Yes 4 (20%)
No 16 (80%)

AJCC TNM Stage
I + II 6 (30%)
III + IV 14 (70%)
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average age of the patients was 62 year-old, and there were 12
men and eight women. Most of the patients were in the deep
infiltration depth but some of them had already reached lymph
node metastasis or distant metastasis. What we investigated was

whether the detected MMP2 expression had a relationship with
the tumor invasion. We used a tissue targeted spatial protein
quantification strategy based on MALDI TOF analysis for the
study of the MMP2 over-expression location sites. In this

FIGURE 4 | The targeted spatial protein quantification of MMP2 in colon cancer and normal tissues. (A) H&E analysis of representative normal and tumor samples.
(B) Spatial MMP2 expression in colon cancer and normal tissues. (C) MMP2 expression in different regions of tissues. **, p < 0.01, ****, p < 0.0001. p value was
calculated using two-side student t test.
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strategy, the peptide probe was firstly sprayed onto the tissues.
The optimal amount and the incubation time have investigated
above. Then HCCA was used as the matrix and sprayed on the
tissues before MALDI analysis. For the detection, 300 points were
randomly distributed on the tissue, and the ratio between probe
fragments and probe were combined with the coordinates of each
point as the indicator for MMP2 expression and location sites.
The higher the ratio, the more complete the digestion, and the
higher the expression of the MMP2. Finally, the ratio and the
coordinates were statistically simulated to achieve the tissue
distribution information for the expression of MMP2. In
addition, this information will combine with the HE staining
to obtain the final expression profile of MMP2.

As shown in Figure 4, the spatial expression of MMP2 in cancer
tissue and normal tissue was successfully detected, which having a
marked difference. The expression in cancer tissue was significantly
higher than that in normal tissue. Additionally, in cancer tissue, the
expression of MMP2 was also higher in cancer cells than in normal
cells, which was consistent with the literature. Moreover, also in
cancer tissues, the expression of MMP2 in marginal sites was
significantly higher than that in central sites, indicating that the
expression of MMP2 may be related to the tumor invasion. Finally,
we counted the expression of MMP2 in 20 pairs tissues of colon
cancer patients. The statistical results showed that the expression of
MMP2 was higher in the marginal region than in the central region,
which was consistent in all cancer tissues.

DISCUSSION

The infiltration and invasion of CRC had a complex mechanism,
which involved multiple steps regulated by gene mutation, RNA
expression, and protein modifications. Specially for tumor
invasion, the cancer cells did not penetrate the basement
membrane (BM) without the help of matrix
metalloproteinases (MMPs) (Xu et al., 2019). Therefore, the
MMPs can be considered as the important biomarkers to
evaluate the tumor invasion (Ivancic et al., 2020, Koga et al.,
2019, Kolenčík et al., 2020). MMPs are a series of zinc-
containing endopeptidases, which mainly composed of
MMP2 and MMP9 (Ceballos et al., 2019). They played a
significant role in the degradation of extra-cellular matrix
components (Wang et al., 2019; Zhou et al., 2019). Moreover,
MMP2 was reported to be over-expressed in several solid
tumors, including CRC, gastric carcinoma, breast carcinoma,
lung cancer, etc (Fouad et al., 2019; Ramezani et al., 2020). It has
also been reported that MMP2 played a crutial role in tumor
invasion and metastasis. For the further understanding its
mechanism, the position of MMP2 in tumor tissues need to
be determined (Zhang et al., 2019b). In addition, if the high
expression sites of MMP2 can be quickly detected, it can be
applied in the rapid clinical pathology, providing guidance for
clinical surgery.

In this study, we developed a strategy for the quantification
of MMP2 at the spatial level via the MALDI method by using
a peptide probe. Numerous differences were observed in
different tissue regions, and the results showed that MMP2

was highly expressed in tumor margins compared to the
central region. This clearly show the tumor invasiveness in
a quantitative manner, which could be used as an important
reference for tumor dissection surgery. It is worth noting that
the intensity ratio between the cleaved product and the intact
probe may not accurately reflect the ratio, since the efficiency
of ionization of the two analytes is unknown. Therefore, this
ratio should only be used with caution.

Furthermore, the probes coupled with the MALDI-TOF/MS
method can be also used to quantify other proteins, such as the
MMP family, the kinase family, and so on. Quantification of these
proteins at spatial level is crucial for personalized medicine for
tumors and other diseases. MMPs also play important roles in
tissue remodeling, which means this method can also benefit
patient with serious injuries.

CONCLUSION

In this work, we have developed a strategy for the MMP2MALDI
spatial protein quantification determination by using a peptide
probe, and this method has been successfully applied into the
detection of the expression and location sites of MMP2 in colon
cancer and normal tissue. In addition, the expression of MMP2
was found to be higher in the margins of cancer tissues, which
may be related to the tumor infiltration. This method could help
the clinical evaluation of the prognosis for colon cancer patients.
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Recent Advances in Combinations of
TLC With MALDI and Other
Desorption/Ionization
Mass-Spectrometry Techniques
Roman Borisov1,2*, Anastasiia Kanateva1 and Dmitry Zhilyaev1,2

1A. V. Topchiev Institute of Petrochemical Synthesis, Russian Academy of Sciences, Moscow, Russia, 2Peoples Friendship
University of Russia (RUDN University), Moscow, Russia

The combination of planar chromatography with desorption/ionization mass-spectrometry
(MS) techniques provides chemists with unique tools for fast and simple separation of
mixtures followed by the detection of analytes by the most powerful analytical method.
Since its introduction in the early 1990s, thin-layer chromatography (TLC)/matrix-assisted
mass spectrometry (MALDI) has been used for the analysis of a wide range of analytes,
including natural and synthetic organic compounds. Nowadays, new desorption/ionization
approaches have been developed and applied in conjunction with planar chromatography
competing with MALDI. This review covers recent developments in the combination of TLC
with various desorption/ionization MS methods which were made in recent several years.

Keywords: TLC, MALDI, ambient ionization mass spectrometry (AIMS), sorbents, derivatization

INTRODUCTION

The conjugation of thin-layer chromatography (TLC) and mass spectrometry (MS) is one of the
promising hybrid analytical methods. Despite the seeming simplicity, TLC with different detection
systems is actively used in analytical and organic chemistry for the express separation of various
mixtures and preliminary quantification, for example, for the analysis of oil and petroleum products
(Cebolla et al., 2016; Speight, 2020; Makowska and Pellinen, 2021), monitoring the progress of
organic reactions (Cagniant et al., 2001; Siebenhaller et al., 2018; Sahaka et al., 2021), separation of
dyes and inks (Barker et al., 2017; Mohammad et al., 2017; Sharma and Kumar, 2017; Miron-Merida
et al., 2021), and monitoring target compounds in different media (Kumar et al., 2017; Qu et al.,
2021).

The potential of TLC as a modern micro-scale separation method is based on a number of its
convenient properties, such as large sample throughput and suitability for screening separations
(Matheis et al., 2015). This method may also be used for preliminary testing of separation conditions
for HPLC applications due to low-cost optimization of mobile phase composition and easy and fast
change of the stationary phase. Sample preparation for TLC is also not such a rigorous step, as for
other chromatographic methods due to the disposability of the TLC plates. One of the unique
advantages of TLC is the possibility of long-term storage of the analytical information after the
separation process, so the TLC plates with target compounds may be further conjugated to the other
analytical methods, such as IR, FID, or MS detection. The main disadvantages of TLC are difficult
quantification and rather limited possibilities of qualitative analysis with classical detection methods,
especially while separating complex mixtures, and if the question of quantitative analysis remains
open to this day, for example, Stanek et al., 2019 developed the TLC method for the express
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qualification and quantification of phenolic compounds and
abscisic acid in honey, and succeeded with ∼10% relative error
of the concentration of the target compound (depending on the
substance) using densitometric detection; similar results were
obtained by Hynstova et al. (2018) who performed the separation
of carotenoids and chlorophylls in dietary supplements
containing Chlorella vulgaris and Spirulina platensis using
high-performance TLC (HPTLC) and many others; the
qualitative determination of the target components in the
composition of complex mixtures can be reliably performed
using suitable detection systems, and one of the main
analytical methods in this case is conjugation to MS. At the
same time, MALDI, among all the MS methods, occurred to be
one of the most suitable methods for direct conjugation to planar
chromatographic methods, opening broad possibilities for the
identification of components of complex “omics” mixtures,
screening, especially for small molecules, and development of
methodological approaches, including new stationary phases for
TLC, which might be suitable for direct MS detection of the
separated compounds. MERCK KGaA, for instance, produces the
so-called MS grade TLC plates which possess some important
advantages; these TLC plates are characterized by a very low MS
background due to the control of MS-detectable impurities, and
the stationary phase layer thickness has been decreased to
100 μm, which is twice lower than that of standard TLC
plates, as it was found that layer thickness influences the
efficiency of laser desorption from the plate surface
(Hillenkamp and Peter-Katalinic, 2013; Griesinger et al., 2014).
It also should be noted that thoughMALDI can also be combined
with other separation techniques such as, for example, capillary
electrophoresis and liquid chromatography, TLC appears to be
more suitable for MALDI experiments because the plates can be
directly introduced to the ion source without any additional
interfaces.

The aim of the present article was to review the recent
advances of the combined TLC-MALDI technique, including
the dedicated stationary phases, matrixes, derivatization, and
application of the method. The last part of the review is
devoted to the conjugation of TLC and novel desorption/
ionization mass-spectrometry techniques, such as DART,
DESI, and some other non-commercial systems with
significant potential.

THIN-LAYER CHROMATOGRAPHY/
MATRIX-ASSISTED MASS
SPECTROMETRY
Sorbents
In 2002, monolithic thin-layer sorbents based on silica gel
containing no additional binder were introduced into
laboratory practice by Merck (Germany). Together with the
minimal thickness of the stationary phase layer (1–50 μm)
providing improved separation properties, these TLC plates
were found to be suitable to the direct coupling to different
MS detection systems due to covalent binding of the stationary
phase and, as a result, the low bleeding level. However, together

with the advantages, a decrease in the thickness of the sorption
layer also resulted in the decrease in the resolution due to the
small elution pathway. The solution of the problem was in
increasing of the separation efficiency, so the UTLC and
HPTLC plates were taken into consideration. Increase of the
efficiency allowed the increase of the sensitivity of the method,
reaching about a dozen pmol per sample using UV detection and
a few pmol with MALDI-MS.

Zhang et al. (2011) suggested the slides for ultrathin-layer
chromatography (UTLC) which were prepared via coating
nonporous silica particles, chemically modified with
polyacrylamide, as 15 mkm films, on glass or silicon. The
authors used the model mixture of three proteins, namely,
myoglobin, cytochrome c, and lysozyme, for testing the
separation ability of the prepared sorbent, and have received
the nearly baseline resolution realized by the hydrophilic
interaction chromatography mechanism. The sorbent
demonstrated the HETP value of about 3 mkm, giving the
opportunity to develop the separation efficiency more than
3500 TP per plate. Zhang et al. also varied the silica particle
diameter, and tested the 900-, 700-, and 350-nm particles. The
typical SEM image of a UTLC slide with a coating with silica
nanoparticles demonstrates the smooth particles with narrow size
distribution and optimal layer arrangement.

As it was found, the decreasing particle diameter improved the
resolution but slowed down the separation. The plates with the
optimized properties were used combined with MALDI-MS for
the analysis of the proteins. MALDI for each protein was carried
out at the region which was previously marked by the
fluorescently labeled proteins under a microscope, and the
mass spectrum for the center of each spot was recorded. The
mass spectrum in each case agreed with the expected molar mass
for each protein. The signal-to-noise ratio had an acceptable
value, confirming the possibility of utilization of the approach.

In 2013, Svec et al. (Lv et al., 2013) suggested organic
polymeric monolithic sorbents based on poly (4-
methylstyrene-co-chloromethyl-styrene-co-divinylbenzene).
The authors compared the different polymerization initiation
approaches and have chosen the synthetic procedure based on the
thermally initiated process. The photopolymerization was not
suitable for aromatic monomers because the latter absorb light in
the UV range, resulting in decreased efficiency of the process. F.
Svec et al. demonstrated that monolithic thin layers with a small
surface area were able to produce efficient separations of peptides
and proteins together with their on-layer MALDI-TOF-MS.
Separation and subsequent identification of the components of
the mixture of (Met5) enkephalin, oxytocin, and melittin labeled
with fluorescamine were performed by Svec et. al to demonstrate
the plate efficiency. All three components were baseline-separated
using 65% acetonitrile in 0.1% aqueous TFA solution as a mobile
phase. The MALDI-TOF-MS spectra were obtained directly from
the TLC plates based on the poly(4-methylstyrene-co-
chloromethylstyrene-co-divinylbenzene) monolithic sorbent
with layer thickness of 50 mkm from the analyte spots using
cyano-4-hydroxycinnamic acid as a matrix. The authors found
the MS spectra were characterized with a good signal-to-noise
ratio, confirming the main point of the TLC-MALDI-MS
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conjugation. The article also contained the results for eight
different plates and double spotting of peptide mixtures, which
demonstrated good repeatability and reproducibility of stationary
phase properties.

In 2015, Hu et al. presented a TLC-ESI-MS method for direct
analysis of raw samples. Themain idea for the conjugation of TLC
and MS methods was in the fact that the TLC plate could serve as
a medium for absorbing interfering substances, allowing the
detection of target compounds with reduced matrix effects.
The authors have adapted the conventional TLC plates with
an aluminum base coated with silica gel stationary phase
particles. The suggested mode of separation of the target
compounds and interfering substances allowed the decrease of
sample pretreatment. The described procedure was efficient in
the direct analysis of samples with salts and detergents, and rapid
detection and quantitation of the target analyte in raw biological
fluids were possible.

However, the main difficulties for this combination are the
application of the MALDI-MS matrix onto the TLC plate and
subsequent ionization. Kucherenko et al. suggested TLC plates
with an organic polymer monolithic layer to work out the
problem (Kucherenko et al., 2018; 2019). The chemical nature
of monolithic polymers provides an opportunity to incorporate
into the polymeric layer the functional groups which could play a
role of “matrix,” that is, to absorb and to redistribute the energy of
laser pulse to ensure the soft ionization of the target compounds.
At the same time, these functional groups will be covalently
bonded to the polymer layer and will not result in a matrix cloud
in the low molecular mass area of the mass spectra. Organic
monolithic sorbents also have a highly developed surface area,
allowing high-efficient separations due to the small size of the
monolith domain structures. In the study by Kucherenko et al.
(2018), the authors have developed the monolithic layers
prepared by the copolymerization of ethylene dimethacrylate
and glycidyl methacrylate, and deposited onto the surface of
glass, and silicon plates were investigated as thin-layer
chromatography separating media in hyphenated thin-layer
chromatography–matrix-assisted laser desorption/ionization

mass-spectrometry analysis. Varying compositions of the
polymerization mixture and polymerization condition layers of
different porosities and MALDI-MS compatibility were
synthesized. The compatibility with MALDI-MS was tested
using PEG, and it was demonstrated that layers prepared
without glycidyl methacrylate are not compatible with
MALDI-MS and do not allow obtaining any mass spectra. The
best results were achieved with layers containing 19–29% glycidyl
methacrylate. These layers allow mass spectra measurement
without additional deposition of matrix compounds, supplying
mass spectra almost “clean” in a lowmolar mass range (Figure 1).

Matrixes
One of the important distinctions of MALDI-MS from other soft
ionization methods is the key role of the matrix in the ionization
process. There are a large number of matrix compounds suitable
for the analysis of low molecular weight analytes (Calvano et al.,
2018; Kobylis et al., 2021). However, recently, some new matrixes
have been proposed for TLC/MALDI. Thus, Mernie et al. (2019)
described a very promising approach allowing direct TLC/MS
profiling of oligosaccharides. The method is based on using
magnetic nanoparticles functionalized with the traditional
matrix compound-2,5-dihydroxybenzoic acid (DHB). The
nanoparticles were dispersed in an ion liquid and applied on
the TLC plate using a spinning device (Figure 2). Desorption/
ionization of oligosaccharides in such conditions proceeds
simultaneously with their fragmentation, forming
characteristic ions. The use of this composite matrix also
causes increasing of peak intensities of analytes’ sodiated
adducts and fragment ions.

Another example of the application of the inorganic matrix
was proposed in the study by Fougère et al. (2018). The authors
used core-shell silica-coated iron oxide magnetic nanoparticles as
the matrix for the detection of flavonoid compounds by TLC/
MALDI. The nanoparticle dispersion in ethanol was applied
directly on the spots of interest, and MALDI mass spectra
both in positive and negative modes were registered. The
approach allowed the detection of anthocyanins in red wine,

FIGURE 1 |MALDI-MS spectrum for the PEG sample (1 mg/ml) received directly from the monolithic TLC plate without additional matrix compounds. (A) 29% (w/
w) GMA and (B) 14% (w/w) GMA. Figure reprinted with permission from Kucherenko et al. (2018). Copyright (2018) WILEY-VCH Verlag GmbH & Co. KGaA.
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glycosylated derivatives of quercetin in apple juice, and
polyphenols in rose flower extract.

It is important to note, however, that the use of solutions of
matrixes can cause secondary chromatographic processes on TLC
plates and, hence, analyte spot blurring. This problem can be
overcome by using solvent-free matrixes such as graphite-assisted
laser desorption/ionization (GALDI) (Han et al., 2011). The
sample preparation process in this case looks very simple and
convenient because the matrix can be applied on TLC plates by
denoting spots with a simple pencil lead. A large-scale test of this
approach made on a number of synthetic organic compounds
confirmed its utility (Borisov et al., 2014). However, the authors
underlined that TLC/GALDI requires rather energies of the laser.

Composite glycerol/graphite/aromatic acid matrices were also
proposed to avoid spot blurring and enhance desorption/
ionization of the analytes (Esparza et al., 2016). Mixtures of
traditional matrixes and graphite were dispersed in glycerin
and applied on spots using a brush. The authors supposed
that glycerol allows preventing secondary chromatographic
processes and increasing analyte concentration on the surface
of TLC plates. These factors increased the signals of analytes and
reproducibility of mass spectra (Figure 3).

Dopants also sometimes play a very important role in
ionization processes (Ali et al., 2017). In case of the previously
mentioned GALDI-MS, sodium and potassium cations found in
pencil lead take part in the formation of adducts of molecules.
But, Y. Dong et al. found out that the concentration of alkali ions
causing the formation of the corresponding adduct is higher on
the surface of TLC plates (Dong et al., 2017). So, if the sorbent
layer is scratched, the intensities of its peaks decrease, reducing
the reproducibility of the results.

Derivatization
Planar chromatography is one of the first analytical methods
where derivatization procedures were applied mainly for spot
visualization (Zarzycki, 2015). Derivatization is also widely used
in MALDI-MS and MALDI imaging for enhancing desorption/
ionization efficiencies of the analytes (Zaikin and Halket, 2009;
Zaikin and Borisov, 2021). However, chemical modification
procedures are much less popular in case of TLC/MALDI.
Nevertheless, such approaches look rather promising for the
analysis of non- or low-polar analytes by this method. Thus,
for example, a previously developed procedure for fixed-charge
derivatization of alcohols (Borisov et al., 2014) was used for TLC/
MALDI (Esparza et al., 2018). The derivatization agents,
including 3-bromopropionyl chloride and pyridine, were
applied directly on the elution zones of the analytes on the
developed TLC plates. MALDI mass spectra registered from
the plates contained intense peaks of the corresponding
derivatives (Figure 4).

A similar approach was used for TLC/MALDI analysis of
primary amines (Borisov et al., 2019). In this case, tris(2,6-
dimethoxyphenyl)methilium hexafluorophosphate was used
for the derivatization to yield cyclic acridine–like fixed-
charge derivatives. The modification of analytes also causes
change in the color of the spots. The latter is very useful to
avoid using additional procedures to determine analyte elusion
zones. The same derivatization agent was involved in the
development of a method for analysis of aminoacids
(Esparza et al., 2020). The derivatives of α-aminoacids
underwent elimination of carbon dioxide under laser
irradiation, but the formed ions produced intense peaks in
the registered MALDI mass spectra. The proposed approach

FIGURE 2 | Analytical workflow of DHB@MNP-assisted TLC-MALDI-MS using a saccharide mixture as a model (Mernie et al., 2019). (A) Saccharide mixture was
separated on a C18-modified TLC plate, and the DHB@MNP nanomatrix was deposited on the TLC surface by spin-coating with the ionic liquid. (B) Automated
scanning of the entire TLC separation lane was performed to obtain TOF-MS spectra at different migration distances. (C) Finally, on-spot structural elucidation of the
saccharides was performed based on the parent and fragment ions generated from DHB@MNP-assisted fragmentation in single TOF-MS. Figure reprinted with
permission from Mernie et al. (2019). Copyright (2019) the American Chemical Society (ACS).
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was successfully applied for the analysis of dietary
supplements (Figure 5).

Applications
The unique opportunities of the TLC/MALDI systems result in
wide utilization of this method in the analytics of complex
organic mixtures. One of the areas of interest in current
analytical chemistry is lipid analysis. Cebolla et al. (2021) have
recently presented a review on HPTLC contribution to lipid
analysis in complex matrices during the period 2010–2021,
when hyphenation of TLC to MS methods had experienced
significant growth. Authors demonstrated that HPTLC
separation of lipids on classes allowed the subsequent analysis

by MALDI-TOF, resolving the difficulties in the analysis of acidic
glycerophospholipid species due to ion suppression by
phosphatidylcholine species. MALDI also allows structural
identification of untargeted lipids which are ionized from the
surface by continuous scanning along the plate track. In a similar
way in which MS imaging allows the recording of mass spectra
from the slices of biological tissues, MALDI may be used for
screening the distribution of the lipids and other organic
compounds on the HPTLC plate. Although most HPTLC-
MALDI studies are performed with UV lasers using a matrix,
other alternatives are also presented in the literature. In the study
by Taki (2015), glycosphingolipids were separated on the HPTLC
plate and then transferred to a plastic membrane which was fixed

FIGURE 3 |MALDI mass spectra of vardenafil registered from (A) steel MALDI target using AT as the matrix, (B) TLC plate after elution and using AT as the matrix,
and (C) TLC plate after elution using the composite matrix (AT-glycerol-graphite). Figure reprinted with permission from Esparza et al. (2016). Copyright (2016) Elsevier
B. V.
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on a MALDI adapter (blotting process). Direct HPTLC/LDI
without the matrix was realized using an IR laser by Leopold
et al. (2018). This method allowed ablating more material per
laser pulse on the order of a few micrometers in depth regarding
UV lasers, improving sensitivity of the process, which is
important taking into consideration the TLC plate thickness.

Ferey et al. (2017) have reported the utilization of TLC/
MALDI-TOF-MS for the screening of invertase substrates in
complex matrices. BfrA, a specific β-D-fructofuranosidase
from Leishmania major, was chosen by the authors as a model
enzyme to screen biological activity in plant extracts due to its

capacity to hydrolyze specific carbohydrates. The first part of the
approach was in differential analysis by TLC densitometry to
determine the zones in the plant extract between the blank and
enzymatic reaction. Zones of interest were then subsequently
investigated via TLC/MALDI-TOF-MS for the identification of
bioactive molecules. The development of the method demanded
the solution of different analytical problems, such as separation of
isomers (glucose and fructose), elimination of the high-matrix
effect, and the analysis of polar molecules with low molar masses
(sugars), which is a challenging problem itself while interacting
about MALDI. However, the method occurred to be feasible for

FIGURE 4 | MALDI mass spectra of steroid alcohols derivatized on the TLC plate cholesterol (A), β-estradiol (B), positions of bromopropionyl and
pyridiniumpropionyl groups may vary and testosterone (C). Figure reprinted with permission from Esparza et al. (2018). Copyright (2018) Elsevier B. V.
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the analysis of bioactive molecules in complex mixtures
containing interfering compounds (e.g., proteins and salts).

TLC/MALDI is widely used for the analysis of lipids (Engel
and Schiller, 2021). Thus, Kouzel et al., (2017 have investigated
the TLC-IR-MALDI-MS as an analytical tool for the detection
and structural characterization of glyco and phospholipids
directly from the TLC plate. The authors have coupled a
pulsed IR-MALDI laser to a hybrid Synapt G2-S mass
spectrometer and used the suggested ion source configuration
for TLC-IR-MALDI-MS imaging of neutral glycosphingolipids,
obtained from human colon epithelial HCT-8 cells. The aim of
the article was the detection of the two glycosphingolipids,
namely, globotriaosylceramide and globotetraosylceramide,
which are the main receptors for Shiga toxins produced by
enterohemorrhagic Escherichia coli. The direct TLC-IR-
MALDI-MS analysis allowed the successful visualization of the
chromatographic separation of the various lipo forms of
globotriaosylceramide and globotetraosylceramide. The
developed method allowed the fast and reliable overview of
the glycosphingolipid composition of the investigated cell line
of high medical relevance. This possibility may also be useful in
glycolipidomic studies of complex biological matrices; for
example, for globotriaosylceramide imaging, Kouzel et al.
(2017) detected a higher extent of heterogeneity in lipo forms

than that up to this point, analyzing monohexosyl and
dihexosylceramide species. According to the structures of the
biosynthesis precursor glycosphingolipids, namely,
glucosylceramide and lactosylceramide, globotriaosylceramide
species with sphingosine and fatty acid variations were
identified by authors at m/z 1158.78 (d18:1, C24:0), m/z
1156.74 (d18:1, C24:1), m/z 1130.74 (d18:1, C22:0), and m/z
1046.66 (d18:1, C16:0). It is worth noting that the C24:0 fatty
acid- and C24:1 fatty acid-carrying globotriaosylceramide species,
differing only in the double bond in the acyl chain, were not
separated on the chromatographic step due to their identical
chromatographic properties in the utilized conditions. However,
these compounds together formed a chromatographic zone
which was definitely separated from the spots on the TLC
plate containing globotriaosylceramide with C22:0 and C16:0
acyls. The additional MS data allowed to suggest that the colon
epithelial cells synthesize globotriaosylceramide species with
dihydroxylated sphinganine (d18:0), detected at m/z 1048.66
(d18:0, C16:0), and trihydroxylated sphinganine (t18:0) at m/z
1064.66 (t18:0, C16:0).

Torretta et al. (2016) have used HPTLC-MALDI-MS for the
investigation of sphingolipid and glycosphingolipid profiles in the
muscle, brain, and serum for creating a database of molecules for
preclinical and clinical investigations. Based on the properties of

FIGURE 5 | Graphic and real thin-layer chromatograms (top two images) of dietary supplement and recorded MALDI mass spectra of TDPMH derivatives of the
detected amino acids (bottom images). Figure reprinted with permission from Esparza et al. (2020). Copyright (2020) Elsevier B. V.
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the studied tissues and fluids, the specific protocols for lipid
extraction were used by the authors to maximize the HPTLC-
MALDI-MS analytical throughput both for lipids extracted in the
organic and aqueous phases. The received result allowed the
authors to develop the database of specie-specific molecules,
which may contribute to preclinical and clinical studies. The
performed study indicated that alkaline hydrolysis was necessary
for the detection of low-abundant species in serum and muscle
tissues. The high hydrophobicity of ceramide was overcome by
the development of the HPTLC plate in a specific eluent
[chloroform/methanol 50:3.5 (v/v)], resulting in increased
number and intensity of low-abundant ceramide species.

Kroslakova et al. (2016) have reported on the direct coupling
of HPTLC with MALDI-TOF-MS for qualitative detection of
flavonoids on phytochemical fingerprints. It is known that TLC
fingerprints of plant raw materials and extracts for various
applications usually focus on phenol acids and flavonoids. The
TLC/MALDI-TOF-MS method has been applied by the authors
for the development of fingerprints of flavonoids. The authors
have demonstrated the feasibility of direct coupling of HPTLC
with UV-MALDI-TOF-MS for the determination of the
molecular mass of the flavonol glycoside, that is, rutin, and
flavone glycoside, that is, luteolin-7-O-glucoside, and the
corresponding aglycones, that is, quercetin and luteolin. After
the primary TLC separation on the MS-grade plates, the
developed chromatogram was treated with 2,5-
dihydroxybenzoic acid as a MALDI matrix, dried, and scanned
by UV-MALDI-TOF-MS. All the studied compounds were
detected in MALDI-TOF mass spectra. This is particularly
important for the coeluted compounds—aglycones luteolin
and quercetin, which could not have been distinguished by the
densitometric HPTLC method. The authors have demonstrated
the potential of MALDI-TOF-MS for the analysis of low molar
mass fingerprints of flavonoids directly from their HPTLC
chromatogram.

THIN-LAYER CHROMATOGRAPHY AND
NOVEL DESORPTION/IONIZATION
MASS-SPECTROMETRY TECHNIQUES
Though MALDI-MS is the most used approach for direct
detection of analytes from TLC plates, there also several
desorption/ionization methods which are also capable of such
analyses. Thus, even in the 1980s, it was shown that fast atom
bombardment (Chang et al., 1984) and secondary ion mass
spectrometry (Kushi and Handa, 1985) can be conjugated with
planar chromatography. The development of ambient ionization
methods, such as “direct analysis in real-time” (DART) and
desorption electrospray ionization (DESI), makes it possible to
ionize molecules from TLC plates with minimum sample
preparation (Morlock and Schwack, 2010). On the one hand,
such approaches lookmore promising than TLC/MALDI because
they do not require any matrix, making the developed methods
more reproducible and easy to use. On the other hand, laser-
based vacuum systems such as MALDI guarantee high spatial
resolution and minimum side-ionization processes.

The first study demonstrating the power of the combination of
TLC and ambient ionization MS was published shortly after the
presentation of DESI (Van Berkel et al., 2005). The method is
based on spraying of the TLC surface with ultrasmall solvent
droplets at velocities higher than 100 m/s, causing desorption of
the ionized molecules of the analytes. The latter are transferred to
the interface of the MS and detected (Manikandan, et al., 2016).
The main drawback of this method is the dependence of the size
of desorption spots on TLC plates on solvent flow rates (Bagatela,
et al., 2015). Low flow rates lead to decreasing desorption of
analytes and low intensities of corresponding ions, whereas high
flow rates produce large spots causing diffusion of analytes across
TLC plates, decreasing spatial resolution, and co-ionization of
compounds with close Rf. Nevertheless, the approach was used,
for example, to develop methods for detecting components of
thermochromic inks for forensic purposes (Khatami et al., 2017).
A very interesting combination of TLC/DESI with ion mobility
spectroscopy/mass spectrometry (IMS/MS) was described by
Claude et al. (2020). In this case, IMS was necessary to resolve
co-eluting isomers of ecdysteroids, but, in fact, the proposed
multidimensional separation system can be used for the analysis
of very complex mixtures of various origins.

DART mass spectrometry operates using Penning ionization
principles: excited atoms of gas (mainly helium) interact with
molecules of ambient air components producing secondary ions,
which desorb/ionize compounds from the surface of the analyzed
object (Rondeau, 2017). This ionization mechanism is more
preferable for TLC than DESI because using gas streams
avoids diffusion of analytes (Morlock and Ueda, 2007).
Moreover, rather high temperature of gas enhances desorption
of analytes from plates, although some thermal decompositions of
labile compounds can occur. The method can also be combined
with online derivatization to enhance the ionization efficiencies of
the analytes (Borisov et al., 2019).

FIGURE 6 | DART ion source with possibility to change the gas flow
angle for desorption/ionization of analytes from TLC plates. Reprinted with
permission from Häbe and Morlock (2015). Copyright © 2015 John Wiley &
Sons, Ltd.
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The first version of the commercial DART ion source was
inconvenient for TLC analysis because the gas stream was
directed to the orifice of the MS interface and the analysis
required cutting of the plates. Though a special adapter
increases the efficiency of desorption/ionization and
reproducibility of the results was proposed by Ovcharov et al.
(2017), the problem was completely overcome with the release of
new generation of DART ion sources, allowing to change the gas
flow angle (so-called reflection scanning) and having TLC holders
(Figure 6). The sensitivity of TLC/DART can also be increased
using shortened source caps (Häbe andMorlock, 2015). There are
also approaches allowing the visualization of the gas impact
region on plates using neon additives to helium (Chernetsova
and Morlock, 2015) or substances changing their color upon
heating (Chernetsova et al., 2011).

All abovementioned improvements have rapidly increased the
popularity of TLC/DART, and now, it is the most common
combination of ambient mass spectrometry with planar
chromatography. Thus, this approach is often used for the
characterization of plant extracts. For example, DART-MS
coupled with the ion trap mass analyzer was used for express
identification of alkaloids extracted from plants and separated by
TLC (Chen, et al., 2018). The combination of TLC with
derivatization, bioautography, and DART-MS was successfully
applied by Bañuelos-Hernández et al. (2020) for the analysis of
Mexican Plectranthus amboinicus (Lour.) essential oil.
Comparison of HPTLC-UV/Vis chromatograms before and
after derivatization using the anisaldehyde–sulfuric acid
reagent and HPTLC-Vis-EDA autograms allowed determining
bioactive compound zones, which then were subjected to analysis

by DART with a high-resolution mass analyzer. A similar
approach was used for bioanalytical profiling of sunflower
leaves (Móricz et al., 2018).

TLC/DART analysis can also be used for quantitative analysis
of various compounds. Eichner and Spangenberg (2019) have
developed a method for separation and quantitative
determination of caffeine, artemisinin, and equol. The latter
was also an object of interest in the study by Peters and
Spangenberg, (2019). The comparison of results achieved using
TLC-UV and TLC/DART for the quantification of this substance
in cattle manure extracts clearly shows that selectivity of mass
spectrometry allows obtaining more exact results. The authors
underline that in case of UV detection, corresponding peaks were
significantly broader, causing more errors.

A very promising approach was developed by Chen et al.
(2021). In this study, DART-MS was combined with a laser
system, in which irradiation significantly increased desorption
of analytes. A similar method has already been published, but the
authors used an expensive multi-wavelength laser device (Zhang
et al., 2012), whereas the mentioned approach is based on a low-
cost and easy-to-install laser system. It also allowed decreasing
the temperature of the gas stream, which is rather high for the
TLC/DART experiment as usual. The proposed approach was
validated using various synthetic compounds and applied for the
analysis of natural herbal medicines.

There are also a significant number of other home-built
systems allowing desorption/ionization of analytes from TLC
plates. Their descriptions are summarized in Table 1.
Although such systems are not commercially produced, they
demonstrate great potential for further development and may

TABLE 1 | Home-built interfaces for TLC/MS systems.

Desorption/ionization principle Objects/analytes Results References

Laser desorption–low-temperature plasma
(LD-LTP)

Tea, coffee beans, and soluble
coffee extracts

Quantitative analysis of compounds in complex matrices,
possibility of a low-cost laser system used in combination with
an activated carbon matrix

Garcia-Rojas et al.
(2020)

Low-temperature plasma (LTP) Pharmaceuticals and biologically
active compounds

Desorption/ionization efficiencies depend on the nature of
solvents and analytes; LODs are compared to other approaches

Gong et al. (2020)

Laser desorption– low-temperature plasma
(LD-LTP)

Pharmaceuticals and biologically
active compounds

High spatial resolution and possibility to decrease LODs by
increasing laser spot size

Gong et al. (2020)

Desorption atmospheric pressure
photoionization (DAPPI)

Human lipids and plant oils Detection of fatty acid diols and glycerol esters, cholesterol and
its derivatives, and squalene

Rejsek et al. (2016)

Desorption atmospheric pressure chemical
ionization (DAPCI)

Amino acids and drugs Detection of amino acid and pharmaceutical compounds, linear
signal

Winter et al. (2015)

Desorption atmospheric pressure chemical
ionization (DAPCI)

Hop acids Semi-quantitative determination of α- and β-acid ratio Winter et al. (2017)

Sawtooth TLC-ESI/MS Dyes Detection of dyes using a very simple experimental design Cheng et al. (2019)
Flowing atmospheric pressure afterglow
(FAPA)

Pyrazole derivatives, alkaloids,
steroids, and drugs

LODs comparable with other ambient methods achieved using a
simple laser pointer for ablation, quantitative results

Ceglowski et al.
(2015)
Kuhlmann et al.
(2019)

Electrostatic spray ionization (ESTASI) Dyes and drugs Detection of all tested compounds, low LODs Zhong et al. (2015)
Electrostatic field–induced spray ionization
(EFISI)

Herbal extracts Detection of alkaloids, flavonoids, phenoic acids, lignans,
coumarins, anthraquinones, monoterpenoids,
sesquiterpenoids, diterpenoids, and triterpenoids

Zhang et al. (2019)
Zhang et al. (2020)

Desorption/ionization induced by neutral
clusters (DINeC)

Oligopeptides and extracts from
yolk of a chicken egg

Extremely soft ionization technique allowing desorption
ionization without any fragmentation

Heep et al. (2019)

Diode laser thermal vaporization–inductively
coupled plasma (DLTV-ICP)

Algae Reproducible quantification of selenium in algae using a low-cost
experiment design; the results are comparable to HPLC-ICP MS

Bednarik et al.
(2018)
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take an important place in TLC/MS analysis. Laser-based systems
appear to be most promising because they allow achieving the
highest spatial resolution, which is very important for the analysis
of co-eluted analytes.

CONCLUSION

Reproducibility and high spatial resolution achieved by MALDI-
MS are still keeping this method as the most widely used
desorption/ionization technique for the detection of analytes
from TLC plates. Further developments of this method,
including new chromatographic sorbents and matrix
compounds/mixtures, and novel sample preparation
procedures guarantee its popularity for the analysis of various
objects. Most notably, there are new studies introducing TLC/
MALDI as a useful tool in new research fields such as, for
example, petroleomics. However, the fast growing number of

ambient ionization techniques offers a good alternative for
MALDI. These methods allow developing cost-effective,
robust, and express approaches for the detection of various
classes of analytes from TLC plates. We believe that all these
MS ionization approaches will keep one of the first
chromatographic separation methods actual for a lot of purposes.
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MALDI-TOF MS Based Bacterial
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Diabetic Pedopathy
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Caiyan Zou2, Mengzhe Guo4, Yu Wang2*, Houfa Geng2* and Jun Liang1,2*

1Medical College, Soochow University, Suzhou, China, 2Xuzhou Central Hospital, Xuzhou Clinical School of Xuzhou Medical
University, Xuzhou, China, 3Affiliated Hospital of Xuzhou Medical University, Xuzhou, China, 4Jiangsu Key Laboratory of New Drug
Research and Clinical Pharmacy, Xuzhou Medical University, Xuzhou, China

Diabetes mellitus has become a major global health issue. Currently, the use of antibiotics
remains the best foundational strategy in the control of diabetic foot infections. However,
the lack of accurate identification of pathogens and the empirical use of antibiotics at early
stages of infection represents a non-targeted treatment approach with a poor curative
effect that may increase the of bacterial drug resistance. Therefore, the timely identification
of drug resistant bacteria is the key to increasing the efficacy of treatments for diabetic foot
infections. The traditional identification method is based on bacterial morphology, cell
physiology, and biochemistry. Despite the simplicity and low costs associated with this
method, it is time-consuming and has limited clinical value, which delays early diagnosis
and treatment. In the recent years, MALDI-TOF MS has emerged as a promising new
technology in the field of clinical microbial identification. In this study, we developed a
strategy for the identification of drug resistance in the diagnosis of diabetic foot infections
using a combination of macro-proteomics andMALDIMS analysis. Themacro-proteomics
result was utilized to determine the differential proteins in the resistance group and the
corresponding peptide fragments were used as the finger print in a MALDI MS analysis.
This strategy was successfully used in the research of drug resistance in patients with
diabetic foot infections and achieved several biomarkers that could be used as a finger
print for 4 different drugs, including ceftazidime, piperacillin, levofloxacin, and tetracycline.
This method can quickly confirm the drug resistance of clinical diabetic foot infections,
which can help aid in the early treatment of patients.

Keywords: MALDI TOF, macro-proteomics, drug resistance, diabetic foot, finger print

INTRODUCTION

Diabetes mellitus has become a major global health issue affecting approximately 9.3% of the
population worldwide, and is expected to increase by 25% by 2030 (Sinclair et al., 2020).
Approximately 30% of diabetic patients will develop diabetic pedopathy during their lifetime
(Armstrong et al., 2017). Of all the complications of diabetes mellitus, diabetic pedopathy poses
the most severe risks, and may result in a shortened life expectancy and a dramatic decline in the
quality of life (Lavery et al., 2016). In the past few decades, diabetic pedopathy has ranked 10th
among all diseases and is often a huge financial burden to the patients family as well as society as a
whole (Lazzarini et al., 2018).
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At present, antibiotics have been the foundational strategy
used to control diabetic foot infections. Due to the lack of accurate
identification of the pathogens, the empirical use of antibiotics at
the early stages of infection represents a non-targeted treatment
approach with a poor curative effect, and may result in bacterial
drug resistance (Munita and Arias, 2016). The World Health
Organization has recognized antibiotic resistance as one of the
most important public health threats in the 21st century (World
Health Organization, 2014). The ineffective use of antibiotics will
hinder wound healing in patients with diabetic foot infections,
and increase the length of stay in hospitals as well as hospital
costs. Therefore, timely identification of bacteria and drug
resistance is the key in the appropriate treatment of diabetic
foot infections (Caruso et al., 2021).

Enterobacterales and Staphylococcus aureus are themost common
pathogens identified in diabetic pedopathy (Ramirez et al., 2018; Alexi
et al., 2021). They play a crucial role in MDR organisms, and their
broad antibiotics resistance has increasingly attracted more attention
from healthcare associated workers worldwide. Especially concerning
is the resistance to cephalosporin and penicillin antibiotics, which
may lead to life-threatening issues in the treatment of diabetes-related
infections (Weinstein et al., 2019). Over the last decade, the resistance
of Enterobacterales to cephalosporin has dramatically increased
worldwide. The underlying resistance mechanisms are complex
and difficult to be identify. Additionally, carbapenem-hydrolyzing
enzymes produced by bacterium are also of great concern (Mao et al.,
2017). For example, Klebsiella pneumonia, which has the
characteristics of easy-spreading and extensive-contaminating,
could have a detrimental effect in its surroundings, such as
healthcare settings (Tascini et al., 2015). S aureus has primarily
exhibits penicillin-resistance. Due to the horizontal transfer and
natural selection of genes that encode for a mutant penicillin-
binding protein (Masters et al., 2020), this bacteria has a low
affinity to penicillin molecules, which underlies the penicillin-
resistance.

Bacterial identification is a crucial component of clinical
practice. The traditional method is based on the assessment of
bacterial morphology, cell physiology, and biochemistry (Sun
et al., 2021). While the simplicity of this method and low costs
make it an attractive option, it is time-consuming and has limited
clinical value due to its low positive rate (Jasson et al., 2010;
Oberhettinger et al., 2020). This results in diagnostic and
treatment delays.

In recent years, MALDI-TOF MS has emerged as a promising
new technology in the field of clinical microbial identification. It
is fast, stable, accurate, sensitive, and has a high resolution (Tan
et al., 2012; Scott et al., 2016). Its expanded research application in
clinical microorganisms has involved many fields, such as
bacterial identification, drug resistance analysis, virulence, and
epidemiology (Kostrzewa, 2018). Its potential for the rapid
detection of bacterial drug resistance has made it especially
attractive to many scholars. It falls within the mass range by
giving the protein that is resistant to bacteria, and then analyzes
the drug resistance of bacteria by looking for characteristic
spectral peaks. This study explores its use in detecting
bacterial drug resistance in diabetic foot infections and
provides a basis for rapid clinical antibiotic selection.

We have developed a MALDI mass spectrometry (MS) finger-
print analysis to be used in the diagnosis of antibiotic resistance in
patients with diabetic foot infections (Figure 1). First, the bacteria
from the affected tissue of patients were cultured and the species
were identified. The bacterial cultures were then tested for drug
resistance and divided into either a drug-resistant or drug-
sensitive group. Next, the bacterial macro-proteomics analysis
was introduced to identify the differential proteins between these
two groups. Finally, the fragments of the identified differential
proteins were compared using the MALDI analysis to identify the
drug-resistance finger print. This study could aid in the
establishment of a rapid drug resistance MALDI identification
method to be used for the clinical the determination of treatments
for diabetic foot infections.

EXPERIMENTAL

Patient Characteristics
The subjects of the study included type 2 diabetic foot patients
hospitalized in the Department of Endocrine and Metabolic
Diseases of the Xuzhou Central Hospital from June 2021 to
August 2021. The main inclusion criteria were: age was within
the range of 18–80 years old, and Wagner 3–4. Exclusion criteria:
no standing debridement, immunosuppressants had been used
within 3 months prior to admission, and the use of antibiotics in
the 4 weeks prior to admission. The diagnosis of diabetes mellitus
is based on the 1999 WHO diabetes mellitus diagnostic criteria.
The diagnosis of diabetic foot is based on the International
Diabetes Foot working group (IWGDF) guide (Lipsky et al.,
2020). This study was designed and implemented according to
the declaration of Helsinki. All patients and their families were
informed and agreed to participate in the study, which was
approved by the hospital ethics committee of Xuzhou central
hospital.

Specimen Collection
After flushing the wound with sterile saline, a well-trained
diabetic podiatrist took the deep necrotic tissue of the wound
to avoid superficial tissue contamination, which could cause
inaccurate results. A total of 16 necrotic tissue specimens were
collected and divided into two parts under sterile conditions: one
part was used for conventional microbial culture and the other
was used for MALDI TOF MS analysis.

Bacterial Inactivation and Protein
Extraction
Bacterial inactivation was performed before MS analysis. The
bacterial colonies after 72 h incubation were resuspended in
200 μl of pure water. The concentration of bacteria was chosen
to be 5 × 106 CFU/ml. Then 600 μl of methanol (MeOH) was
added to obtain a final 75% MeOH. This mixture was incubated
for 15 min and then centrifuged at 12,000 rom for 10 min to
obtain a bacterial pellet. The supernatant was removed and the
bacterial pellet was resuspended in 100% acetonitrile (ACN) with
0.1% formic acid. The mixture was passed through the secondary
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centrifugation (also 12,000 rpm for 10 min) and the bacterial
proteins were extracted.

MALDI TOF MS Method
MALDI TOF MS analysis was performed by a Bruker ultrafle
XtremeMALDI TOF/TOF mass spectrometry (Bruker Daltonics,
France). α-cyano-4- hydroxycinnamic acid (HCCA) was used as
the matrix and was dissolved into ACN. The extracted proteins
were dissolved into water and 1 µl of protein solution was mixed
with 1 µl of matrix. The mixture was dripped on a reusable
polished steel target and left to dry. The ionmode was positive ion
mode with delay: 150 ns; ion source 1 voltage: 20 kV; ion source 2
voltage: 18 kV; lens voltage: 6 kV. All spectra were shown
baseline-subtracted, smoothed, and auto-scaled in the
Y-direction, covering a range of 300–3,000 Da.

Label Free Macro-Proteomics Analysis
100 µg of protein was reduced with 5 m Mdithiothreitol (DTT) for
1 h at 37°C and subsequently alkylated with 10mM iodoacetamide
for 45min at RT (room temperature) in the dark. Samples were
diluted 1:3 with 50mM Tris-HCl (pH 8.0) and subjected to
proteolytic digestion with trypsin (Promega) at a 1:50 enzyme-to-
substrate ratio and incubated overnight at RT. The digested samples
were then acidified with 50% trifluoroacetic acid (TFA, Sigma) to a
pH value of approximately 2.0. Tryptic peptides were desalted on
reversed-phase C18 SPE columns and dried using a Speed-Vac.

Peptides (0.8 μg) were separated on an Easy nLC 1200 UHPLC
system (Thermo Scientific) on an in-house packed 20 cm ×
75 mm diameter C18 column. The column the flow rate was
0.200 μL/min with 0.1% formic acid and 2% acetonitrilein water
(A) and 0.1% formic acid, 90% acetonitrile (B). The peptides were
separated with a 6–30% B gradient in 84 min and analyzed using
the Thermo Velos mass spectrometer (Thermo Scientific).
Parameters were as follows: MS1: resolution—60,000, mass
range 350–1800 m/z, MS2: resolution −�50,000, high-energy
collision dissociation activation energy (HCD) was 37 eV,
isolation width (m/z) was 0.7, AGC Target was 2.0 e5, Max IT
was 105 ms.

Data Statistics
Experiments were repeated at least three times with consistent
results. Data are presented as the Mean ± SEM (standard error of
the mean) or Mean ± SD (standard deviation). Differences
between groups were determined using a two-tailed Mann-
Whitney U test or two-tailed Student’s t-test. Pearson
correlation coefficients (r) were calculated to evaluate
correlation and statistical significance was assessed by a two-
tailed t-test. The results of western blot analysis are the
representative images of at least three independent
experiments. For boxplots, the center line represents the
median, the box limits show the upper and lower quartiles,
and the outliers are represented as individual data points.

RESULTS

A total of 16 samples from patients with diabetic foot infections
were collected and used to create bacterial cultures. 5 Gram-
positive strains and 11 Gram-negative strains were successfully
cultivated. Under the authentication of MALDI MS, the Gram-
positive strains consisted of staphylococcus aureus and the Gram-
negative strains consisted of bacillus (Figure 2). The bacterial
cultures were then processed to determine drug-resistance. Both
the staphylococcus aureus and bacillus were tested using 2 types of
drug resistance experiments. In the case for bacillus, ceftazidime
and piperacillin were chosen as the test drugs, and levofloxacin
and tetracycline were chosen for staphylococcus aureus. The
proteins in these bacterial cultures were then extracted and
passed through the macro-proteomics and MALDI analysis.

For the bacillus, a total 1,500 proteins were detected by the
macro-proteomics analysis. Additionally, there were over 500
identical proteins among them. The samples were then divided
into two groups according to the drug resistance test results. As
shown in Supplementary Table S1, there are five bacillus samples
in the ceftazidime resistance group and six bacillus samples in the
other group. Moreover, PCA analyses were carried out for these
two groups according to the identical proteins. As shown in

FIGURE 1 | The strategy of the drug resistance finger print research for diabetic foot.
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Figure 3, these two groups can be well distinguished, with the Q2

over 0.8. A total of 10 differential proteins (p < 0.05 in t-test) were
obtained, including fumC, fmt, rpsT, proX, fisH, nuoC, proC,
tyrS, ribC, and bfr. Additionally, the digested peptides fragments
were found in the database, and were compared with the MALDI
TOF analysis. Finally, three peptides were consistently obtained
in both results (Figures 3C,D, Supplementary Figure S1),
including the peptides from nuoC with a sequence of
EALEWGTTGAGLR (m/z 1,360.7), from fisH with a sequence
of ESTAYHEAGHAIIGR (m/z 1,611.8), and from tyrS with a
sequence of LAEEIIYGPEHVSTGASNDIK (m/z 2243.1). These
three peaks of peptides can be considered the finger print for the
resistance of bacillus to ceftazidime.

The samples were also divided into two groups according to
piperacillin resistance. As shown in Supplementary Table S1,
there are six bacillus samples in the piperacillin resistance group
and five bacillus samples in the other group. The PCA analyses
were carried out for these two groups according to the identical
proteins. As shown in Figure 4, these two groups can be well
distinguished, with the Q2 over 0.8. A total of 14 differential
proteins (p < 0.05 in t-test) were obtained, including ybjP, rpmI,
rof, rim, acnA, lolA, engB, hisS, bglX, cpxR, phoP, trxA, ompA,
and bfr. Additionally, the digested peptides fragments were found
in the database, which were compared with the MALDI TOF
analysis. Finally, three peptides were obtained consistently in
both results (Figures 4C,D, Supplementary Figure S2),

including the peptides from acnA with a sequence of
SDTYGWQEDSTYIR (m/z 1720.8), from ompA with a
sequence of ATLKPEGQAALDQLYSQLSNLDPK (m/z
2600.4), and from rpmI with a sequence of
GDLGLVIACLPYA (m/z 1,361.7). These three peaks of
peptides can be considered as the finger print for the
resistance of bacillus to piperacillin..

For the staphylococcus aureus, a total 1,000 proteins were
detected by macro-proteomics analysis. In addition, there are
over 200 identical proteins among them. The samples were
divided into two groups according to the two other drug
resistance test results. As shown in Supplementary Table S2,
there are two staphylococcus aureus samples in levofloxacin
resistance group and three staphylococcus aureus samples in
the sensitive group. Moreover, the PCA analysis were carried
out for these two groups according to the identical proteins. As
shown in Figure 5, these two groups can be well distinguished
with the Q2 over 0.8. But only 3 differential proteins (p < 0.05 in
t-test) were obtained, including rpsS, rplV, and rpsQ.
Additionally, the digested peptides fragments were found in
the database, which were compared with the MALDI TOF
analysis. Finally, three peptides were obtained consistently in
both results (Figures 5C,D, Supplementary Figure S3),
including the peptides from rpsS with the sequence
QHVPVFVTDRMVGHK (m/z 1722.9), from rplV with the
sequence VLESAIANARHNDGADIDDLKVTK (m/z 2538.3),

FIGURE 2 | The identification of Klebsiella pneumonia (A) and Staphylococcus aureus (B) based on MALDI TOF analysis after bacterial cultured.
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FIGURE 3 | (A) The PCA analysis of drug resistance of ceftazidime for Klebsiella pneumonia; (B) The differential proteins between drug resistance group and drug
sensitive group; (C) The corresponding differential peptides and (D) the finger print in MALDI TOF.
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FIGURE 4 | (A) The PCA analysis of drug resistance of piperacillin for Klebsiella pneumonia; (B) The differential proteins between drug resistance group and drug
sensitive group; (C) The corresponding differential peptides and (D) the finger print in MALDI TOF.
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FIGURE 5 | (A) The PCA analysis of drug resistance of levofloxacin for Staphylococcus aureus; (B) The differential proteins between drug resistance group and
drug sensitive group; (C) The corresponding differential peptides and (D) the finger print in MALDI TOF.
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FIGURE 6 | (A) The PCA analysis of drug resistance of tetracycline for Staphylococcus aureus; (B) The differential proteins between drug resistance group and
drug sensitive group; (C) The corresponding differential peptides and (D) the finger print in MALDI TOF.
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and from rpsQ with the sequence LHVHDENNECGIGDVVEIR
(m/z 2205.1). These three peaks of peptides can be considered as
the finger print for the levofloxacin resistance of staphylococcus
aureus.

The staphylococcus aureus samples were also divided into two
groups according to the tetracycline resistance results. As shown
in Supplementary Table S2, there are three staphylococcus aureus
samples in levofloxacin resistance group and two staphylococcus
aureus samples in the sensitive group. As shown in Figure 6,
these two groups can be well distinguished with the Q2 over 0.8.
And 10 differential proteins (p < 0.05 in t-test) were obtained,
including rpmA, rpsT, dnaN, guaA, proS, alaS, frr, adk, groS, and
rplE. Additionally, the digested peptides fragments were found in
the database, which were compared with the MALDI TOF
analysis. Finally, three peptides were obtained consistently in
both results (Figures 6C,D, Supplementary Figure S4),
including the peptides from rplE with the sequence
AKLHDYYKDEVVKK (m/z 1735.9), from guaA with the
sequence DFNPSGIILSGGPESTTEENSPR (m/z 2404.2), and
from proS with the sequence
DAYSFHTSQESLQETYDAMYAAYSK (m/z 2906.3). These
three peaks of peptides can be considered as the finger print
for the tetracycline resistance of staphylococcus aureus.

In addition, we added 12 bacterial samples from diabetic
podiatry to validate our method, including 7 samples of
ceftazidime resistance of bacillus, and 5 samples of
levofloxacin resistance of staphylococcus aureus. We examined
whether there were characteristic peaks of resistance in these
samples. It is worth noting that these samples were all tested
blind, that is, the tester did not know whether the samples were
drug-resistant bacteria samples before the test. The detection
results showed that at least one characteristic peak of drug
resistance could be detected in these drug resistant bacteria
samples, indicating that the method developed by us has good
accuracy (Supplementary Table S3, and Supplementary Figure
S4, S5).

DISCUSSION

Recent studies have suggested that the microbiota in diabetic foot
infections are diverse, which is typically beyond the identification
capabilities of the traditional culture method. Although
molecular-based methods, such as qPCR and mNGS, can
effectively identify the bacterial species, they are difficult to
routinely carry out in clinical practice and also have several
inherent biases (Malone et al., 2017; Sadeghpour Heravi et al.,
2019). Overall, there is still no simple and specific method to
identify the antibiotics resistance of bacteria.

Using bacterial cultures made from diabetic pedopathy
patients, we further conducted the MALDI TOF analysis.
Consistent with previous studies (Złoch et al., 2021), our study
found both Gram-positive and Gram-negative bacterium. A total
of 5 strains of Gram-positive bacteria and 11 strains of Gram-
negative bacteria were used for further MALDI detection and
analysis, which authenticated that the Gram-positive strains
consisted of staphylococcus aureus and the Gram-negative

strains consisted of bacillus. Subsequently, a macro-proteomics
analysis was carried out to detect the proteins associated with
antibiotic resistance. As a result, a total of 1,500 proteins and
1,000 proteins were detected in the bacillus and staphylococcus
aureus by macro-proteomics analysis, respectively. Combined
with the results of bacterial culture, MALDI TOF, and
proteomics, we found a series of differentially expressed
proteins. According to the antibiotics resistance, subgroup
analyses have confirmed the presence of a finger print of the
different bacterium. The peaks of the nuoC, fisH, and tyrS
peptides can be considered as the finger print for the
resistance of bacillus to ceftazidime resistance. The peaks of
the acnA, ompA, and rpmI peptides can be considered as the
finger print for the resistance of bacillus to ceftazidime. The peaks
of the rpsS, rplV, and rpsQ peptides can be considered as the
finger print for the resistance of staphylococcus aureus to
levofloxacin resistance. The peaks of the rplE, guaA, and proS
peptides can be considered as the finger print for the resistance of
staphylococcus aureus to tetracycline.

An appropriate antibiotic strategy is well known to be essential
in the management of diabetic foot infections. However, the
prompt identification of antibiotic resistance is the cornerstone of
anti-infection therapy. The bacterial resistance fingerprint
identified by this study can guide modifications to clinical
antibiotic regimens in the earliest period, which may enhance
infection control and wound healing of diabetic pedopathy,
shorten the length of hospital stays, and reduce overall costs.
Based on the convenience and accuracy of the new method in the
identification of a bacteria finger print, as well as results from a
previous study (Asghari et al., 2021), has confirmed that MALDI
TOF could be widely used in clinic and guide decision-making
regarding the use of antibiotics.

CONCLUSION

In this work, we have developed a strategy for the
identification of drug resistance in the diagnosis of diabetic
foot. Macro-proteomics and MALDI MS analysis were
combined in this strategy. From the macro-proteomics
result, the differential proteins which in the resistance
group were obtained and the correspondence peptide
fragments were used as the finger print in MALDI MS
analysis. Then this strategy was successfully used in the
drug resistance research in diabetic foot patients and
achieved several biomarkers as finger print for 4 drugs,
including ceftazidime, piperacillin, levofloxacin, and
tetracycline. This method can quickly confirm the drug
resistance of diabetic foot in clinical, which can help the
treatment of patients as early as possible.
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Advances in MALDI Mass
Spectrometry Imaging Single Cell and
Tissues
Xiaoping Zhu1,2, Tianyi Xu1,2, Chen Peng2 and Shihua Wu1,2*

1Joint Research Centre for Engineering Biology, Zhejiang University-University of Edinburgh Institute, Zhejiang University, Haining,
China, 2Research Center of Siyuan Natural Pharmacy and Biotoxicology, College of Life Sciences, Zhejiang University, Hangzhou,
China

Compared with conventional optical microscopy techniques, mass spectrometry imaging
(MSI) or imaging mass spectrometry (IMS) is a powerful, label-free analytical technique,
which can sensitively and simultaneously detect, quantify, and map hundreds of
biomolecules, such as peptides, proteins, lipid, and other organic compounds in cells
and tissues. So far, although several soft ionization techniques, such as desorption
electrospray ionization (DESI) and secondary ion mass spectrometry (SIMS) have been
used for imaging biomolecules, matrix-assisted laser desorption/ionization (MALDI) is still
the most widespread MSI scanning method. Here, we aim to provide a comprehensive
review of MALDI-MSI with an emphasis on its advances of the instrumentation, methods,
application, and future directions in single cell and biological tissues.

Keywords: matrix-assisted laser desorption/ionization (MALDI), imaging mass spectrometry, single-cell
metabolomics, proteomics, spatial distribution, tissue mapping

1 INTRODUCTION

Mass spectrometry (MS) is a fundamental analytical technique for sensitive detection and
identification of hundreds of inorganic elements and organic molecules in complex mixtures.
Since 1912, J.J. Thomson found that isotopes of neon had masses 20 and 22 in a 10:1 ratio and
explained its apparently anomalous atomic weight of 20.2. MS became more and more important for
many life and science fields. A large number of MS methods and instruments, including ion sources,
detectors, and analyzers have been developed (Wiseman et al., 2009). In the last three decades, with
the advent of soft ionization techniques, such as electrospray ionization (ESI) (Fenn et al., 1989) and
matrix-assisted laser desorption/ionization (MALDI) (Karas et al., 1987; Tanaka et al., 1987), it
became possible to obtain mass spectra of proteins, DNA/RNA, carbohydrates, lipids, polymers, etc.
In addition, with dramatic instrument improvements in unique capabilities of specificity, sensitivity,
speed, sampling, and automated computer data acquisition/reduction, MS became an indispensable
tool for the label-free detection of intact biomolecules in biological samples.

Meanwhile, the development of approaches for detecting, identifying, and mapping spatially
the localization of molecules using mass spectrometry imaging (MSI, also named as imaging
mass spectrometry) has extended these strengths of analytical MS to the cellular and subcellular
scales and enabled detailed molecular mapping of hundreds of molecules in biological tissues
(Unsihuay et al., 2021a). MSI can provide detailed maps of hundreds of molecules in complex
samples with high sensitivity and subcellular spatial resolution. As shown in Figures 1A,B and
Table 1, up to now, there are several MSI ionization methods, such as desorption electrospray
ionization (DESI), matrix-assisted laser desorption/ionization (MALDI), and secondary ion
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mass spectrometry (SIMS) (Gilmore et al., 2019;
Schnackenberg et al., 2021). Similar to high-resolution
MALDI ion sources, secondary ion mass spectrometry
(SIMS, Figure 1B) ion beam technology has become a
complementary mainstream method from the fringe of
biological imaging due to significant developments in the
primary ion beam technologies and mass spectrometers
(Passarelli et al., 2017; Gilmore et al., 2019; Newell et al.,
2020; Samfors and Fletcher, 2020; Sparvero et al., 2021; Van
Nuffel et al., 2021). However, due to the ease of sample
preparation, user-friendliness, speed, high sensitivity, and
easy-to-interpret spectra, MALDI is still one of the most

suitable MS ionization techniques for MSI in clinical
laboratory (Norris and Caprioli, 2013a; Flatley et al., 2014;
Schulz et al., 2019; Schnackenberg et al., 2021).

MALDI-MSI is a label-free, innovative, and emerging technique
that produces two-dimensional (2D) ion density maps representing
the distribution of an analyte(s) across a tissue section in relation to
tissue histopathology. One main advantage of MALDI-MSI over
other imaging modalities is its ability to determine the spatial
distribution of hundreds of analytes within a single imaging run,
without the need for a label or any prior knowledge (Schnackenberg
et al., 2021). Furthermore, MALDI produces mainly singly charged
ions, providing a less complex analyte ion profile than ESI where the

FIGURE 1 | The principles of (A,B) major MSI ionization methods and (C,D) two kinds of new post ionization (PI) laser enhanced new high-resolution MALDI ion
sources. (A) Schematic of MALDI at several different laser angles (α). HV, high voltage. (B) Schematic of SIMS and DESI. (C) Schematic drawing of the modified MALDI
ion source of the Synapt G2-S mass spectrometer. Primary MALDI and PI laser beams for more complete ionization and shielding aperture for increasing the cooling gas
pressure in the region of ion generation. The lower panel illustrates the laser pulse triggering sequence. (D) Schematics of t-MALDI-2–MSI. An actively Q-switched
Nd: YLF laser (laser 1, λ � 349 nm, M2 ∼ 1.05) is focused onto a matrix-coated sample via a UV-transmitting ×50 objective in back-side illumination geometry. The Nd:
YAG laser (laser 2 wavelength 2,266 nm) intersects the extended analyte matrix plume at a certain distance and a certain delay between the two laser pulses.
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occurrence of multiple charged ions from the same analyte tends to
crowd the spectrum and renders interpretation difficult (Flatley et al.,
2014). Over the last decade, MALDI-MS imaging has been used by
researchers to explore areas of proteomics, lipidomics, and
metabolomics in biological and clinical samples (Norris and
Caprioli, 2013a; Chen et al., 2015; Cole and Clench, 2015; Rocha
et al., 2017; Capitoli et al., 2019; Pareek et al., 2020; Schnackenberg
et al., 2021). Histology-directed MS measurements provide unique
insight into clinical questions for histology images and help to
diagnose disease. MALDI-MS imaging, underpinning with
enough specific molecular information, is poised to revolutionize
the practice of anatomic pathology in the coming decade, and
provide the next generation of diagnostic tests that will extend
and improve the quality of life (Norris and Caprioli, 2013b).
Although there are numbers of advances and applications in the
versatile fields, in this review, we will highlight the recent key
advances and application of MALDI-MSI with an emphasis on
the instrumentation, methods, application, and future directions in
single cell and biological tissues.

2 MATRIX-ASSISTED LASER
DESORPTION/IONIZATION ION SOURCES
AND MASS ANALYZER
The most basic MALDI process is to mix a concentrated matrix
solution with an analyte solution and then dry it on a MALDI
target plate to produce a matrix/analyte crystalline spot. Due to the
high molar excess of the matrix, the matrix-dominated sample
crystals absorb pulsed laser energy, leading to desorption and
ionization of the matrix/analyte through the sample volume
disintegration process (Cornett et al., 2007; Flatley et al., 2014).
The information content of MS images is critically influenced by a
combination of the 1) laser focusing optics/geometry, 2) precision
of the sample positioning stage, 3) source pressure, 4) ion transfer,
and 5) capabilities of the mass analyzer. (Roempp and Spengler,
2013; Gilmore et al., 2019). The ideal mass spherometer for
MALDI-MSI would satisfy the “4S-criteia for performance”
(speed, specificity, spatial resolution, and sensitivity). Each of
these will impose limitations on the achievable lateral resolution
and the information obtained from acquired mass spectra.

2.1 Classical Ion Sources
Historically, MALDI technology was first developed by Koichi
Tanaka when he used the “metal fine powder and glycerol matrix”
method for the same preparation (Tanaka et al., 1987). This
method made a breakthrough of low molecular weight limit of
laser desorption time-of-flight mass spectrometry (LD-TOF-MS).
At that time, May 1987, the mass number that we had been able to
measure had already exceeded 48,000 Da. Soon after this, the
measured mass numbers were extended in the range of 72,000 to
100,000 Da (Tanaka et al., 1988). Almost at the same time as
Tanaka, Karas and Hillenkamp also developed the MALDI
method (Karas et al., 1987) to measure proteins with
molecular masses exceeding 10,000 Da in 1987 (Karas and
Hillenkamp, 1988). The novel soft ionization technique could
introduce larger biomolecules such as proteins into the mass
spectrometer (Flatley et al., 2014) and, thus, won dramatic
applications and improvements. After 10 years, in 1997,
MALDI was applied to biological imaging biological samples,
e.g., human buccal mucosa cells and endogenous proteins
(Caprioli et al., 1997). This group then went on to automate
the MALDI-MSI process and demonstrated the application of the
technique to imaging proteins and peptides in the mouse brain
and glioblastoma sections. Soon, the application areas have
rapidly expanded to include a large number of small
molecules, e.g., small-molecule drugs, peptides, lipids, and
neurotransmitters (Trim and Snel, 2016).

So far, there are several kinds of MALDI methods to generate
ions. As shown in Figure 1A, according to the angle (α) of laser
irradiation with respect to the sample surface normal and the
pressure in the ion source, MALDI-MSI systems may be grouped
into three major categories, transmission and reflection MALDI,
and scanning microprobe matrix-assisted laser desorption/
ionization (SMALDI) (Gilmore et al., 2019). For a classical
transmission MALDI, the laser beam irradiates the sample at
180° relative to the analyzer axis; thus, the focused laser beam is
required to penetrate the sample, and ions are ejected in the
direction of laser propagation. The transmission geometry has
been successfully employed for high lateral resolution lipid/
metabolite MALDI-MSI with pixel resolutions down to 5 μm.
While for the reflection of MALDI, the laser beam irradiates the
matrix-covered sample surface with an angle between 0° and 90°

TABLE 1 |Differences between matrix-assisted laser desorption/ionization (MALDI), secondary ionmass spectrometry (SIMS), and desorption electrospray ionization (DESI)
(Svatos, 2010; Yang et al., 2020).

MALDI SIMS DESI

Beam source Primary ion Secondary ion Primary ion
Ionization method UV-laser primary charged particles (Cs+, SF5

+, Au, and Sb
clusters, C60

+) eject and ionize material from surface
Modified ESI source spraying solvent using high-
pressure gas flow on the sample surface

Sample preparation Freezing microtome section and
matrix application is needed

Freezing microtome section is needed, then directly
analyzed

Directly analyzed

Matrix Needed None None
Environment Vacuum Vacuum/low pressure Atmosphere
Space resolution 10–100 µm 100 nm∼1 µm 40–200 µm
Sample damaging level High Low Low
Detected object All kinds of biological samples, no

limitation of molecular weight
Hydrophobic compounds with molecular weight not
exceeding 1,000 Da

Compounds with molecular weight not
exceeding 2,000 Da
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regarding the analyzer inlet, which means ions are “reflected”
from the sample surface, and sample perforation is not required.
A previous study (Potocnik et al., 2015) indicated that using the
rapifleX MALDI-TOF-MSI instrument to image lipid
distributions in tissue sections, it was found that lateral
resolutions were down to 10 μm. Scanning microprobe matrix-
assisted laser desorption ionization (SMALDI) mass was invented
by Spengler, B. and Hubert, M. in 2002 (Spengler and Hubert,
2002). It was further improved as atmospheric pressure scanning
microprobe matrix-assisted laser desorption/ionization mass
spectrometry (AP-SMALDI MS) for imaging (Vegvari et al.,
2017; Bhandari et al., 2018; Bredehoeft et al., 2019; Kadesch
et al., 2020; Mokosch et al., 2021; Mueller et al., 2021; Righetti
et al., 2021), while atmospheric pressure MALDI ion sources AP-
MALDI have also been developed for MSI (Guenther et al., 2011;
Jackson et al., 2018; Keller et al., 2018) and achieved a lateral
resolution at 1.4 μm (Kompauer et al., 2017).

2.2 New Post-Ionization Laser-Enhanced
Ion Sources
As described above, MALDI-MSI can simultaneously record the
lateral distribution of numerous biomolecules in tissue slices, but

its sensitivity is restricted by limited ionization. Recently, Jens
Soltwisch et al. (Soltwisch et al., 2015) introduced a wavelength-
tunable PI laser strategy, called MALDI-2 (Figure 1C), that
initiates secondary MALDI-like ionization processes in the gas
phase. In MALDI-2, the beam of a pulsed ultraviolet (UV) laser
intercepts the expanding particle plume in an N2 cooling gas
environment, which contrasts with previous photoionization
studies where classical high-vacuum ion sources
(p ≤ 10–6 mbar) were implemented. An effective diameter of
∼5 μm of the primary laser beam was achieved by beam
shaping and by mounting the focusing lens inside the MALDI
ion source. In this way, the ion yields for numerous lipid classes,
liposoluble vitamins, and saccharides could be increased, and
imaged in animal and plant tissue with a 5-μm-wide laser spot, by
up to two orders of magnitude. Critical parameters for initiation
of the secondary ionization processes are pressure of the cooling
gas in the ion source, laser wavelength, pulse energy, and delay
between the two laser pulses. The technology could enable
sensitive MALDI-MS imaging with a lateral resolution in the
low micrometer range (Soltwisch et al., 2015; Soltwisch et al.,
2020; Bien et al., 2021b).

The mechanisms underlying ionization by proton transfer in
MALDI-2 possibly involve resonant two-photon ionization of the

FIGURE 2 | Schematic outline of workflow of cells, spheroids, organ and tissue section, whole-body section and formalin-fix, paraffin-embedded (FFPE) tissue
section for an MSI experiment in different samples.
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matrix (m) by the PI laser (giving rise to m+• ions and free e–),
succeeding collisions with neutral matrix molecules (leading to
the generation of protonated or deprotonated matrix), and
proton transfer to or from neutral analyte molecules (M) in
subsequent collisions to yield the observed [M + H]+ or [M—H]–

products (Soltwisch et al., 2015). Thus, with the use of optimal PI
laser conditions, increased ion signals were produced. With the
idea, and with the use of laser-induced post-ionization
transmission-mode MALDI ion sources (named t-MALDI-2,
Figure 1D) and an Orbitrap mass analyzer to compose a
t-MALDI-2 MSI system, M. Niehaus et al. (Niehaus et al.,
2019) achieved a high a pixel size of 600 nm with brain tissue.
The method could constitute a valuable new tool for research in
cell biology and biomedicine.

2.3 Mass Analyzer
MALDI has been used in combination with TOF mass
spectrometer for MALDI MSI, which could provide high
spatial resolution (10 μm and better) and fast acquisition speed
(e.g., provided by a 10-kHz laser), but they are less suitable for
small molecules. Fourier Transform (FT) ion cyclotron resonance
(ICR) or FT-orbitrap mass analyzer high resolving power and
mass accuracy can provide high resolving power and mass
accuracy, which are key for small molecule MSI and
determinants of specificity. Currently, FT-ICR MS could
provide the highest resolving power (>1,000,000 at m/z 200)
capable of resolving isotopic fine structure. MALDI Orbitrap FT-
MS also can provide high resolving power (>140,000) and lateral
resolution. Some MALDI-QTOF instruments with intermediate
resolving power combine MSI with ion mobility separation as a
complementary separation technique that offers the potential to
separation isometric molecules (Schulz et al., 2019).

3 GENERAL PROCESS OF MALDI-MSI

Principally, MALDI-MSI operation is a very simple and
convenient process. As shown in Figure 2, the MSI sample
preparation method includes sample collection, storage,
sectioning, tissue pretreatment, matrix spraying, and so on,
and is related to the type of sample and the nature of the
object to be detected. Usually, a concentrated matrix solution
is first mixed with the analyte solution and allowed to dry on a
MALDI target plate (Flatley et al., 2014). After sufficient dry
matrix coverage is achieved, the sample with high molar excess of
the matrix is then recrystallized (Yang and Caprioli, 2011). The
recrystallization allows analyte extraction from the sample
surface in a controlled manner without a washing or spraying
motion, leading to matrix/analyte desorption and ionization by a
sample volume disintegration process (Yang and Caprioli, 2011).
Sublimation and recrystallization offers the best spatial resolution
in terms of crystal size, which allows the laser spot of the MALDI
to define the spatial resolution of the experiment (Bouschen et al.,
2010).

In the sample preparation process, even a slight movement in
the analytes from their native positions is amplified. Thus, the
main difficulty in the preparation of MALDI-MSI experimental

tissue is that the chemical integrity of the targeted metabolites is
not changed, and the true spatial distribution of the metabolites in
the tissue is retained to minimize the displacement (Sturtevant
et al., 2021). What is more, avoiding large volumes of matrix
solvent is critical to maintaining optimal spatial resolution when
performing MSI on small samples (Weaver and Hummon, 2013).

3.1 Sample Types and Pretreatment
MSI enables local molecular analysis at a broad range of length
scales, from the subcellular level to whole body tissue sections,
including organ tissue section, whole body section, spheroids in
3D cell cultures, and formalin-fixed and paraffin-embedded
(FFPE) tissues, and their sample preparation processes are
different.

3.1.1 Cell Sample
Cell samples from 2D monolayer cultures can also apply to
MALDI-MSI. The sample preparation procedure is depicted in
Figure 2. First, cells cultured in cell culture flasks are digested
with trypsin. The cells are centrifuged, and the supernatant is
discarded. The cell pellet is subsequently washed twice with PBS
solution before re-suspended in PBS to obtain a cell suspension.
Cell suspensions are deposited onto the MALDI target. After
drying of the cell suspension liquid, the matrix is dropped onto
the analyte and then used for MALDI-MSI (Chen et al., 2017).

Recently, Tanja Bien et al. demonstrated the pros and cons of
the protocols with four model cell lines, cultured directly on
indium tin oxide (ITO)-coated glass slides, and achieved the
cultures at a pixel size of 2 μm by using transmission (t-) mode
MALDI-2-MSI enabled on an Q Exactive plus Orbitrap mass
spectrometer (Bien et al., 2021a). Cells were cultured directly on
ITO-coated glass slides (70–100Ω/sq, Merck) equipped with
growth chambers. A total number of 2 × 104 cells in 0.5 ml of
growth media were directly sown into each chamber of the slides
and grown for 48 h to subconfluence. It should be noted that the
direct growth on the ITO surface results in a slightly reduced
adherence of the cells compared with the original glass slide of the
chamber slide assembly.

3.1.2 Spheroid 3D Cell Cultures
Spheroids and organoids are three-dimensional (3D) cell models
when cultured in suspension or nonadhesive environment, which
is different from 2D monolayer cultures. Organoids are in vitro
models of human development and disease study. They are often
thought of as miniature versions of organs, and they often show
very precise microscopic anatomical structures. Spheroids are 3D
cultures composed of cellular polymers produced by a single cell
type or a mixture of cells. Nowadays, 3D cell culture is widely
used in screening environments for better assessment of drug
safety and identifying potential cancer therapeutics (Lin and
Chang, 2008; Hirschhaeuser et al., 2010).

In 2011, MALDI-MSI was combined with 3D cell culture to
examine protein distribution for the first time, and it was found
that cytochrome C and Histone H4 are the two predominant
proteins in the 3D colon carcinoma cultures (Li and Hummon,
2011). Later, further studies of 3D cell culture about colon
carcinoma (Liu et al., 2018c), human skin (Avery et al., 2011;
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Russo et al., 2018), blood–brain barrier (Bergmann et al., 2018),
pancreatic cancer (Johnson et al., 2020), colorectal cancer (Liu
et al., 2018b), and breast cancer (David et al., 2018) are
combined with MALDI-MSI to analyze metabolites. Besides,
Flint et al. characterized the metabolites, proteins, and metals of
a novel aggregated spheroid model, termed “aggregoid,” by
DESI-MSI, and they demonstrated that absolute
quantification of drugs is achievable in 3D tissue models
(Flint et al., 2020). It is obvious that the combination of MSI
and 3D cell culture has become a promising tool for early-stage
drug analysis and disease analysis.

The basic workflow of 3D cell models used in MSI is depicted
in Figure 2. Cells are seeded and incubated with a layer of agarose
dissolved in cell culture media at the bottom of the inner plates to
facilitate 3D spheroid and organoid formation. After 10–14 days,
the spheroids grow to roughly 1 mm in diameter. The 3D cell
models are then collected and embedded in gelatin for sectioning
and subsequent MSI analysis (Weaver and Hummon, 2013).
Details about sample preparation strategies for MSI of
spheroid 3D culture models can be found in Wheatcraft et al.

(2014) and sample preparation strategies for MSI of primary
tumor organoids can be found in Johnson et al. (2020).

3.1.3 Organ Tissue Sections
Fresh frozen tissue slices (5–15 μm) collected from organs and
whole body are the most common samples used in MALDI-MSI.
Fresh frozen tissues, which are cut on a cryostat, are thaw
mounted on a metal target or conductive glass slide. Excess
lipids and salts can interfere with matrix crystallization and
analyte ionization when analyzed protein, endogenous soluble
ionization-suppressing compounds, and salts can interfere the
detection of small molecules; therefore, sections are necessary to
be washed by organic solvents (Lemaire et al., 2006; Schwamborn
and Caprioli, 2010; Yang and Caprioli, 2011; Shariatgorji et al.,
2012; Wheatcraft et al., 2014; Sun et al., 2019). The major process
for the preparation of fresh frozen tissue sections for direct
analysis by MALDI-MS is summarized in Figure 2 (Schwartz
et al., 2003; Goodwin, 2012).

Histologically, tissues are often stained for observation. Some
histological stains, such as cresyl violet or methylene blue, are

FIGURE 3 | Representative standard applyed methods. (A) Four methods of applied internal standards for MSI (Chumbley et al., 2016). (B, C) Three common
methods for calibration of standards applied. Modified from Porta et al. (2015) and Tobias and Hummon (2020). (B) The in-solution method is to directly spot the
calibration standard on the indium tin oxide (ITO) slide. On the other hand, the on-tissue method places a control sample next to the sample section and spot calibration
standards on the control section. In addition, the in-tissue method uses a tissue simulation model spiked with calibration standards of different concentrations, and
the tissue simulation model is section and placed next to the sample portion. (C) A summary table of the characteristics of each method, where the asterisk indicates
performance (low � 1 star, high � 3 stars).
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compatible with subsequent MS analysis (Chaurand et al., 2004).
However, other stains, such as hematoxylin and eosin (H&E), can
interfere subsequent MS analysis; therefore, serial sections are
obtained and stained to guide matrix deposition and laser
ablation and to allow comparison of MS results with tissue
histology (Schwamborn and Caprioli, 2010). Another solution
is performing MS analysis first and staining after removing the
matrix (Grey et al., 2009).

3.1.4 Formalin-Fixed and Paraffin-Embedded Tissues
In contrast to fresh frozen tissue, FFPE tissue specimens are the
well-established processing methods employed in histological
examination. They are prepared by immersing the sample in
formalin to fixation, then removing the fixator and residual
water in ethanol and using an organic solvent (such as xylene)
to remove the ethanol, and finally embedding the sample in
molten paraffin. Thus, FFPE samples have been through to be
unusable for proteomic approaches because of protein cross-
linking caused by formalin fixation for a long time (Becker
et al., 2007). In 2007, the I. Fournier’s group presented two
methods for direct analysis of FFPE tissues by MALDI-MS
(Lemaire et al., 2007), making it possible to get massive

amounts of archived samples in the clinical pathology
setting. In addition, the use of antigen retrieval techniques
and in situ tryptic digestion has allowed the analysis of FFPE
samples by MSI (Groseclose et al., 2008).

Recently, a MALDI-MSI protocol for tryptic peptides from
FFPE tissues (Ly et al., 2019), which help to establish a standard
operating procedure. High-mass-resolution MALDI-FT-ICR-
MSI platform had also been used for the in situ analysis of
metabolite content from the FFPE sample (Ly et al., 2016). Using
this platform, an overlap of 72% of detected species was achieved
in the mass range of m/z 50–1,000 in FFPE samples, compared
with fresh frozen samples. Metabolites are found to be largely
conserved in FFPE tissue samples, and thus, the data acquired
with this protocol can be used in research and clinical practice,
making full use to mining data in traditional FFPE tissue. Recent
research applied MALDI-MS to FFPE tumor tissue sections and
enabled cancer subtype classification, providing a promising
complementary approach to current pathological technologies
for precise digitized diagnosis of diseases (Möginger et al., 2020).

Nowadays, MSI is a powerful tool that has been used to detect
biomarkers, such as peptides (Groseclose et al., 2008), proteins
(Lemaire et al., 2007; Stauber et al., 2008; Araujo et al., 2014),

TABLE 2 | Common matrices used for MALDI MSI targets (Tholey and Heinzle, 2006; Tobias and Hummon, 2020; Schnackenberg et al., 2021).

Matrix class Matrix names Targets

Classical organics 2,5-Dihydroxybenzoic acid (DHB) Lipids, peptides, neuropeptides, drugs, small proteins
α-Cyano-4-hydroxy cinnamic acid (CHCA/CCA) Proteins, peptides, N-glycans, lipids
Sinapinic acid (SA) Proteins and peptides
4-Chloro-α-cyanocinnamic acid (CICCA) Proteins and peptides
2,5-Dihydroxyacetophenone (2,5-DHAP) Phospholipids, proteins
9-Aminoacridine (9-AA) Free fatty acids, lipids
1,5-Diaminonaphthalene (1,5-DAN) Glycolipids, metabolites
2-(2-Aminoethylamino)-5-nitropyridine Phospholipids
2-Mercaptobenzothiazole Phospholipids
4-Nitroaniline (PNA) Phosphatidylethanolamine
Norhamane Bile acids, lipids
Dithranol Di-and triacylglycerols
1,6-Diphenyl-1,3,5-hexatriene (DPH) Free fatty acids
1,8-Bis(dimethylamino) naphthalene (DMAN) Free fatty acids
N1,N4-Dihbenzylidenebene-1,4-diamine (DBDA) Fatty acids
Meso-tetratkis (pentafluorophenyl)-porphyrin Free fatty acids
2,4-Dihydroxyacetophenone (DHAP) Glycoproteins
2.4,6-Trihydroxyacetophenone (THAP) Lipids
Picolinic acid Oligonucleotides
Succinic acid Oligonucleotides

Reactive matrices 2.4-Diphenyl-pyranylium tetrafluoroborate (DPP-TFB) Small molecule amines, neurotransmitters
2.4,6-Trimethyl-pyranylium tetrafluoroborate (TMP-TFB) Dopamine
p-N,N,N-Trimethy lammonioanilyl N-hydroxysuccinimidyl carbamate iodide
(TAHS)

Steroids and catecholamine

4-Hydroxy-3-methoxycinnamaldehyde (CA)
2,3,4,5-Tetrakis (31,4-dihydroxylphenyl)thiophene (DHPT)
2-Fluoro-1-methyl pyridinium (FMP) derivatives Neurotransmitters

Inorganic nanomaterials Metal based (e.g., gold, silver, titanium oxide) Small molecules
Silicon based (e.g., nanopost arrays, nanowires, nanopillars) Small molecules

Room-temperature ionic
liquids

DHB-Py, DHB-MI (1-methylimidazole), DHB-TBA, SA-TBA Small molecules
CCA-DEA (N,N-diethylaniline), CCA-ANI (Aniline) Peptides
SA-TBA, SA- Et3N (triethylamine) Proteins
9-AA-NEDC Lipids
DHB-BuA (n-butylamine), CCA-MI, DHB-Py Carbohydrates
CCA-Py, CCA-MI, CCA-BuA Phospholipids
HPA (hydroxypicolinic acid)-DEA, CCA-ANI, CCA-MI Oligonucleotides
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lipids (Carter et al., 2011; Denti et al., 2020), metabolites
(Djidja et al., 2017; Clift et al., 2021), and N-linked glycans
(Bai et al., 1994; Eshghi et al., 2014; Gustafsson et al., 2015;
Briggs et al., 2017) in FFPE tissues. Generally speaking,
sample preparation of FFPE tissue applied in MALDI-MSI
is slightly different from fresh frozen tissue (depicted in
Figure 2 with additional steps to remove the paraffin).
Micro-digestion is needed before matrix spraying in case of
protein analysis.

3.1.5 Whole-Body Sections
Whole-body autoradiography is a traditional technology carried
out in animal tissues during the early stage of drug andmetabolite
distribution studies. However, there are a number of limitations
about whole-body autoradiograph, especially the expensive
synthesis of radiolabeled drugs and analyte specificity and
identification.

MALDI-MSI has been shown to be more advantageous for
imaging the distribution of drugs and metabolites in a whole-
body section (Trim et al., 2008). In 2005, Rohner et al. performed
MALDI-MSI and study the drug distribution in a whole-body
mouse section for the first time (Rohner et al., 2005). Soon, whole
body MALDI-MSI will be extended to detect proteins in a whole-
body scale (Khatib-Shahidi et al., 2006). A typical MALDI-MSI
process for whole-body tissue sections contained several steps. In
brief, animals were deep frozen and embedded in precooled
semiliquid gel of carboxymethylcellulose (CMC) and cut on a
cryomicrotome. Then the sections were placed on a copper block
and transferred to a desiccator with a membrane pump for
section drying. The sections were mounted on metal plates
using double-side adhesive tape and followed by matrix
coating and MALDI-MSI. Considering the size of the sample,
whole-body MALDI-MSI is usually used to study some small
animals such as nematodes (Hameed et al., 2015), fruit flies
(Khalil et al., 2017), and mice (Huber et al., 2018; Saigusa
et al., 2019).

3.2 Standards Addition and Quantification
Absolute quantification is one of the key challenges in the MS
analysis of complex mixtures. Aside from instrumental
parameters, analyte recovery from tissue and ionization matrix
effects are critical for quantitative MSI on tissue sections (Porta
et al., 2015). Interactions between analyte and the tissue may
result in different analyte recoveries. Besides, the absence of

chromatographic separation enhances the effect of ionization
competition and variation in ionization efficiencies (Stern
et al., 2017), and the uniformity of matrix deposition can also
affect ionization (Tobias and Hummon, 2020). Thus, isotopically
labeled internal standards are used; specific preparation of
calibration standard is critical for quantification in MALDI-
MSI. There are generally four methods of applying internal
standards on tissue for MSI depicted in Figure 3A, including
standard on tissue, standard under tissue, standard sandwich, and
standard premixed. However, depositing the standards on the
tissue followed by the matrix was found to be the most accurate
for quantitative MALDI-MSI (Chumbley et al., 2016; Unsihuay
et al., 2021a).

In addition, calibration curve is needed for absolute
quantification, so application of calibration standards before
internal standard and matrix is needed to create the
calibration curve. There are three strategies of calibration
standards applied—in-solution strategy, on-tissue strategy, and
in-tissue strategy to be developed for quantitative MSI. Their
advantages are summarized in Figures 3B,C. Other details about
the construction of calibration curves especially obtaining the
analytical figures of merit in qMSI are shared by Tobias et al.
(Tobias and Hummon, 2020).

3.3 Matrix Application
Coating matrix on the sample plate is a key step in MALDI-MSI
analysis. It is possible that thematrix ofMALDI puts considerable
pressure on the spatial integrity of general biological samples,
especially single-cell samples (Schober et al., 2012), which results
in cellular components that may be broken and leaked.
Fortunately, choosing a suitable matrix and suitable deposition
method can avoid loss of analytes (Baker et al., 2017). In addition,
the use of optimized matrix can promote the effective ionization
of the target analyte and generate uniform and small eutectic,
which is necessary for obtaining high spatial resolution images
(Vallianatou et al., 2019). The ideal matrix generally has the
following properties: strong electron absorption at the adopted
laser wavelength, better vacuum stability, lower vapor pressure,
and better miscibility with the analyte in the solid state (Calvano
et al., 2018).

The choice of matrix can change the ionizable molecular
weight and molecular species of the mass spectrometer. Up to
now, there are numbers of matrices to be used for MALDI MS.
Table 2 selected some popular MALDI matrices including

FIGURE 4 | LDI MSI with organic matrix-free systems harnessing nanostructured surfaces or nanoparticles (Kim et al., 2020).
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organic small molecules, inorganic nanomaterials, reactive
matrices (derivatization solutions), and ionic liquid matrix.

3.3.1 Common Matrix
Some matrices are popular due to their wide applicability,
including α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-
dihydroxybenzene. Formic acid (DHB) is used for peptides
and metabolites (Tobias and Hummon, 2020). Different
MALDI matrices have different sensitivities to different kinds
of biomolecules. Perry et al. compared the intensity of various
lipids in mouse liver tissue measured by the use of 9-
aminoacridine (9AA), 5-chloro-2-mercaptobenzothiazole
(CMBT), 1,5-diaminonaphthalene (DAN), and 2,5-
dihydroxyacetophenone (DHA) and 2,5-dihydroxybenzoic acid
(DHB), which provides a more reliable basis for the selection of
MSI matrix (Perry et al., 2020). Liu et al. used n-phenyl-2-
naphthylamine (PNA) with strong ultraviolet absorption and
salt tolerance as a new type of matrix, which performed well in the
analysis of a variety of small molecular metabolites including free
fatty acids, amino acids, peptides, etc., then used for small-
molecule imaging of rat middle cerebral artery occlusion
(MCAO) brain tissue (Liu H. et al., 2018).

3.3.2 Reactive Matrices for Chemical Derivatization
As described above, matrices, such as DHB and CHCA, may
enhance analytical sensitivity. But for some specific molecules,
such as small molecules or compounds with low ionization
efficiency or in low abundance, there is still no suitable
matrix, and thus, they will not be detected by the conventional
MSI workflow. The signal peaks generated by organic matrices
can also greatly interfere with the analysis of small molecules in
MSI. Chemical derivatization makes it possible to perform
targeted mass spectrometry imaging of these molecules
(Tobias and Hummon, 2020). Derivatization solutions or
reactive matrix serve as chemical matrices for laser desorption/
ionization, can also enhance the detection of target molecules that
are low in abundance, or contain certain chemical moieties (such
as double bonds in amines or lipid fatty acyl groups) by reacting
with them (Waldchen et al., 2019).

The on-tissue chemical derivatization (OTCD), which is spray
chemical derivatization first followed by matrix application
(Harkin et al., 2021), has been used to improve ionization
efficiency to effectively detect analytes directly from both fresh
frozen tissue and FFPE tissue. Now OTCD has developed rapidly
and used to detect many biological molecules, such as N-glycan
(Nishikaze et al., 2013; Holst et al., 2016; Zhang et al., 2020; Saito
et al., 2021), drugs (Barre et al., 2016), amines (Chacon et al.,
2011; Manier et al., 2014), fatty acids (Wu et al., 2016;Wang et al.,
2019; Iwama et al., 2021), amino acids (Toue et al., 2014; Esteve
et al., 2016; Guo et al., 2020), poisons (Beasley et al., 2016), plant
hormones (Enomoto et al., 2018), peptides (Franck et al., 2010),
steroids (Guo et al., 2020; Angelini et al., 2021; Song et al., 2021),
neurotransmitters (Ito and Hiramoto, 2019; Palanisamy et al.,
2020; Shariatgorji et al., 2020), and so on. It is worth noting that
the coating method of derivatization solution and matrix is also
important because it affects not only the efficiency of OTCD but
also the quality of imaging results.

If the derivatization solution also serves as a matrix (reactive
matrix), then no additional step is required. Reactive matrix can
also reduce the double interference of excessive chemical
derivatization solution while reducing matrix effect. Recently,
Shariatgorji et al. designed a reaction matrix based on
fluoromethylpyridine that can promote covalent charge
labeling of molecules containing phenolic hydroxyl groups
and/or primary or secondary amine groups, including
dopaminergic and serotonergic neurotransmitters (Shariatgorji
et al., 2019). The matrix improves the detection limit of MALDI-
MSI for low-abundance neurotransmitters and realizes the
simultaneous imaging of neurotransmitters in the fine
structure of the brain (Shariatgorji et al., 2019). Davison et al.
used 2,4-diphenyl-pyran tetrafluoroborate (DPP-TFB) to react
with monoamine neurotransmitters and directly measured the
content in the brain tissue of mice by MSI (Davison et al., 2019).
In addition, 2,4,6-trimethylpyridine tetrafluoroborate (TMP-
TFB)-derived matrix MALDI-MS can image dopamine in
mouse brains (Wang et al., 2021). Girard’s T reagent and
TAHS, respectively, enhanced the ionization efficiency of
steroids and catecholamine (Takeo et al., 2019).

3.3.3 Organic Matrix-Free Inorganic Nanomaterials as
Matrices
Inorganic materials can also be used in the application of small
molecules in MALDI because they are not easily ionized, which
will not interfere with analytes as traditional matrices. Recently,
there is an increasing trend to use nano-structured surfaces and
inorganic nanoparticles as substitutes for organic matrices and
develop various organic-free MSI systems (Figure 4). For
example, Rudd et al. used the desorption–ionization of porous
silicon (DIOS) nanomaterials to study the changes in
biodistribution during the reproductive cycle and found that
muscle relaxation choline ester murexine and tyrosine sulfate
colocalize in the lower branchial glands (Rudd et al., 2015).
Carbon-based surfaces can also be used for matrix-free MSI.
Kim et al. used graphene oxide (GO)/multiwalled carbon
nanotube (MWCNT)-based films as a new matrix-free laser
desorption/ionization platform with efficient analyte
desorption/ionization, minimal fragmentation, high salt
tolerance, excellent durability, and other advantages, suitable
for tissue imaging mass spectrometry (Kim et al., 2011). Bien
et al. cultured the cell line directly on indium tin oxide (ITO)-
coated glass slides and used transmission (t-) mode MALDI-2-
MSI to analyze the 2-μmpixel size culture, which can visualize the
spatial distribution of dozens to hundreds of different
biomolecules in tissue section and cell culture (Bien et al.,
2021a). AuNPs and AgNPs are the most commonly studied
and widely used nanoparticles in MSI, and they have the
characteristics of easy adjustment of dimensional properties.
McLaughlin et al. developed a neurotransmitter ionization
method based on AuNPs, which sprayed AuNPs on tissue
slices by air pressure and can perform mass spectrometry
imaging of a variety of tissues and realized the localization of
neurotransmitters in zebrafish embryos and neuroblastoma cells,
with a horizontal spatial resolution of 5 μm (McLaughlin et al.,
2020). Han et al. synthesized polydopamine (PDA)-encapsulated
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AgNPs (AgNPs@PDA) as the matrix of MALDI MSI to analyze
lipids in positive and negative ion mode, and controlled the signal
of silver cluster ions by adjusting the thickness of the PDA layer
(Han et al., 2019). It was found that with AgNPs@PDA as the
matrix, the PC signal was greatly inhibited, while other lipids
(including PE, HexCer, PS, PI, PIP, and ST) were, on the contrary,
achieving the detection of 58 glycerophospholipids and 25
sphingomyelins in brain tissue slices.

3.3.4 Room-Temperature Ionic Liquid Matrix
During recent years, one kind of new green solvents, room-
temperature ionic liquids (ILs), that remain liquid at room
temperature have received much attention to replace current
harsh organic solvents due to their distinct properties and

characteristics compared with traditional solvents. Usually, ILs
are composed of relatively bulky organic cations and relatively
small inorganic anions and have a melting point below 100°C, and
they are stable at temperatures below 250°C (Tholey and Heinzle,
2006). In addition, ILs have inherent properties, such as negligible
vapor pressures, low volatility at room temperature, and high
thermal stability, which, in turn, contribute to their recovery and
reusability in separation and purification processes. So now ionic
liquids have been widely applied in different research and
industrial fields, such as chemistry, biology, catalysis, energy,
and even environmental sciences (Hallett andWelton, 2011; Itoh,
2017; Ventura et al., 2017; Huang et al., 2019).

Due to their low vapor pressure, the ability to dissolve a wide
range of substances, ionic liquids have been applied as matrix in

FIGURE 5 | Illustration of the workflow for assessing total brain drug concentrations using qMSI-uD (Luptakova et al., 2021).
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MALDI, called ionic liquid matrix (ILM). ILM is synthesized
from conventional MALDI matrix compounds (such as DHB,
CCA, and SA) and organic bases [such as pyridine (Py),
tributylamine (TBA) and N, N-dimethylethylenediamine
(DMED)]. One of the most striking advantages for applying
ionic matrix in MALDI-MSI is that sample homogeneity can
be achieved because the viscous liquid surface is highly
homogeneous. Compared with solid matrices, ILM has good
vacuum stability, good reproducibility, and high sensitivity
(Armstrong et al., 2001). For example, the analysis of lipid can
be enhanced by applying ILM in MALDI. Wang et al. used
different ratios of 9-aminoacridine (9-AA) and N-(1-
naphthyl) ethylenediamine dihydrochloride (NEDC), two

matrices with orthogonal selectivity for the ionization of
lipids (Wang et al., 2018). After mixing, the mouse brain
lipid extract was analyzed, and the final detection range was
enhanced.

3.3.5 New Spraying Method to Add Organic Matrix
Matrix application needs to be uniform, produce small crystal
sizes, and appropriately extract analytes without introducing
artifacts such as spatial delocalization. It is economical and
easy to operate using a sieve and manual spraying with
airbrushes (Yang et al., 2012). The first sublimation device for
matrix deposition reported by Hankin et al. can produce a
uniform layer of small crystals on the sample plate (Hankin

FIGURE 6 | Single cell molecular mapping Zenobi, 2013. Odd numbered optical images of fertilized zebrafish embryo at the one-cell stage, false color two-
dimensional MALDI-MS images of PE (22:6_16:0) atm/z 762.509 and PI (18:0_20:5) atm/z 883.535, and projected images are shown on the right by overlaying all 2D
images (Duenas et al., 2017a).
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et al., 2007). This method is easy to control and has high
repeatability, and can obtain high-quality mass spectrometry
image. In addition, compared with the sublimation
recrystallization method and sublimation only, the lipid ion
signal intensity of the pneumatic matrix spraying method
samples increased by 8 and 30 times on average in the
experiment of Kompauer et al. (2017). Therefore, it is
suggested to use pneumatic sprayers or sublimation devices to
reduce errors.

3.4 Data Acquisition, Processing, and
Visualization
After MALDI-MS analysis, MSI software is needed to control data
acquisition, processing, and integration in order to generate ion
imaging. There are many commercial and open-source software that
can be used to process MSI data, such as Biomap (Stoeckli et al.,
2002), FlexImaging, MALDI Imaging Team Imaging Computing
System (MITICS), Datacube Explorer, ClinPro Tools (Ketterlinus
et al., 2005), and so on. A comparison of several developed software
for MSI was presented by Kamila Chughtai and Ron M.A. Heeren
(Chughtai and Heeren, 2010). As the MSI data contains massive
information including mass spectrometry information and spatial
information, the resolution and spatial resolution have also been
continuously improved with the development ofMSI, which leads to
large amounts of original imaging data, and it became increasingly
difficult to process it.

The quality of MSI images can be improved by removing noise,
correcting deviation ofm/z peak, and normalization. The purpose of
normalization is to reduce the signal difference between pixels that
may be caused by disconformitymatrix coating and ion suppression.
Normalization based on total ion count (TIC) and vector norm
normalization are currently the most commonly used methods.
However, regarding potential biomarker distributions, other
normalization algorithms may be needed to prevent producing
misleading results (Deininger et al., 2011).

Data analysis considerations for 3D-MSI data analysis is very
important after data normalization (Vos et al., 2021). Benchmark
datasets for 3D MALDI-MSI provide high-quality 3D imaging
datasets from different biological systems at several labs, which
stimulates computational research in the field of computational
3D imaging MS (Oetjen et al., 2015). Nowadays, principal
component analysis (PCA), hierarchical cluster analysis
(HCA), and partial least square discriminate analysis (PLS-
DA) are the most common multivariate statistical analysis
methods used in MSI. These methods are successful in
dimension reduction and feature extraction. The factor
analysis method was studied, and it was proved to be able to
simply and quantitatively extract the target sample markers
(Chen et al., 2014).

3.5 Quantitative on-Tissue Matrix-Assisted
Laser Desorption/Ionization-Mass
Spectrometry Imaging Process
On-tissue quantitative determination of biomolecules or
administrated drugs is very important for MSI analyses.

For example, it is essential to determine the extent of drug
transport across the region-specific blood–brain barrier (BBB)
and discriminate the regional free (unbound) drug
concentration at which the drug engages with its
therapeutic target. Recently, a new method, qMSI for
unbound drug determination (qMSI-uD), combining in
vivo and in vitro neuropharmacokinetic studies with MSI,
has been developed to assess the extent of unbound drug
transport across the BBB and drug distribution in small
anatomical regions (including subregions) in the brain
(Figure 5). Using this method, direct imaging of three
antipsychotic drugs (risperidone, clozapine, and
olanzapine) with different BBB transport properties and
regional distribution patterns was performed at 20-µm
resolution. In addition, the method provides region-specific
drug exposure data associated with drug response data,
facilitating development of new drugs (Luptakova et al.,
2021).

4 SINGLE-CELL IMAGING

Cells in multicellular organisms have different morphological and
gene expression patterns. Cell phenotypic transition occurs
during the development of the fertilized egg into different cell
types, as well as under the physiological and pathological
conditions of the differentiated cell. Heterogeneity among cells
underlies individual variability in the activity of cellular networks
and circuits (Goaillard et al., 2009). Due to the morphological,
physiological, and pathological heterogeneity of cells, there is
currently much interest in broad molecular profiling of a single
cell. It is very important to study the biochemical and
physiological characteristics of individual cells and their
environment. Analysis of single cells can further our
understanding of differential susceptibility to treatment of
disease (Rubakhin et al., 2011). However, previous techniques
have difficulties in capturing the information of cell phenotypic
transition dynamics. Fortunately, live-cell imaging and analysis
fill this gap (Wang et al., 2020). MSI can reveal the distribution of
hundreds of compounds simultaneously in the cell and tissue
sections down to single-cell level (Duenas and Lee, 2021).

It should be pointed that the size of the cell is small, and thus, a
higher resolution is required. For human cells, the diameter of a
cell ranges from 5 μm (sperm cell) to 150 μm (ovum) (Gillooly
et al., 2015; Ginzberg et al., 2015) and, on average, about
10–20 μm. In some diseases, the average size of the affected
cells will change, such as cancer cells, which are commonly
larger than their respective normal cells, and usually, cells of
different sizes are mixed. For example, cancer cells are often
surrounded by smaller infiltrating lymphocytes (Stern et al.,
2017). So, the needed minimum spatial resolution is
determined by the smallest cell size or distance between cells
(Scupakova et al., 2020). In initial MALDI single-cell imaging
experiments, large frozen A. californica cells could be imaged at a
50-μm raster size, but for much smaller mammalian cells,
MALDI-MSI needed to pursue higher resolutions (Lanni et al.,
2012).
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4.1 Single-Cell Metabolomics
Single-cell metabolomics provides insight into phenotypic
variation between individual cells. Changes in metabolite
concentrations and differences in lipid and protein profiles
lead to unique metabolome profiles for individual cells
(Scupakova et al., 2020). Metabolome molecular profiles can
provide the most accurate information of cellular reaction
networks, helping to understand the link between genotypes
and phenotypes of individual cells. Existing microfluidics,

micromanipulation, image analysis, and automation
technologies have enabled high-throughput isolation of
individual cells with minimal interference without affecting
cell metabolism (Ali et al., 2019).

Up to now, single-cell MSI technology has been successfully
used to obtain data from individual plant cells, which helps to
reveal unprecedented insights on metabolic outcomes. It was
commonly used to investigate the differential location and
heterogeneity of secondary metabolites in plant tissues. For

FIGURE 7 | Typical characterization of cancer and biomarker by MALDI-MSI. (A) Comparison of component analysis of MALDI-MSI measurements on FFPE
sections with histopathological regions. One example of sample cohort is shown. (a) Hematoxylin and eosin-stained tissue section. (b) Annotated regions, red:
squamous cell carcinoma, green: dysplastic epithelium, rest: nontumor region, containing connective tissue with inflammatory infiltration and glandular regions (blue). (c)
Component that covers the tumor region; no spatial denoising was performed (Hoffmann et al., 2019). (B) Spatial distribution of identifiedmasses in both ionmodes
on consecutive tissue sections (Andersen et al., 2021).
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example, MALDI-MSI of maize leaves clearly indicated the
distribution of two major anionic lipids in thylakoid
membranes, which helps to reveal the genetically programmed
and developmental modification of thylakoid membrane (Duenas
et al., 2017b). High-resolution MS of individual lipid droplets
from cotton seed tissues helps to understand the cellular context
of lipid origin (Horn et al., 2012).

In addition, single-cell imaging can help to identify the
colocalization of the distribution of individual molecular
species, including particular lipids and proteins, and
correlation with the morphological features of a tissue section,
which also plays an important part in molecular pathology and
cancer therapy. For instance, a single-cell MALDI-MSI approach
revealed a decreased level of phosphatidylcholine (16:0/20:4) in
multiple myeloma cells compared with plasma cells (Hossen
et al., 2015). MSI is also a useful tool for testing
chemotherapeutic drugs and drug combinations in cancer
therapy, making it possible to monitor drug response in
primary cancer spheroids (Mittal et al., 2019). The sensing
ability of this method can be improved in single cancer cells
and cancer stem cell analysis through nano-platform-mediated
microwave digestion (Manikandan and Wu, 2016).

Recently, an open-source single-cell metabolomics method
named SpaceM, which integrates light microscopy and MALDI-
MSI has been developed for in situ detection of >100 metabolites
from >1,000 individual cells per hour together with a
fluorescence-based read out and retention of morphological
spatial features based on fluorescence (Rappez et al., 2021). In
addition, SpaceM can easily distinguish between cells in a state.
SpaceM The SpaceM method includes following four steps.

Firstly, cell segmentation of the microscopy images provide a
broad panel of phenotypic information including fluorescence
intensities andmorphological individual cells. Next, MALDI-MSI
is performed for untargeted detection of metabolisms. Then,
MALDI pixel registration and single-cell intensity
normalization are performed, which compensate for
differences in cell sampling and filter out ambiguous ablation
marks sampling multiple cells. Finally, SpaceM provides a matrix
with a multiplex readout which comprises an untargeted
metabolic profile, fluorescence intensities and spatio-
morphological features, thus it integrates metabolism profile
and phenotype.

4.2 Single-Cell Molecular Mapping
The regionalization of biological functions is a fundamental
phenomenon of life, and this regionalization can be observed
at different levels, ranging from organs to specific cells and
even subcellular structures. At single-cell level, proteins and
metabolites play a role in a specific time and space, which
provides a specific chemical environment and interaction
factor. Thus, understanding the subcellular localization is
necessary to further study the biological process. However,
there are several factors that hinder the development of single
cell molecular mapping at subcellular level, such as the
analyte delocalization caused by complex sample
preparation process and, thus, hampering high spatial
resolution, loss of molecular information due to the
increase in spatial resolution, and the difficulties in
handling processing, integration, and storage because of
the increase in data size (Scupakova et al., 2020).

FIGURE 8 |Mapping typical molecular distributions of (A) neutrotransmitters, (B) N-glycoproteomes. (A)MALDI-MS images of neurotransmitters and metabolites
in non-LID and LID. (a) Nissl-stained macaque brain tissue section at −4 mm ac with annotated brain regions. (b) Catecholaminergic metabolic pathway. (c) GABA
(Fridjonsdottir et al., 2021). (B) Spatially resolved N-glycans by MALDI-MSI. (a) Summed ion images of Na+ and K+ adducts of HexNAc4-Hex5-NeuAc2 on canine glioma
biopsies. (b) Superposition of MALDI-MSI glycan images with H&E-stained adjacent sections. Arrows and dashed lines indicate regions annotated by the
pathologist. (c–e) Normalized intensity of total ion signals, PCA analysis, and MSn spectra of HexNAc4-Hex5-NeuAc2 (Malaker et al., 2021).
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Recent advances in sample preparation, instrumentation and
data processing have led the MALDI-MSI molecular mapping to
approach subcellular level. An atmospheric pressure (AP)
MALDI-MSI setup might achieve imaging of tissues and cells
at a lateral resolution of 1.4 µm, a mass resolution greater than
100,000, and accuracy below 62 ppm (Kompauer et al., 2017).

Zebrafish, a small tropical aquarium fish native to Southeast
Asia, have a unique combination of genetic and experimental
embryologic advantages that make them as an ideal model
vertebrate organism for studying and understanding
developmental biology, drug discovery, and neurodegenerative
diseases especially for early development. Recently, a study
(Duenas et al., 2017a) applied high-spatial resolution MALDI-
MSI to map and visualize the 3D chemical imaging of a single cell
for spatial distribution of phospholipid classes,
phosphatidylcholine (PC), phosphatidylethanolamines (PE),
and so on, in newly fertilized individual zebrafish embryos. As
shown in Figure 6, MALDI-MS images of PE (22:6_16:0) and PI
(18:0_20:5) show that PE and PI are mostly absent or present
minimally inside the yolk. In addition, to better understand how
the metabolites may change when the zebrafish embryo develops,
a number of embryos at different stages (1-, 2-, 4-, 8-, and 16-cell
stage) were evaluated using high-spatial resolution 2D MALDI-
MSI (Duenas et al., 2017a).

5 Two-Dimensional on-Tissue Mapping
Molecular Distribution
Histopathological examination of tissues and cells provides
clinically important and necessary insights. Visual inspection,
which relies on stained tissue sections, is a classic pathological
examination. The ability of MALDI-MSI to provide spatial
location information is one of its great advantages. Now
combining the analytical capabilities of MS with the benefits
of microscopy to analyze molecular events occurring in specific
cell types in tissues will take anatomic pathology a big step
forward (Norris and Caprioli, 2013b).

5.1 Pathological Classification
Pathological classification of tumor cells is a difficult problem due
to the similarities of different tumor (sub) types. Because
assessment is usually performed manually, the results may be
subject to human error. MALDI-MSI can determine the spatial
distribution of multiple compounds (lipids, peptides, and
proteins) in complex tissues in a single, label-free
measurement. Especially in cancer research, spatial protein
characterization of tissue and biomarker identification will lead
to better diagnosis and individual predictive patterns of therapy
response. Now, MALDI-MSI combined with machine learning
has been used to classify various cancers including renal
oncocytoma, clear cell renal cell carcinoma, and chromophobe
renal cell carcinoma, and results showed that MSI correctly
classified 87% of patients (Möginger et al., 2020). In addition,
the major advantages of the method classifying cancer subtypes
also simultaneously reveal the molecular features of cancer cells.

As shown in Figure 7A, although the heterogeneity of tumor
tissue complicates diagnosis and individualized treatment,

MALDI-MSI still can clearly discriminate tumor regions from
nontumor regions by simultaneous detection and location of
multiple protein markers (Hoffmann et al., 2019). A recent study
indicated that MALDI-MSI could be used to directly detect
excessive hormonal production from functional pituitary
adenomas and generally classify pituitary adenomas by using
statistical and machine learning analyses. The tissue
characterization can be completed in fewer than 30 min and
could, therefore, be applied for the near real-time detection and
delineation of pituitary tumors for intraoperative surgical
decision making (Calligaris et al., 2015). Therefore, clinical
MALDI-MSI is helpful for the analysis of tumor tissue during
surgery and can provide precise digitized diagnosis for
intraoperative decision making.

5.2 Biomarker Discovery and Distribution
In general, for tumor diagnosis, biomarkers are used to distinguish
between tumor cells and normal cells. MALDI-MSI can assist in the
identification of lipid profile differences in breast cancer tissues, and
it was found that phosphatidylcholine and triacylglycerol were the
main compounds detected in cancer and normal areas as
biomarkers. Very high intensity of the triacylglycerol ion signals
were detected in the normal tissue region, whereas very strong ion
signals of phosphatidylcholine were detected in the tumor tissue
region (Cho et al., 2017). MALDI-MSI of normal and tumor areas
can clearly see different lipid patterns, improving the accuracy of
breast cancer diagnosis. Similar results were found inMALDI-TOF-
MSI analysis of the lipid profile of prostate cancer, which showed
that prostate cancer was related to the synthesis of fatty acids and
lipid oxidation, while PC 16:0/16:1, PC 16:0/18:2, PC 18:0/22:5, PC
18:1/18:2, PC 18:1/20:0, PC 18:1/20:4, and SM d18:1/24:0 can be
used as good biomarkers (Buszewska-Forajta et al., 2021). In
addition, a form of medullary thyroid carcinoma (MTC)
progresses from C-cell hyperplasia (CCH). The proteome changes
inMTCandCCH tissues were analyzed byMALDI-MSI. The results
showed that the trypsin profiles ofMTC and CCHwere significantly
different, and there were four MTC markers available, K1C18 and
three histones (H2A, H3C, and H4). Therefore, MALDI-MSI is a
new proteomic tool that can be used to identify new molecular
markers for diagnostic and prognostic significance (Smith et al.,
2019).

As shown in Figure 7B, using MALDI-TOF-MSI, significant
metabolic changes were found in relation to lipid metabolism and
prostate secretory function between noncancer epithelium,
stroma, and tumor. Elevated levels of metabolites associated
with lipid metabolism in tumor include carnitine shuttle,
which facilitates fatty acid oxidation, and metabolites of
building blocks required for lipid synthesis. Levels of
metabolites associated with prostate function, including citrate,
aspartic acid, zinc, and spermine were higher in noncancer
epithelium than in tumor. The stroma had higher levels of
important energy metabolites (such as ADP, ATP, and
glucose) and higher levels of the antioxidant taurine than the
other. This study showed that specific tissue compartments of
tumor have different metabolic profiles. Spatial metabolic
profiling helps in precision therapy and potential biomarker
discovery (Andersen et al., 2021).
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Besides small-molecule biomarkers, such as lipids and
phosphatidylcholine, there are some peptides and proteins to
be found as diseases biomarkers. For example, a recent study
(Balestrieri et al., 2021) indicated the signal intensity of galectin1
peptides in lung metastases compared with adjacent normal
tissues and control lung. Moreover, the most intense peptide
signals were found at the edges of metastases compared with
adjacent normal lung tissues. MALDI-MSI can be applied to the
application of proteomics methods in cancer research, especially
in the spatial distribution of tumor cells.

Understanding the causes will facilitate targeted treatment
and more appropriate allocation of medical resources. As for
chronic kidney disease, there are two most common causes,
diabetic nephropathy and hypertensive nephrosclerosis.
Using MALDI-FTICR MS and nLC-ESI-MS/MS, it is
speculated that four detected proteins with high signal

intensity in the diabetic nephropathy tissue (PGRMC1,
ANXA5, CO3, and LDHB) could be used as biomarkers to
reliably distinguish the cause of CKD. Moreover, the signal
intensity of PGRMC1 and CO3 increased in the late stage of
the disease, which may be related to the progression (Smith
et al., 2020).

5.3 Mapping Molecular Distribution
5.3.1 Imaging the Neurotransmitters
Acetylcholine (ACh) is an important neurotransmitter
involved in neurodegenerative disorders. A study revealed
age-related changes in acetylcholine levels in normal mice
treated with the acetylcholinesterase inhibitor drug tacrine.
Using MALDI-MSI, tacrine was found to significantly
increase acetylcholine levels in most brain regions of mice.
However, after administration, acetylcholine levels in

FIGURE 9 | (A)MALDI imaging mass spectrometry of an Ardisia crenata leaf (Cruesemann et al., 2018). (B)MALDI-IMS reveals siderophores staphyloferrin A (SA)
and staphyloferrin B (SB) within the infectious environment. (a–d) The distributions of SA and SB with SACs. (e-f) The signals and the chemical structures of SA, [M-H]−

and SB, [M-H]− (Perry et al., 2019).
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retrosplenial cortex of 14-month-old animals were
significantly lower than those of 12-week-old animals,
suggesting that normal aging affects the reactivity of the
cholinergic system. The distribution of tacrine and its
hydroxylated metabolites in the brain was also observed,
and the metabolite levels decreased significantly in 14-
month-old mice. The results highlight the advantages of
imaging techniques that can simultaneously investigate
multiple molecular species and specific regions of drug
target effects (Vallianatou et al., 2019).

L-DOPA therapy for Parkinson’s disease often leads to
dyskinesia. The distribution of L-DOPA and monoaminergic
pathways in the brains (Figure 8A) of dyskinetic and
nondyskinetic primates was mapped using MALDI-MSI. The
levels of L-DOPA and its metabolite 3-O-methyldopa were
increased in all measured brain regions of dyskinetic animals,
and the levels of dopamine and metabolites were increased in all
analyzed regions except the striatum. The level of dopamine was
significantly correlated with the level of L-DOPA in extrastriatal
regions. L-DOPA-induced dyskinesia is associated with whole-brain
L-DOPA dysregulation. High dopamine abundance in extracranial
regions may alter signal transduction throughout the brain, leading
to various adverse effects of L-DOPA treatment (Fridjonsdottir et al.,
2021).

5.3.2 Imaging N-Glycoproteomes
Aberrant glycosylation is a common feature of cancer.
MALDI-MSI has been used to study changes in
N-glycosylation in cancer, using a combination of MALDI
N-glycan MSI and spatially resolved glycoproteomics. Thus,
glycosylation imaging (Figure 8B) is directly linked to
complete glycopeptide identification. This glycoproteomics
technique identified more than 400 N-, O-, and S-
glycopeptides from more than 30 proteins. The sialylated
O-GalNAc structure was significantly increased in the
tumor/necrotic area compared with the benign area, while

S- and O-GlcNAc peptides were significantly decreased in the
cancerous area. This experiment provides a unique way to
understand the spatial variability of glycosylation changes in
cancer (Malaker et al., 2021).

5.3.3 Imaging Host–Microbe Symbioses
Symbioses are widespread in nature. There are complex
biochemical interactions between them which affect each
other, and MALDI-MSI can help us further study about the
relationship between host and microbe.

When a biological symbiosis is mutually beneficial, it is termed
“mutualism.” For example, obligatory plant–bacteria associations, as
observed in the case of the nodulated Ardisia crenata, constitute
fascinating ecological systems (Carlier et al., 2016). The cyclic
depsipeptide FR900359, a strong and selective inhibitor of Gq
proteins, is isolated from the tropical plant Ardisia crenata
(Fujioka et al., 1988), but it is finally found to be produced from
the symbiotic “CandidatusBurkholderia crenata,” a bacterium that is
mostly located in the nodules at the leafmargin ofA. crenata (Carlier
et al., 2016), which is consistent with recent MALDI-MSI results
(Figure 9A). The small blue dots show the distribution of FR900359
(m/z 1,040.49), which corresponds to “Candidatus Burkholderia
crenata” at the margin of A. crenata leaves, suggesting that
FR900359 plays a novel mode of action for defense chemicals
through Gq inhibition (Cruesemann et al., 2018).

There is a parasitic relationship between Staphylococcus
aureus and vertebrate hosts. Staphylococcus aureus feeds on
the nutrients of the host, which is another type of symbiotic
relationship. Typically, the metalloproteins in the host isolate the
very important metal elements in the body to prevent the
absorption of microorganisms during infection. However,
bacteria have also evolved metal acquisition strategies to
combat nutritional immunity, such as the use of siderophores
and small iron-scavenge molecules. Recent studies have used
multimodal MALDI-MSI to image siderophores in infected
tissues to visualize host–pathogen iron competition (Perry

FIGURE 10 | Three dimensional (3D) reconstruction of zebrafish by MALDI-MSI (Liang et al., 2021). (A) The workflow of the 3D MALDI-MSI method. (B) Spatial
distributions of Cer (d34:1) and Cer (d37:1) in fish brain.
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et al., 2019). It can be observed that the heterogeneous
distribution of Staphylococcus aureus siderophores across the
infected lesions is observed, as shown in Figure 9B. These
results suggest that each siderophore has a niche-specific role,
rather than functional redundancy. Differential distributions of
these siderophores may be explained by molecular heterogeneity
within the abscess.

More recently, a spatial metabolomics pipeline (metaFISH) has
been developed by combines fluorescence in situ hybridization
(FISH) microscopy and high-resolution atmospheric-pressure
MALDI-MSI in order to image host-microbe symbioses and its
metabolic interactions and provide spatial assignment of host and
symbiont metabolites. The metaFISH workflow consists of three
steps. Firstly, mapping metabolites with high-resolution AP
MALDI-MSI on cryosections and FISH after MSI on the same
tissue section. Then, spectral preprocessing, image adjustment,

cluster maps, phylotype assignment is needed to process
correlative data. Finally, statistical analysis is performed using the
fluorescence signals to bin metabolite groups. This method
presented the spatial metabolome of a deep-sea mussel and its
intracellular symbiotic bacteria, revealing the metabolic
adaptability of epithelial cells to intracellular symbionts and
metabolic phenotypic variation of the 16S rRNA phylotype of an
individual symbiont, and making it possible to discover specialized
metabolites from the host–microbe interface (Geier et al., 2020).

6 THREE-DIMENSIONAL SPATIAL
IMAGING

Since biological processes take place in three-dimensional
organisms, it is not surprising that 3D imaging has a

FIGURE 11 | 3D-LSFM-guided MALDI-MSI in an optically cleared mouse brain (Blutke et al., 2020). (A–D) Sequence of tissue-processing steps. (E) Fused image
of the 3D-LSFM reconstruction of the cleared brain and MALDI-MS images of guanine nucleotide-binding protein subunit gamma-3 (GNG3,m/z: 8,300.63). (F)MALDI-
MS images of GNG3. The spatial distribution of GNG3. Distinct brain structures are indicated for orientation: cerebral cortex (c), ventricles (v), thalamus (th), brain
stem (bs).
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noteworthy impact on different studies in life sciences. Recently,
the use of MSI to image intact biomolecules has been extended to
3D analysis to determine the volumetric molecular distribution in
tissue samples. The most common 3D MSI method includes
collecting consecutive tissue sections of the samples, analyzing
each section separately using traditional two-dimensional MSI,
and then using computational methods to stack and reconstruct
the final 3D MSI dataset from multiple two-dimensional
MSI data.

6.1 Three-Dimensional Reconstruction of
Spatial Distribution
A 3D MALDI-MSI method (Figure 10) was applied for whole-
body analysis of zebrafish and was used to identify altered lipids
and map their spatial distribution within zebrafish model
Niemann–Pick disease type C1 (NPC1), a neurovisceral lipid
storage disorder. The constructed 3D model of fish provided
comprehensive information on the 3D distribution of lipids and
allowed direct correlation between these lipids and fish organs.

The results showed that compared with the wild type, some
sphingolipids and phospholipids in the brain, spinal cord,
intestines, and liver–spleen region of fish with NPC1 gene
mutation had significant changes and showed different
localization patterns. This 3D MALDI-MSI method can
provide a global picture of lipid changes in different organs
and functional systems (Liang et al., 2021).

To investigate the possible role of epididymis in the complex
maturation of sperm, MALDI-MSI investigated the precise
location of lipid metabolites in the rat epididymis, mainly
detecting phosphatidylcholines, sphingolipids,
glycerophosphates, triacylglycerols, plasmalogens,
phosphatidylethanolamines, and lysophosphatidylcholines.
During epididymal maturation, the number of sphingolipids
and plasmalogens increased, while the proportion of
triacylglycerols decreased from caput to cauda. Molecules
belonging to the same family may have very different
positions on the epididymis. A 3D model of the epididymis
head was also reconstructed by 3D MALDI-MSI, which can be
used to obtain localization information of specific analytes in the

FIGURE 12 | CHEMHIST revealed organ-specific chemistry in the posterior segments of an earthworm (Geier et al., 2021).
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entire tissue. This work opens a new perspective on the role of
lipid metabolism in spermmaturation when it moves through the
epididymis (Lagarrigue et al., 2020).

6.2 Three-Dimensional Mapping Together
Light Sheet Fluorescence Microscopy
Light sheet fluorescence microscopy (LSFM) of optically cleared
biological tissue samples has developed rapidly in the past decade
and has become a powerful tool for 3D histomorphological
analysis applied to various life sciences (Hillman et al., 2019;
Ueda et al., 2020).

LSFM of cleared brain tissue samples could be combined with
MALDI-MSI for protein detection and quantification (Figure 11).
Fresh dissectedmurine brain tissue and archived FFPE human brain
tissue were cleared. Regions of interest of tissue defined by LSFM
were paraffin embedded and sectioned. The sections were then
subjected to MALDI-TOF-MSI in mass ranges between 0.8 and
4 kDa (human) or 2.5–25 kDa (mouse) with a lateral resolution of
50 µm. The protein and peptide characteristics corresponding to the
obtained MALDI-MSI spectra were determined by parallel LC-MS/
MS analysis. MALDI-MSI will be of great value in combination with
qualitative and quantitative morphological analysis of complex 3D
tissue structures (Blutke et al., 2020).

6.3 Three-Dimensional Imaging
Host–Microbe Interactions by Combining
Mass Spectrometry Imaging and X-Ray
Tomography
As is known to all, metabolites mediate most interkingdom
symbioses. However, determining the metabolites of each
member of the biological interaction remains a huge challenge.
Recently, a chemo-histo-tomography (CHEMHIST) method (Geier
et al., 2021) has been developed to link histological changes with

metabolites by combiningMSI and x-ray tomography (micro-CT) to
correlate metabolite distribution with 3D histology of the same
animal (Figure 12), down to submicrometer resolutions. This
method is compatible with tissue-specific DNA sequencing and
fluorescence in situ hybridization and can be used for taxonomic
identification and localization of relevant microorganisms. These
results revealed the physical and chemical interactions of an
earthworm from its natural habitat with bacteria and parasitic
nematodes in its tissues. Combined MSI and micro-CT, advances
in chemical and structural in situ imaging will drive the study of
metabolic interactions in symbiotic systems (Geier et al., 2021).

7 FUTURE DIRECTIONS

MALDI-MSI is now a promising tool for rapid and robust
molecule-specific MS imaging of biological tissue sections at a
broad range of length scales, ranging from the subcellular level to
whole-body tissue sections. As the sample applied in MALDI-
MSI varied, it is critical to standardize sample preparation,
storage protocols, and data acquisition (Dihazi et al., 2013).
Flatley et al. pointed out that many researches were of highly
contradictory results and existing repeat mistakes for lack of
standard operating protocols (SOPs) (Flatley et al., 2014).

Speed, specificity, spatial resolution, and sensitivity, the “4S-
criteia for performance,” is still suitable for further MALDI-MSI
(Schulz et al., 2019). Improving theMSI resolution to single-cell level
and even subcellular level will make it more suitable and useful for
deeper biological discovery. It is for sure that MALDI reduces the
disturbance to the cell. However, when it comes to single-cell level,
the complexity of sample preparation of clinical samples may cause
analyte delocalization. From an instrumental side, laser and detector
technologies must be developed to meet the need of speed and
accuracy in high-throughput analysis. Besides, advanced
computational solutions must be developed to handle the

FIGURE 13 | Nano laser probe-based MSI system. (A) A microscope photograph of the tip of the nano laser probe (NLP). (B) Diagram of the ion source and MSI
process (Meng et al., 2020).
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problems of large-scale data, processing, integration, and storage
(Scupakova et al., 2020).

A significant challenge for most MSI is the failure to distinguish
isomers, which may cause the misinterpretation of location and
function of isomers, due to the lack of chromatography step. For
example, fructose has been shown to contribute to the Warburg
effect and cancer growth (Port et al., 2012; Nakagawa et al., 2020).
However, it is difficult to image fructose using the ordinary MSI
method due to the interference of its common isomer—glucose,
which plays a minor role of energy source for cancer growth,
different from fructose (Nakagawa et al., 2020). This limitation
could be overcome by coupling MSI with approaches capable of
resolving the isobaric molecules, such as tandem mass spectrometry
(MS/MS) (Zhan et al., 2021), trapped ion mobility spectrometry
(TIMS) (Sans et al., 2018; Spraggins et al., 2019). Recent efforts in
coupling special reaction to tandemmass spectrometry imaging have
succeeded in distinguish lipid isomers based on strategy for
identifying C�C bond positions, such as on-tissue Paterno–Buchi
reaction (Bednarik et al., 2018; Waldchen et al., 2019), ozone-
induced dissociation (OzID) (Paine et al., 2018; Claes et al., 2021;
Young et al., 2021), and online photochemical derivatization
(Unsihuay et al., 2021b). There is also a strategy utilizing
structure-specific derivatization methods to modify one of the
isomers to separate isomers before sampling, which is rarely
available.

MALDI and SIMS are important ionizations applied in
subcellular-level MSI (Kallback et al., 2012). Compared with
MALDI-MSI, SIMS-MSI can obtain higher spatial resolution
images directly from biological tissue. Nowadays, nanoSIMS with
a resolution of nm level has been applied in quantitation of
subcellular protein (Vreja et al., 2015), lipid (Jiang et al., 2014),
neurotransmitter (Lovric et al., 2017), drug (Jiang et al., 2017), and
even DNA (Steinhauser et al., 2012) distribution in a single cell, but
recent achievements in MALDI-MSI show that using MALDI as
ionization can approach nm-level resolution. The use of t-MALDI-2
MSI system achieved a high pixel size of 600 nm with brain tissue
(Niehaus et al., 2019). Besides, as shown in Figure 13, the resolution
of recent nano laser probe-based MSI systems can be down to the
nm level (subcellular level) by introducing desorption laser with a
micro-lensed fiber, proving a great development in MALDI-MSI
(Meng et al., 2020). Considering the lack of selectivity of samples of
MALDI ionization (Susniak et al., 2020) and the ability to detect
DNA (Kirpekar et al., 1999; Ehrich et al., 2005), we believe that
MALDI will become more and more important in MSI.

8 GENERAL MARKS AND CONCLUSIONS

MSI is a powerful analytical technique that cannot only detect
qualitatively and determine quantitatively hundreds and
thousands of a large variety of natural and synthetic compounds,
such as lipids, amino acids, metabolites, peptides, proteins, DNA,
RNA, and even SARS-CoV-2 virus (Nachtigall et al., 2020), but also
can map simultaneously spatial locations of these detected
molecules. Therefore, there are increasing trends to apply MSI
where required to know the relative abundance and spatial
distribution of the molecules. Compared with other MSI

techniques, such as SIMS and DESI, MALDI-MSI is a very
simple, economic, and reliable technique. It does not need
assisting solvents/gas jet or special ion beam, but only requires a
suitable matrix on the sample plate and a pulsed laser beam for
ionizing the targetedmolecules. Laser desorption ionization together
with assisted matrix madeMALDI more practical, salt resistant, and
sensible than othermethods. In addition, themajority of ions ionized
by MALDI are singly protonated; thus, the molecular weight could
be common directly read, and less MS noises besides matrix signals
have been detected. With the developments of organic matrix-free
nanomatrices such asGO, nano gold, titaniumoxide and nanowires,
and on-tissue or on-cell chemical derivation, MALDI-MSI will
provide high sensitivity. Furthermore, MALDI ion resources can
be easily coupled with high-resolution (resolving power) mass
analyzers, such as TOF, FT-ICR, and Orbitrap, which provide
high mass accuracy for MSI targets. During the recent years, with
the developments of some new MALDI ion sources, such as
atmosphere pressure AP-MALDI (Kompauer et al., 2017), AP-
SMALDI (Vegvari et al., 2017; Bhandari et al., 2018; Bredehoeft
et al., 2019; Kadesch et al., 2020; Mokosch et al., 2021; Mueller et al.,
2021; Righetti et al., 2021), MALDI-2 (Soltwisch et al., 2015),
transmission MALDI-2 (Niehaus et al., 2019), and nano laser
probed-based laser desorption ionization (Meng et al., 2020), the
lateral resolution of MALDI-MSI will possibly achieve nm or µm
level for single cell and even subcellular scale imaging. Finally, the
scanning speed of MALDI-MSI largely depends on the speed of MS
detection, spectra recording and data processing. With the
developments of MSI instruments and artificial intelligence for
big data, the MALDI-MSI will achieve high-speed scanning and
rapid analyses. Therefore, further high-resolution MALDI-MSI will
be applied to wide fields from single cells, tissues, to 3D organisms
for molecular understanding of life and other human-related fields.
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Lipid Analysis of Fracture Hematoma
With MALDI-MSI: Specific Lipids are
Associated to Bone Fracture Healing
Over Time
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University, Maastricht, Netherlands, 3Division of Imaging Mass Spectrometry, Maastricht MultiModal Molecular Imaging (M4i)
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University Medical Center, Maastricht, Netherlands, 5Department of Orthopaedics, Trauma and Reconstructive Surgery,
University Hospital RWTH Aachen, Aachen, Germany, 6NUTRIM, School for Nutrition and Translational Research in Metabolism,
Maastricht University, Maastricht, Netherlands

Background: Fracture healing is a complex process, involving cell-cell interactions, various
cytokines, and growth factors. Although fracture treatment improved over the last decades,
a substantial part of all fractures shows delayed or absent healing. The fracture hematoma
(fxh) is known to have a relevant role in this process, while the exact mechanisms by which it
influences fracture healing are poorly understood. To improve strategies in fracture
treatment, regulatory pathways in fracture healing need to be investigated. Lipids are
important molecules in cellular signaling, inflammation, and metabolism, as well as key
structural components of the cell. Analysis of the lipid spectrum in fxh may therefore reflect
important events during the early healing phase. This study aims to develop a protocol for the
determination of lipid signals over time, and the identification of lipids that contribute to these
signals, with matrix-assisted laser desorption/ionization mass spectrometry imaging
(MALDI-MSI) in fxh in healthy fracture healing.

Methods: Twelve fxh samples (6 porcine; 6 human) were surgically removed, snap frozen,
sectioned, washed, and analyzed using MALDI-MSI in positive and negative ion mode at
different time points after fracture (porcine: 72 h; human samples: range 1–19 days). A tissue
preparation protocol for lipid analysis in fxh has been developedwith both porcine and human
fxh. Data were analyzed through principal component- and linear discriminant analyses.

Results: A protocol for the preparation of fxh sections was developed and optimized.
Although hematoma is a heterogeneous tissue, the intra-variability within fxh was smaller
than the inter-variability between fxh. Distinctivem/z values were detected that contributed
to the separation of three different fxh age groups: early (1–3 days), middle (6–10 days),
and late (12–19 days). Identification of the distinctive m/z values provided a panel of
specific lipids that showed a time dependent expression within fxh.
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Conclusion: This study shows that MALDI-MSI is a suitable analytical tool for lipid analysis
in fxh and that lipid patterns within fxh are time-dependent. These lipid patterns within fxh
may serve as a future diagnostic tool. These findings warrant further research into fxh
analysis using MALDI-MSI and its possible clinical implications in fracture treatment.

Keywords: fracture hematoma, fracture healing, MALDI-MSI, sample preparation, lipids

INTRODUCTION

Fracture healing is a complex process in which a great variety of
cells, signaling molecules, and cellular signaling pathways are
involved (Claes et al., 2012). Although fracture treatment has
advanced greatly over the past decades, a substantial portion of
fractures still suffers from impaired healing in the form of delayed
healing or non-union (Claes et al., 2012; Bastian et al., 2016a).
Treatment of these complications often consists of multiple
surgical interventions and, even if the interventions are
successful, a long trajectory of rehabilitation (Volpin and
Shtarker, 2014). Therefore, insights in fracture healing
processes at an early stage may help to prevent or treat these
complications (Dimitriou et al., 2005; Kolar et al., 2010; Wang
et al., 2017).

The fracture healing process can be divided into three main
phases: inflammation, bone repair, and bone remodeling (Bastian
et al., 2016a). The first phase starts immediately after the fracture
occurs, with the formation of the fracture hematoma (fxh). The
fxh is considered to play a pivotal role in proper fracture healing,
since it initiates the inflammatory response and creates a
microenvironment to which a variety of cells is attracted by
means of chemotaxis. Studies have shown that the removal or
debridement of the fxh as well as an overshoot in the
inflammatory response can induce adverse effects on fracture
healing (Park et al., 2002; Claes et al., 2012; Bastian et al., 2016a;
Loi et al., 2016; Schell et al., 2017). Cytokines and growth factors
within the fxh facilitate the influx of inflammatory- and
mesenchymal stem cells and regulate capillary growth, which
is necessary to replace extracellular matrix with granulation tissue
(Kolar et al., 2010; Claes et al., 2012; Schell et al., 2017). Therefore,
the molecular environment in fxh changes based on this cellular
trafficking (Kolar et al., 2010; Bastian et al., 2016b; Ghiasi et al.,
2017).

During the following phases of fracture healing, the fxh acts as
a basis for the formation of granulation tissue, also known as
callus, which will gradually ossify as time progresses to bridge the
fracture gap. Being an important initiator of the fracture healing
cascade, investigating the molecular environment of the fxh at
different time points after trauma could provide more insight into
early fracture healing processes. Mass spectrometry offers
potential advantages in understanding these dynamic
molecular patterns and their regulatory effects on fracture
healing as well as their possible complications.

Matrix-assisted laser desorption/ionizationmass spectrometry
imaging (MALDI-MSI) is a suitable imaging modality that allows
for the untargeted, spatially resolved detection of a variety of
molecules in tissue sections. The applicability of this technique to
many research fields derives from its intrinsic property to detect a

broad range of molecular classes, such as lipids or proteins, in a
single experiment, without prior knowledge or hypothesis on the
composition of a sample (Chughtai and Heeren, 2010).

A schematic overview of the MALDI-MSI workflow is
depicted in Figure 1. A tissue section is covered with a
matrix, which co-crystallizes with the analyte molecules. The
matrix-analyte mixture absorbs the energy of the focused laser
beam hitting the sample surface. This results in the local
desorption and ionization of the analytes into the gas phase.
The analysis of these ions with a mass spectrometer provides a
mass spectrum, which depicts their mass-to-charge ratio (m/z).
The analysis of mass spectra of multiple laser spots (or pixels)
allows for the determination of the spatial distribution of certain
molecules in the sample (Glish and Vachet, 2003; Murphy et al.,
2009; Chughtai and Heeren, 2010; Watrous et al., 2011; Norris
and Caprioli, 2013; Aichler and Walch, 2015). Histological
staining of the same section after MSI enables the correlation
of the detected molecules to a certain anatomical region within
the sample.

To our knowledge, MALDI-MSI has not yet been reported for
the analysis of fracture healing processes. Using MALDI-MSI to
analyze fxh at different time points during the fracture healing
process could help to understand changes in molecular patterns
throughout different phases of fracture healing. Lipids are
suitable target molecules for the examination of potential use
and application of MALDI-MSI for fxh analysis since they are key
molecules in cellular signaling, inflammation, and metabolism, as
well as important structural components of the cell (Schwamborn
and Caprioli, 2010; Li et al., 2014; Øyen et al., 2017; Chiurchiù
et al., 2018; Matsumoto et al., 2019; Alekos et al., 2020; Kang et al.,
2020).

In this study, we used MALDI-MSI to investigate the lipid
signature and its spatial distribution in fxh samples taken at
different time points between trauma and surgery. A sample
preparation procedure was developed to improve lipid signal
intensities. One of the key challenges in this sample preparation
was the removal of blood from the fxh with a washing step, since
it contains large quantities of heme. Heme is easily ionized and
therefore negatively affects the ionization of lipids and other
molecules, a process called ion suppression. The washing step
should improve lipid signal intensities without delocalization.
Furthermore, the intra-variability of the detected molecules
within the fxh was evaluated to establish if differences in
molecular patterns occur based on their specific location
within the fxh. Thus, the aims of this study are to: 1) Develop
a methodology for analysis of fxh with MALDI-MSI, 2)
Investigate the intra-variability of the molecular profile within
fxh, and 3) Identify fxh time-dependent molecular patterns
between the fxh.
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MATERIALS AND METHODS

Materials
Ammonium formate, norharmane, Mayer’s hematoxylin, and
eosin were purchased from Sigma Aldrich (St. Louis, MO,
USA). Acetone (HPLC grade), chloroform (HPLC grade),
ethanol (HPLC grade), n-hexane (HPLC grade), methanol
(ULC/MS-CC/SFC grade), and deionized water (ULC/MS-CC/
SFC grade) were purchased from Biosolve B.V. (Valkenswaard,
Netherlands).

Samples—Fracture Hematoma
Fxh were obtained from pigs for method development and
investigation of the intra-variability. Fxh were obtained from
humans for the method validation and the investigation of time-
dependent molecular patterns. An overview of the fxh tissue and
age used for the different objectives can be found in Table 1. The
fxh age is defined as the number of days between the bone fracture
and surgical intervention.

Porcine fxh
Porcine fxh were collected from closed tibia shaft fractures that
were created during animal experiments, as previously published
by Guo et al. (2020) In short, a multi-trauma model was used to

study hematological and chemical profiles in a porcine model of
severe multi-trauma over a time period of 72 h after trauma.
During the experiments, all animals were kept sedated and fxh
were harvested 72 h after fracture induction. All procedures were
approved by the animal care and use office of the state of
Nordrhein-Westfalen (approval number: LANUV AZ
81–02.04.2017.A412).

Human fxh
The human fxh were collected during open surgical reduction
and internal fixation of metaphyseal long bone fractures. For the
detection of molecular patterns, samples were gathered frommale
patients with metaphyseal bone fractures, without further known
comorbidities, that showed uneventful fracture healing, with a
mean age of 51 ± 20 years. Due to patient-specific reasons,
fracture surgery was performed at different time points after
trauma which enables harvesting of a range of fxh of different
ages (2–19 days). TheMedical Ethical Committee of theMUMC+
approved this study (approval number: MEC 16-4-251).

General Sample Preparation and
MALDI-MSI Protocol
The workflow for the sample preparation and MALDI-MSI
analysis of fxh can be described in six steps (Figure 1). H&E
staining was performed after MALDI-MSI analysis. The general
protocol was used for the different experiments with minor
adaptions when specified.

Sample collection and freezing: The fxh were harvested and
snap-frozen in aluminum containers dipped in liquid nitrogen to
stop cellular biological processes (Goodwin, 2012). The fxh were
stored at −80°C until further use. The containers were put on ice
when transferring for a short period of time.

Cryo-sectioning: Indium tin oxide (ITO) slides were cleansed
for 10 min each by sonicating them in n-hexane and ethanol
consecutively. The fxh were cryo-sectioned at 12 µm using a Leica

FIGURE 1 | General MALDI-MSI workflow, applied to fracture hematoma analysis. The fxh was surgically removed and snap frozen in liquid nitrogen. The fxh was
cryo-sectioned and thaw mounted on ITO slides. The slides were washed by submerging them in either ammonium formate or acetone. Afterwards, norharmane was
homogenously sprayed onto the slides. The coated slides were analyzed by MALDI-MSI after which the data were processed and visualized.

TABLE 1 | Overview of fxh tissues and ages used for the different objectives.

Objective fxh tissue fxh age

Tissue washing comparison 1 Human 3 days
1 Porcine 3 days

Intra-hematoma variability 4 Porcine 3 days
Detection of molecular patterns 2 Human 2 days

2 Human 9 days
2 Human 19 days
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CM1860 UV cryostat (Leica microsystems, B.V., Amsterdam, the
Netherlands) between −22 and −24°C. The sectioned fxh were
thaw mounted on ITO slides (Delta Technologies, Colorado,
USA). Afterwards, the slides with fxh sections were dried with
nitrogenous gas. The slides were stored at −80°C, until further use.

Washing: The ITO slides with tissues sections were submerged
for a defined amount of time (15–120 s) in either ammonium
formate or acetone. After submersion, the slides were dried by
nitrogen gas. More details about this step can be found in the
paragraph “Comparison of different tissue washing methods”.

Matrix application: In this study, 7 mg/ml norharmane in 2:1
chloroform and methanol (v/v) was applied for the extraction of
lipids. This matrix solution was sonicated for 15 minutes and
applied to the slides using an HTX TM sprayer (HTX
technologies, LC, North Carolina, USA). Ten layers of matrix
were applied with a drying time of 30 s between each layer using a
nozzle temperature of 30°C and a flow rate of 0.12 μL/min. The
velocity was set at 1,200 mm/min with a track spacing of 3 mm.

MALDI-MSI: Experiments were performed with a RapifleX
MALDI Tissuetyper mass analyzer system (Bruker, Bremen,
Germany) in reflector mode. The data were acquired at a
50 µm by 50 µm raster size with 200 laser shots/pixel at a laser
frequency of 10 kHz. Positive and negative ion mode spectra were
acquired to analyze lipids over a mass range ofm/z 340–1,200 and
340–1,600, respectively. The system was calibrated with red
phosphorus before acquisition.

Data analysis: FlexImaging v4.1 (Bruker Daltonik GmbH,
Bremen, Germany) was used to visualize the molecular
distributions. SCiLS lab 2016b (SCiLS GmbH, Bremen,
Germany) was used for data analysis and data conversion.
Principal component analysis—linear discriminant analysis
(PCA-LDA) was performed and visualized with an in-house-
built ChemomeTricks toolbox for MATLAB (version 2014a, The
MathWorks, Natick, USA) to compare different groups.

H&E staining: After the MSI analysis, the matrix was removed
from the slides with 70% ethanol. The slides were hematoxylin-
eosin (H&E) stained. The stained slides were scanned with a M8
Microscope and Scanner (PreciPoint, Freising, Germany) at ×20
magnification and co-registered with the MALDI-MSI
distribution images.

Comparison of Different Tissue Washing
Methods
Different tissue washing methods were compared to increase
lipid signal intensities after washing of heme. In addition, the
possible delocalization of molecules caused by the washing of
the lipids was assessed. Slides with porcine or human fxh
were submerged in ammonium formate (50 mM in water, pH
7) or acetone. In-between washing steps and at the end, slides
were dried with a gentle flow of nitrogen gas. Unwashed
samples served as a control. An overview of the different
washing methods compared for negative and positive ion
modes can be found in Table 2. The number of washing
methods tested for positive ion mode was reduced based on
the results in negative ion mode, as the longest washing
methods resulted in reduced lipid intensity and increased

lipid delocalization. Three technical replicates were acquired
per washing method. The remaining tissue preparation
protocol and analyses were as described above in the
general methods.

Comparison of the washing methods was done based on the
mean signal-to-noise (S/N) values of ten selected ion peaks and
the heme peak (m/z value based on literature). In addition, the
ratios of the intensity of selected m/z values over the heme ion
intensity (M/H) were compared. The m/z values were selected
based on the highest intensities (excluding isotopes) and to cover
the mass range ofm/z 650–950. The optimal washing method was
selected based on the combination of high ratios, adequate blood
removal, and minimal lipid delocalization.

Intra-variability of fxh
A comparison of the molecular profiles of the outside and center
of the fxh was performed to study the heterogeneity of the
samples. For this purpose, multiple slides were created with
three consecutive sections of the outside and the center for
four porcine fxh (see Supplementary Figure S1). The sections
for the outside were sectioned as close to the border of the sample
as possible after minimal trimming. The center of the fxh was
determined based on visual observation of size and shape, as the
center differs distinctively for each fracture hematoma due to
their differences in size and shape. The remaining tissue
preparation protocol and analyses were as described above in
the general method.

Identify fxh Age-Dependent Molecular
Patterns
One of the objectives was to compare the molecular profiles of
human fxh of different fxh ages. The selected fxh ages were
two, nine, and 19 days after bone fracture to represent
different time points in the early stages of the fracture
healing cascade. Per sample at least five technical replicates
were acquired. The slides were used for acquisition in negative
and positive ion mode. The remaining tissue preparation
protocol and analyses were as described above in the
general method.

The different fxh ages were compared in both negative and
positive ion mode using PCA-LDA. This analysis defines
discriminant functions (DFs) that maximize the variance
between classes while minimizing the variance within classes.
The DF-score plots show which groups can be separated using
that DF while the scaled loadings plot provides the corresponding
m/z values. The scaled loadings are a combination of the intensity
of them/z value and the extent to which the molecule contributes
to the separation of classes across the specified discriminant
function. The scaled loadings on the positive side contribute
more to the class at the positive side of the DF score and
vice versa.

Lipid Identification
Molecules of interest were determined based on the PCA-LDA
analysis of human fxh of different fxh ages. These molecules of
interest are identified based on the highest scaled loadings for the
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different classes. Background peaks, matrix clusters, and isotopes
were removed from the lists of m/z values with high scaled
loadings. The molecules were identified by MS/MS analysis
using collision-induced dissociation (CID) to fragment
molecules of interest. Data for lipid identification were
acquired using a data-dependent acquisition (DDA)-imaging
method, as described previously (Ellis et al., 2018). Shortly,
MSI and MS/MS data were acquired on an Orbitrap Elite
hybrid ion trap mass spectrometer (Thermo Fisher Scientific
GmbH, Bremen, Germany) using a stage step size of 25 × 50 μm2.
MSI (MS1) data of m/z 300–2000 were acquired at a nominal

mass resolution of 240,000 (atm/z 400) using an injection time of
250 ms for both positive and negative ion mode. In parallel, the
MS/MS data were acquired using the ion trap with an isolation
window of 1 Da; a normalized collision energy of 30.0
(manufacturer units) with an activation q value of 0.17 in
positive ion mode, and 38.0 and 0.25 in negative ion mode,
respectively. Data analysis and lipid assignments were performed
using Thermo Xcalibur (version 4.2, Thermo Fisher Scientific)
and LipostarMSI (version 1.1.0b26, Molecular Horizon, Bettona,
Italy) (Tortorella et al., 2020).

TABLE 2 | Overview of the different washing methods that were applied to the fxh, including the polarity.

Washing solvent Washing time Negative ion mode Positive ion mode

Ammonium formate 30 s X X
15 s twice X X
30 s twice X -
15 s four times X -

Acetone 30 s twice X X
30 s four times X -

No-wash (control) - X X

FIGURE 2 | Comparison of the ratios between heme and selected m/z values for different washing methods for negative and positive ion mode for porcine and
human fracture hematoma. The ratios represent the ion intensities of selectedm/z values over the heme ion intensity. Them/z values were selected based on the highest
intensities (excluding isotopes) and to cover themass range of lipids (m/z 650–950). (A)Ratios for 10 m/z values for the six washingmethods and the control (no washing)
for porcine fxh in negative ion mode. (B) Ratios for 10 m/z values for the three washing methods and the control (no washing) for porcine fxh in positive ion mode.
(C) Ratios for 10 m/z values for the six washing methods and the control (no washing) for human fxh in negative ion mode. (D) Ratios for 10 m/z values for the three
washing methods and the control (no washing) for human fxh in positive ion mode.
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RESULTS

Comparing Different Tissue Washing
Methods
Porcine fxh
The ratios between themean intensities of selectedm/z values and
heme, as well as the S/N values of the selected m/z values of
porcine fxh in both ion modes, were increased after washing the
sections in either ammonium formate or acetone (Figures 2A,B,
Supplementary Table S1A,B).

In negative ion mode, submerging the sections in ammonium
formate for 15 seconds twice resulted in the highest ratios for most
m/z values, as seen in Figure 2A. Washing the sections in acetone
for 30 seconds twice enhanced the S/N value for heme compared to
no wash, while for the other washing methods the heme S/N value
decreased (Supplementary Table S1A). The highest S/N values for
most of the selected m/z values were obtained with washing in
ammonium formate for 30 seconds once or 15 seconds twice.

In positive ion mode, submerging the sections in ammonium
formate for 15 seconds twice resulted in the highest ratios for most
m/z values (Figure 2B). Only washing twice with ammonium
formate for 15 seconds decreased the S/N value for heme compared
to no wash (Supplementary Table S1B). For the other methods,
the S/N value of heme increased. The highest S/N values formost of
the selectedm/z values were obtained with washing in ammonium
formate for 30 seconds once or 15 seconds twice.

Human fxh
MSI results of human fxh also improved in both ionmodes. The ratios
between the mean intensities of selectedm/z values and heme as well
as the S/N values of the selected m/z values were increased after
washing the sections in either ammonium formate or acetone, as for
the porcine samples (Figures 2C,D, Supplementary Table S1C,D).

In negative ion mode, submerging the sections in ammonium
formate for 15 seconds four times resulted in the highest ratios for
most m/z values (Figure 2C). Washing the sections in
ammonium formate for 30 seconds twice or 15 seconds four
times resulted in a decreased S/N value of heme compared to
unwashed controls, while the other washing methods resulted in
an increased heme S/N value (Supplementary Table S1C). The
highest S/N values for all the selected m/z values were obtained
with washing in ammonium formate for 30 seconds once or
15 seconds twice, despite the S/N ratios being the highest for
ammonium formate for 15 seconds four times.

In positive ion mode, submerging the sections in ammonium
formate for 15 seconds twice resulted in the highest ratios for all
of the m/z values (Figure 2D). All the washing methods resulted
in an increased heme S/N value compared to no wash, but this
increase was the smallest for an ammonium formate wash of
15 seconds twice (Supplementary Table S1D). The highest S/N
values for all the selected m/z values were obtained with washing
in ammonium formate for 30 seconds once or 15 seconds twice.

Delocalization
Figure 3 and Supplementary Figure S2 show example images of
MALDI-MSI distribution images for different washing methods
for selected washing methods. The ammonium formate wash

shows less delocalization than the acetone wash (Figure 3 and
Supplementary Figure S2). Almost no heme was present within
the fxh tissue for the tissue washing method with ammonium
formate, in contrast to washing with acetone (Figure 3 and
Supplementary Figure S2). Nevertheless, the intensity of
heme is relatively high outside the tissue for the ammonium
formate washing methods, which is attributed to the removal of
the heme from the tissue with these methods. Increased
delocalization was observed with increasing washing time, for
example, the delocalization was larger for ammonium formate
wash 15 s four times than for 15 s twice. In addition, it was
observed that the delocalization for the selected m/z values was
minimal and the highest intensities were present within the tissue
for the ammonium formate wash.

Taking the above-mentioned results into account, the optimal
fxh washing method is the ammonium formate wash for 15 s
twice based on the increased intensity of the selected m/z values,
the decreased heme intensity, and minimum delocalization of the
molecules of interest. This washing method was further applied
throughout this study.

Intra-Variability of fxh
Fxh is a very heterogeneous tissue due to the presence of different
cell types, which affects the molecular profile as well. The
molecular profiles of the outside and center of fxh are
compared to examine the intra-variability of this profile
throughout the fxh. This is important to prevent bias based on
sampling location within a fxh.

Four porcine fxh were used to determine if the molecular
profiles differed based on the sampling location within the fxh,
which reflects the intra-variability of the fxh. Figure 4A shows
that molecular profiles of the outside and center of fxh cannot be
distinguished in negative ion mode, as the graphs for the outside
and center section per sample mostly overlap. For positive ion
mode, the same holds, although the intra-variability for sample 2
is bigger than for the other samples, as those graphs overlap less
(see Figure 4B). The DF-2 scores (see Supplementary Figure S3)
show the same trend for both negative and positive ion mode. In
general, the results from the PCA-LDA analysis show that the
inter-variability between samples is higher than the intra-
variability within a sample.

Identify fxh Age-Dependent Molecular
Patterns
Human fxh of different fxh ages (2, 9, and 19 days) were analyzed
to compare the differences in molecular profiles at an early,
middle, and late stage during fracture healing. Changes in the
molecular profiles can help to improve the understanding of
molecular changes during bone fracture healing.

Negative Ion Mode
In negative ionmode, DF-1 explains 1.47% of the total variance of
the dataset and can be used to separate day 2 from day 19
(Figure 5A). Figure 5C shows the corresponding scaled loading
plot. In the range from m/z 600 to 830, the peaks are more
distinctive of day 2, while the peaks in the range m/z 830 to 1,000
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and some peaks in the mass range above that more distinctive of
day 19. The results of the identification of the peaks with the
highest scaled loadings can be found in Table 3 (labeled with DF-
1). For the separation between day 2 and day 19, certain
phosphatidylinositols (PIs) and cardiolipins (CLs) are more

characteristic of day 19, while a phosphatidylethanolamine
(PE) is more characteristic of day 2. Phosphatidic acids (PAs)
and phosphatidylserines (PSs) are present on both day 2 and 19,
but the specific fatty acid chain composition and degree of
saturation differ between both classes.

FIGURE 3 | H&E stained and MALDI-MSI distribution images for three different washing methods for human fxh. MALDI-MSI images are shown for the distribution
of heme (m/z 615.2) and lipids with m/z values 885.6 and 788.6 in negative ion mode for the washing methods: ammonium formate for 30 s (left column), ammonium
formate for 15 s twice (middle column), and acetone for 30 s twice (right column). All shown intensities are total ion current (TIC) normalized.

FIGURE 4 | DF-1 scores for comparison of the intra-variability of fracture hematoma for negative and positive ion mode. The DF-1 score explains the biggest
variance in the data set as determined by a PCA-LDA of the mass spectra of the outside and center sections of different porcine fxh. (A) DF-1 score for the outside and
center sections of four porcine fxh in negative ion mode. (B) DF-1 score for the outside and center sections of four porcine fxh in positive ion mode.
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FIGURE 5 | Results of the PCA-LDA of the human fxh of different fxh age (2, 9, and 19 days) for negative ion mode. DF-scores and their corresponding scaled
loading plots are shown. The scaled loading is a combination of the intensity of them/z value with howmuch the molecule contributes to the separation of classes across
the specified discriminant function. The positive side for the DF-score plot is related to the positive side of the scaled loading plots. This indicates that them/z values at a
certain side have a higher contribution in the class at that side. (A)DF-1 score representing the first discriminant function, which corresponds to the highest variance
in the dataset. (B) The DF-2 score representing the second discriminant function. (C) Scaled loading plot of the full mass range for DF-1. (D) Scaled loading plot of the full
mass range for DF-2.
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DF-2 explains 2.39% of the total variance and can be used to
separate day 2 from day 9 (Figure 5B). The corresponding scaled
loading plot (Figure 5D) shows that most of the peaks in the mass
range up tom/z 880 are more distinctive of day 9, while most peaks
above this value aremore distinctive of day 2 except for the peaks just
above m/z 1,515, which correspond to day 9. The results of the
identification of the peaks with the highest scaled loadings can be
found in Table 3 (labeled with DF-2). For the separation between
days 2 and 9, certain PAs, PEs, and PSs aremore characteristic of day
9, while certain CLs are more characteristic of day 2. PIs are present
on both day 2 and 9, but the specific fatty acid chain composition
and degree of saturation differ between both classes.

Positive Ion Mode
In positive ion mode, DF-1 explains 2.23% of the total variance of
the dataset and can be used to separate day 2 from day 19 after
trauma (Figure 6A). Based on the scaled loadings (Figure 6C),
most of the peaks are more distinctive of day 2 up to m/z 925,
except for a few peaks, most notably 3 clusters of peaks in the
range of m/z 700 to 800. Most of the peaks above m/z 925 are
more distinctive of day 19. The results of the identification of the
peaks with the highest scaled loadings can be found in Table 4
(labeled with DF-1). For the separation between day 2 and day 19,
it seems that certain lysophosphatidylcholines (LPCs) have a
higher presence on day 2. The main class of identified lipids is

TABLE 3 | Lipid assignments based on MS/MS data and high mass resolution experiments in negative ion mode. For each assignment, them/z value obtained with the high
mass resolution mass spectrometer (Orbitrap Elite), the lipid assignment, the detected ion, the ppm error, the condition to which them/z value contributes, the DF, and
the corresponding scaled loading are provided.

m/z value Assignment Ion Δ ppm error Condition DF

687.54 SM 16:0_18:1; O2 [M-CH3]- 0.5 Day 2 DF-1

699.50 PA 18:0_18:2 and PA 18:1_18:1 [M-H]- 0.5 Day 19 DF-1

701.51 PA 18:0_18:1 [M-H]- 0.5
Day 2 DF-1

Day 9 DF-2

716.52 PE 16:0_18:1 [M-H]- 0.7 Day 9 DF-2

723.50 PA 18:0_20:4 [M-H]- 0.4
Day 2 DF-1

Day 9 DF-2

742.54 PE 18:0_18:2 and PE 18:1_18:1 [M-H]- 0.5 Day 9 DF-2

744.60 PE 18:0_18:1 [M-H]- 0.6 Day 9 DF-2

766.54 PE 18:0_20:4 [M-H]- 0.9 Day 2 DF-1

770.57 PE 18:0_20:2 and PE 18:1_20:1 and PE 18:2_20:0 [M-H]- 1.8 Day 9 DF-2

786.53 PS 18:0_18:2 and PS 18:1_18:1 [M-H]- 0.5 Day 19 DF-1

788.54 PS 18:0_18:1 [M-H]- 0.6
Day 2 DF-1

Day 9 DF-2

810.53 PS 18:0_20:4 [M-H]- 0.5
Day 2 DF-1

Day 9 DF-2

833.52 PI 16:0_18:2 and PI 16:1_18:1 and PI 16:2_18:0 [M-H]- 0.6 Day 9 DF-2

835.53 PI 16:1_18:0 and PI 16:0_18:1 [M-H]- 1.1
Day 19 DF-1

Day 9 DF-2

859.53 PI 18:1_18:2 [M-H]- 0.1 Day 19 DF-1

861.54 PI 18:0_18:2 and PI 18:1_18:1 [M-H]- 0.6
Day 19 DF-1

Day 9 DF-2

863.56 PI 18:0_18:1 [M-H]- 0.8
Day 19 DF-1

Day 9 DF-2

883.53 PI 18:1_20:4 [M-H]- 0.8
Day 19 DF-1

Day 2 DF-2

885.55 PI 18:0_20:4 [M-H]- 0.8
Day 19 DF-1

Day 2 DF-2

909.55 PI 18:0_22:6 [M-H]- 0.9 Day 19 DF-1

911.56 PI 18:0_22:5 and PI 18:1_22:4 [M-H]- 1.0 Day 19 DF-1

1447.96 CL 18:2_18:2_18:2_18:2 [M-H]- 0.4
Day 19 DF-1

Day 2 DF-2

1449.98 CL 18:1_18:2_18:2_18:2 [M-H]- 1.0 Day 19 DF-1
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FIGURE 6 | Results of the PCA-LDA of the human fxh of different fxh age (2, 9, and 19 days) for positive ion mode. DF-scores and their corresponding scaled
loading plots are shown. The scaled loading is a combination of the intensity of them/z value with howmuch the molecule contributes to the separation of classes across
the specified discriminant function. The positive side for the DF-score plot is related to the positive side of the scaled loading plots. This indicates that them/z values at a
certain side have a higher contribution in the class at that side. (A)DF-1 score representing the first discriminant function, which corresponds to the highest variance
in the dataset. (B) The DF-2 score representing the second discriminant function. (C) Scaled loading plot of the full mass range for DF-1. (D) Scaled loading plot of the full
mass range for DF-2.
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phosphatidylcholines (PCs), PCs are present in both the day 2
and day 19. However, the specific fatty acid chain composition
and degree of saturation differ between day 2 and day 19.

DF-2 explains 2.79% of the total variance and can be used to
separate day 9 from day 2 + 19 (Figure 6B). The corresponding
scaled loading plot (Figure 6D) shows that clusters of peaks are
more distinctive of day 9 or day 2 + 19. For the mass range up to
m/z 850 and fromm/z 1,020, most peaks are related to day 2 + 19,
while for the mass range m/z 850 to 1,020 most peaks are related
to day 9. The results of the identification of the peaks with the
highest scaled loadings can be found in Table 4 (labeled with DF-
2). For the separation between day 9 and day 2 + 19, it seems that
certain acylcarnitines (CARs) are more present at day 2 + 19,
while an LPC and sphingomyelin (SM) are more present at day 9.
Just as for DF-1, the main class of identified lipids is PCs, which
are present on both day 9 and day 2 + 19. Again, the specific fatty
acid chain composition and degree of saturation differ between
day 9 and day 2 + 19.

DISCUSSION

In this study, the use of MALDI-MSI as a tool to examine the
molecular events in fxh was explored. A methodology was
developed for the analysis of fxh with MALDI-MSI with a
focus on defining the optimal washing method. The intra-

variability of the molecular profile in fxh was shown to be
smaller than the inter-variability using this method. Lastly, fxh
age-dependent lipid patterns within the fxh were identified. These
age-dependent lipid patterns might be applied in predicting
fracture healing outcome in the future.

Tissue Preparation
A two-step washing protocol with ammonium formate followed
by an intermediary drying step is most effective in reducing the
heme signal, minimizing lipid delocalization, and enhancing
lipid signal intensities. Our results are in line with the study by
Angel et al. (2012), which shows that longer washing times go
hand in hand with increased lipid delocalization (Angel et al.,
2012).

In general, most molecular intensities were enhanced after
tissue washing with either ammonium formate or acetone,
compared to no tissue washing at all. This result is in line
with the study by Seeley et al. (2008), which also showed
enhanced heme signal intensities after tissue washing with
acetone as compared to not washing tissue sections (Seeley
et al., 2008). In this study, acetone proved to be less effective,
as acetone tissue washing resulted in a higher heme signal as
compared to ammonium formate tissue washing or no washing.
Additionally, more residual heme was located within the
tissue after acetone wash in comparison to the ammonium
formate wash.

TABLE 4 | Lipid assignments based onMS/MS and high mass resolution experiments in positive ion mode. For each assignment, them/z value obtained with the high mass
resolution mass spectrometer (Orbitrap Elite), the lipid assignment, the detected ion, the ppm error, the condition to which the m/z value contributes, the DF, and the
corresponding scaled loading are provided.

m/z value Assignment Ion Δ ppm error Condition DF

400.34 CAR 16:0 [M + H]+ 1.0 Day 2 + 19 DF-2
426.36 CAR 18:1 [M + H]+ 0.4 Day 2 + 19 DF-2

496.34 LPC 16:0 [M + H]+ 0.7
Day 2 DF-1

Day 9 DF-2

524.37 LPC 18:0 [M + H]+ 1.5 Day 2 DF-1

703.57 SM 34:1; O2 [M + H]+ 0.4 Day 9 DF-2

734.57 PC 16:0_16:0 [M + H]+ 0.4
Day 19 DF-1

Day 2 + 19 DF-2

758.57 PC 16:0_18:2 [M + H]+ 0.5
Day 2 DF-1

Day 9 DF-2

760.58 PC 16:0_18:1 [M + H]+ 0.7
Day 19 DF-1

Day 9 DF-2

768.59 PC O-36:4 [M + H]+ 0.7 Day 2 DF-1

782.57 PC 16:0_20:4 [M + H]+ 0.6
Day 2 DF-1

Day 9 DF-2

784.58 PC 16:0_20:3 and PC 18:1_18:2 [M + H]+ 0.7 Day 19 DF-1

786.60 PC 18:0_18:2 and PC 18:1_18:1 [M + H]+ 0.7
Day 19 DF-1

Day 2 + 19 DF-2

788.62 PC 18:0_18:1 [M + H]+ 1.4 Day 2 DF-1

810.60 PC 18:0_20:4 [M + H]+ 0.7 Day 2 DF-1
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Fracture Hematoma Intra-Variability
For the sample location of the fxh, it was shown that the intra-
variability within a fxh was smaller than the inter-variability
between fxh based on DF-1. No marked regions within the fxh
could be identified that exhibit a specific function based on their
spatial distribution. This is in line with expectations since the fxh
is a very dynamic and diverse environment in which, depending
on the phase of the fracture healing process, a great variety of cells
is present (Kolar et al., 2010; Claes et al., 2012).

Comparison of Human fxh of Different
fxh Age
Using MALDI-MSI, distinct lipid patterns were identified in fxh
samples that were indicative of fxh age. Five lipid classes in
negative ion mode and four lipid classes in positive ion mode
showed to contribute most to differentiating the three age-based
fxh groups. Herein, we focus on the lipid classes with the highest
differentiating contribution.

Lipid Patterns in Negative Ion Mode
In negative ion mode, days 2 and 19 could predominantly be
separated by the relatively higher presence of PIs and CLs on day
19 as compared to a higher presence of PEs on day 2 (Table 3).

PIs serve as precursors of signaling molecules within both the
Inositol-3-phosphate/diaglycerol (IP3/DAG), as well as the
phosphatidylinositol-3-Kinase/protein kinase B (PI3K/AKT)
signaling pathway and assist in the effective regulation of
angiogenesis (Davies et al., 2019). Regarding bone formation,
another important aspect is the recruitment and release of
calcium through the binding of IP3 to the endoplasmatic
reticulum. Calcium release results in a positive feedback loop
on the production of DAG, which is counteracted by diaglycerol
kinase due to the conversion to PA, a key molecule in the
mammalian target of rapamycin (mTOR) signaling pathway,
as described below (Antal and Newton, 2013). Placing the
above-mentioned functions of PIs into perspective, it can be
expected that regulation of angiogenesis and calcium
mobilization will be more present at day 19 as compared to day 2.

Furthermore, days 2 and 9 could be distinguished from each
other by the increased presence of CLs on day 2 as compared to a
higher presence of PAs, PSs, and PEs on day 9 (Table 3). PA, a
metabolite of phosphatidylcholine, plays a role in the mTOR
signaling pathway, which acts as a pivotal nutrient sensing
mechanism and partakes in regulating cellular differentiation,
survival, growth, and division. Within this pathway, PA
proposedly serves as an indicator for the presence of its lipid
precursor molecules within the cell since these are important for
the before-mentioned processes (Foster, 2013). Additionally,
PA has shown to be an important component in the induction of
angiogenesis through activating the HIF-1α-VEGF pathway
(Han et al., 2014). Lastly, PA enhances inflammation through
mTOR signaling, both in vitro as well as in vivo (Lim et al., 2003;
Lee et al., 2007). The higher presence of PA on day 9 as
compared to day 2 is in line with physiological fracture
healing due to its roles in the regulation of cell fate and
angiogenesis, as well as a more widespread, regulated

inflammatory response that would more likely take place
around day 9 after fracture as compared to day 2.

PEs, like PCs, are important precursor molecules of
phosphoethanolamine, which on its turn is catalyzed by
phosphoethanolamine/phosphocholine phosphatase
(PHOSPHO1) to serve as a donor of inorganic phosphate in
the production of hydroxyapatite. Furthermore, they are involved
in the glycine and serine metabolism, two key amino acids in the
production of collagen (Roberts et al., 2004). Increased presence
of PEs on day 9, combined with relatively large scaled loadings,
matches its role in both collagen metabolism, as well as a
phosphate donor for hydroxyapatite production.

Lipid Patterns in Positive Ion Mode
In positive ion mode, day 2 and day 19 were mostly
distinguishable by the presence of specific PCs on days 2 or
19. Furthermore, a higher presence of LPCs was observed on day
2 as compared to day 19 (Table 4).

PCs are amongst the most abundant phospholipids in
mammalian cell membranes and are known to play important
roles in cellular metabolism and energetic state (van der Veen
et al., 2017). They also regulate endochondral bone formation by
promoting chondrocyte differentiation and cartilage matrix
degradation in growth plates (Li et al., 2014). Furthermore,
PCs play a role in the glycine and serine metabolism, which
are key amino acids in collagen synthesis, and act as precursors of
phosphocholines, important inorganic phosphate donors in the
production of hydroxyapatite and thus influence bone
mineralization (Roberts et al., 2004; Albaugh et al., 2017; de
Paz-Lugo et al., 2018). A study by Øyen et al. (2017) showed that
dietary supplementation of choline, an essential nutrient that is
predominantly supplied as PC, was directly associated with
increased bone mineral density (Øyen et al., 2017). Since PCs
are the most abundant phospholipids within mammalian cell
membranes, it was to be expected that their presence in fxh would
be validated on both days 2 and 19. However, it has yet to be
revealed what causes the shift in specific lipid isoforms amongst
the different time points. Unfortunately, information about the
presence of specific lipids throughout fracture healing is lacking.
The shift in specific PCs might be due to certain osteogenic
processes that can be expected to be more present during day 19
as compared to day 2.

LPCs are known to elicit a seemingly contradictory effect on
osteoclasts by inhibiting their formation whilst enhancing their
function. Besides, although predominantly investigated in
valvular calcification, LPCs enhance cellular mineralization
(Mebarek et al., 2013; Wiltz et al., 2014; Bouchareb et al.,
2015). The dual (opposite) effect of LPCs on both osteoclast
formation and function could contribute to adequate osteoclast
turnover and functionality in the early fracture environment.

Furthermore, day 9 could be separated from day 2 + 19 due to
the higher presence of certain long chain CARs on day 2 + 19,
whilst SM and LPC were more characteristic of day 9 (Table 4).

SMs are important cellular signaling molecules that play a role
in bone formation and apoptosis. A deficiency in the enzyme that
converts SM to PC has been shown to impair bone and cartilage
mineralization (Khavandgar and Murshed, 2015). Additionally, a
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lack of SM due to the knockdown of sphingomyelin synthase 1
(SMS1) has been shown to impair bone development and case
growth retardation due to the regulatory role of SMS1 in
osteoblast development (Matsumoto et al., 2019). An increased
presence of SM is, therefore, more likely to occur during day 9
after fracture since osteoblast development is initiated around
that time (Bahney et al., 2019).

Limitations and future Research
This study showed that MALDI-MSI allows for the identification
of a fxh age-dependent lipid signature. Still, a larger sample
cohort is needed to validate these data. Especially the lipid
signature in fxh of fractures that develop impaired healing
would be of interest. Due to the limited sample size and the
fact that all fractures in our cohort healed without adverse events,
no conclusions in relation to clinical outcome can be drawn at this
stage. Theoretically, the fracture location within a bone could
influence the presence of lipids in the fracture hematoma.
However, since all included fractures were located in the
metaphyseal bone, we expect this influence to be minimal.
Moreover, analysis of metabolites or proteins, being key
players in bone healing- and formation, could further provide
insights into the molecular mechanisms in fracture healing.
Future research should therefore focus on validating the
results of the present study in a larger cohort and developing
a method for analyzing the protein signature of the fxh.

CONCLUSION

For the first time, our approach revealed the potential of MALDI-
MSI as an analytical tool for the assessment of lipid patterns in fxh
samples over time. An ammonium formate wash for 15 s twice was
shown to adequately remove the heme from the porcine and human
fxh and increase the overall molecular signal for negative and
positive ion mode with minimum delocalization. The sample
location within fxh is of less importance, as it was shown that
the intra-variability within fxh was smaller than the inter-variability
between fxh. Lastly, fxh age-dependent lipid patterns were identified,
which showed to be involved in various processes that are important
during fracture healing, such as angiogenesis, inflammation, cellular
differentiation, mineralization, hydroxyapatite production, and
collagen synthesis. Proper bone regeneration is in part dependent
on the successful integration of the above-mentioned processes, and
our results emphasize the important contributing role that lipids

play. Assessment of specific molecular patterns within the fxh could
provide insights into fracture healing processes and could potentially
serve as a future source of theragnostic information on fracture
healing.
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