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Abstract

Natural compounds in plants are often unevenly distributed, and determining the best sampling locations to obtain the most representative
results is technically challenging. Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) can provide the basis
for formulating sampling guideline. For a succulent plant sample, ensuring the authenticity and in situ nature of the spatial distribution analysis
results during MSI analysis also needs to be thoroughly considered. In this study, we developed a well-established and reliable MALDI-
MSI method based on preservation methods, slice conditions, auxiliary matrices, and MALDI parameters to detect and visualize the spatial
distribution of mescaline in situ in Lophophora williamsii. The MALDI-MSI results were validated using liquid chromatography–tandem mass
spectrometry. Low-temperature storage at −80◦C and drying of “bookmarks” were the appropriate storage methods for succulent plant
samples and their flower samples, and cutting into 40 μm thick sections at −20◦C using gelatin as the embedding medium is the appropriate
sectioning method. The use of DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile) as an auxiliary matrix and a laser
intensity of 45 are favourable MALDI parameter conditions for mescaline analysis. The region of interest semi-quantitative analysis revealed
that mescaline is concentrated in the epidermal tissues of L. williamsii as well as in the meristematic tissues of the crown. The study findings
not only help to provide a basis for determining the best sampling locations for mescaline in L. williamsii, but they also provide a reference for
the optimization of storage and preparation conditions for raw plant organs before MALDI detection.

Key Points

• An accurate in situ MSI method for fresh water-rich succulent plants was obtained based on multi-parameter comparative experiments.
• Spatial imaging analysis of mescaline in Lophophora williamsii was performed using the above method.
• Based on the above results and previous results, a sampling proposal for forensic medicine practice is tentatively proposed.
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Introduction

Plant-based substances constitute a large group in seizure
cases, according to the United Nations Office on Drugs and
Crime reports [1, 2]. Narcotic plant or drug-related plant
samples are one type of sample that may be involved in every
forensic science laboratory. However, the sampling of live
plant samples is sometimes a troublesome problem. It is often
unrealistic to use the whole plant as an analytical sample
because of the destructive nature of current mainstream drug
analysis methods. The natural distribution of natural com-
pounds in plants is often not uniform [3–5]. Unsupported ran-
dom sampling may not yield representative results, resulting
in a failure to achieve the objectives of forensic analysis.

Mass spectrometry imaging (MSI) is a technique that can
realistically reflect the target compound’s spatial distribution
in the sample analysis [6, 7]. The MSI result may be a

valid basis for the formulation of sampling and the basis for
explaining the analysis results. MSI methods include matrix-
assisted laser desorption/ionization (MALDI) imaging, sec-
ondary ion MSI, desorption electrospray ionization imaging,
laser ablation electrospray ionization imaging, etc. [8–10]. Of
these methods, MALDI-MSI is a well-established and easy-
to-use ionization imaging method that is widely used in basic
research [11, 12]. It has appropriate sensitivity that makes it
suitable for many samples in forensic practice [13–16], but
it also has a wide range of resolutions, making it useful for
both fine-area (tens of microns) and wide-area imaging. In
our previous study, the preliminary spatial distribution of
mescaline in various cactus plants was obtained by MALDI-
MSI, and the mechanism of mescaline production, transport,
and storage was discussed in combination with the other
studies [17].
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More refined MSI results are affected by many parameters,
such as the sample preservation method [18–20], slicing tech-
niques [21, 22], sample preparation method [23–27], sam-
ple embedding/fixation method [28–30], auxiliary matrices
[31, 32], and sampling ionization profile (laser diameter, ion
beam, or surface contact area) [33]. In addition, for MALDI,
the distribution of the sprayed matrix [34, 35] and partici-
pation of the biological sample’s own matrix elements [36]
are further influencing factors that cannot be ignored. For
succulent plants, the above effects may be more noteworthy
in the MSI analysis.

Lophophora williamsii (peyote) is a typical succulent
member of the Cactaceae family [37], but it has received
forensic attention because of its natural mescaline
(β-3,4,5-trimethoxyphenethylamine) content. Mescaline is
a compound with hallucinogenic activity in humans [38]
and is listed as regulated in many countries [39–41]. As a
natural component of this plant, its presence and content are
affected by various culture conditions and the environment
[42]. In forensics cases, seized plants may contain mescaline,
but whether the content of mescaline exceeds the limit of
local legal control is the question most frequently asked by
forensic scientists. Knowledge of the distribution of mescaline
in L. williamsii may therefore be helpful for developing a
credible sampling and analysis guideline and may provide a
more reasonable explanation of the analyzed results.

In the present study, we first developed a more refined,
reliable MALDI-based MSI method based on preservation
methods, slicing conditions, auxiliary matrices, and MALDI
parameters. Next, we used this method to analyze the spatial
distribution of mescaline in actual L. williamsii plants. Finally,
based on the results of this analysis and our previous study, we
have tentatively proposed a sampling suggestion.

Experimental

Chemicals and materials
Regents and materials
Mescaline and 25B-NBOMe-D3 (IS) were purchased from
Cerilliant (Round Rock, TX, USA). MALDI grade
α-cyano-4-hydroxycinnamic acid (CHCA, 97.0%), 2,5-dihy-
droxybenzoic acid (DHB, 98.0%), Super-DHB (S-DHB,
≥98.0%), 9-aminoacridine (9-AA, ≥99.5%), 1,5-diaminon-
aphthalene (1,5-DAN, ≥99.0%), 2,5-dihydroxyacetophenone
(2,5-DHAP, 97.0%), and dithranol (DT, ≥90%), as well
as HPLC-grade methanol (MeOH) and acetonitrile (ACN),
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
MALDI grade trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] malononitrile (DCTB, >98.0%) was pur-
chased from TCI (Shanghai) Development Co. Ltd (Shanghai,
China). HPLC-grade formic acid (FA, 98%) was purchased
from Fluka (Buchs, Switzerland). HPLC-grade trifluoroacetic
acid (TFA), dichloromethane (DCM), and tetrahydrofuran
(THF) were purchased from CNW, ANPEL Laboratory
Technologies Inc (Shanghai, China). Difco™ Gelatin and
Tissue-Tek Optimum Cutting Temperature Compound, which
were used for embedding, were purchased from Becton,
Dickinson, and Co. (Sparks, MD, USA) and Sakura Finetek
Japan Co. (Tokyo, Japan), respectively. Indium tin oxide
(ITO)-coated glass slides (dimensions 75 × 25 × 1 mm, sheet
resistivity ≤5 Ω) and double-sided carbon conductive tape
(dimensions 12 mm × 20 m, resistivity <5 Ω/mm2), which
were used for MALDI-MSI, were purchased from South China

Science & Technology Co. Ltd (Shenzhen, China) and SPI
supplies (West Chester, PA, USA), respectively. Ultrapurified
water was prepared using a Milli-Q water purification system
(Millipore Corp.; Burlington, MA, USA).

Solutions
A standard stock solution of mescaline (10 μg/mL) was
prepared in MeOH and diluted to the desired concentrations
before use. A working internal standard (IS) solution with
a concentration of 10 ng/mL was prepared by dilution in
methanol. Based on previous studies [33, 43], the matrix
was selected to prepare 10 mg/mL of CHCA, DHB, S-DHB,
9-AA, 1,5-DAN, and 2,5-DHAP in ACN/water (50/50, v/v)
with 0.1% TFA, and a 10 mg/mL solution of DT was prepared
in THF. The matrix deposition on the sample sections was
tested using a matrix solution of DCTB prepared by dissolving
15 mg of DCTB powder in 50 μL DCM and then adding
1.45 mL ACN.

Plants
Three plant samples were obtained from real forensic cases.
A preliminary DNA verification had confirmed the charac-
teristic DNA sequence of L. williamsii. Sample 1 and Sample
2 consisted only of the crown and stem, as the plant roots
had partly rotted. The live L. williamsii samples were spineless
cacti with a gray–green colour (Figure 1). Sample 1 was long
and cylindrical, about 9.1 cm long and 1.9 cm wide (the above
lengths do not include roots, and the width is the widest part
of the plant); it had five ribs with four areoles on each rib.
Sample 2 was long and cylindrical, about 6.2 cm long and
2.1 cm wide; it had five ribs with three areoles on each rib.
Sample 3 was spherical, about 5.2 cm long and 2.9 cm wide; it
had five ribs with three areoles on each rib. These areoles were
spineless and hairy. The center of the crown of Sample 3 was a
specialized flower-bearing area of the cactus and was densely
woolly or hairy. Sample 3 bloomed several times after a period
of cultivation. The Ethics Committee of the Academy of
Forensic Science approved the use of the sample and the study.

Sample pretreatments
Sampling and preservation
The surfaces of the L. williamsii plants were gently washed
with deionized water and allowed to dry naturally at room
temperature. Samples 1 and 2 were cut in half along the
longitudinal axis with a scalpel, and each plant half was used
as a separate group (Figure 1). The other treatments are shown
in Table 1. The petals and sepals of Sample 3 were carefully
collected, flattened, sandwiched between two layers of airlaid
paper (Kimberly-Clark Professional, Mumbai, Maharashtra,
India), and pressed in a book to make a “bookmark”, as
MALDI analysis requires a flat sample surface. The flattened
samples were then stored at room temperature for later use.

Sample preparation for MALDI-MSI analysis
Sectioning of the plant material
The L. williamsii sample in Group A was embedded in
paraffin and cut into 8 μm thick slices with a microtome
(Leica RM2135, Wetzlar, Germany). The sections were
mounted on conventional glass slides and then dewaxed
and dehydrated in xylene and ethanol, respectively. Limited
by the lyophilization storage procedure, samples of Group
B shrunk and could not be embedded or sliced. The
L. williamsii samples in Groups C and D were submerged in
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Figure 1. Flow chart of plant sample grouping (A); Lophophora williamsii Sample 1 and Sample 2 (B); and Sample 3 (C).

Table 1. Treatment methods, storage conditions, and section parameters of the different samples.

Sample Group Treatment methods Storage conditions Embedding Slice thickness (μm) Slice temperature

Lophophora
williamsii

A Dry in a vacuum oven
at 60◦C for 4 h

– Paraffin 8 Normal
atmospheric
temperature

B Dry in a vacuum oven
at 60◦C for 24 h

Normal
atmospheric
temperature

– – –

C Quickly freezing in
liquid nitrogen

−80◦C Over-the-counter
solution

10, 20, 30, 40, 50 −60◦C, −40◦C,
−20◦C, −10◦C

D Quickly freezing in
liquid nitrogen

−80◦C Gelatin 10, 20, 30, 40, 50 −60◦C, −40◦C,
−20◦C, −10◦C

over-the-counter (OTC) solution (100 mg/mL) and gelatin in
tinfoil embedding boxes filled, respectively, and then frozen
at −80◦C for 2 min to obtain frozen blocks for sectioning.
The most suitable slice thickness was determined by cutting
the sample cube at thicknesses of 10, 20, 30, 40, and 50 μm
using a cryostat (Leica CM1950 Platform, Wetzlar, Germany).
The sections were attached to the surface of the ITO-coated
conductive glass slides and transferred to a vacuum oven
at room temperature for 15 min for moisture evaporation
prior to optical imaging and application of the matrix. The
optimum slice temperature was determined by slicing the
sample cube at a slice thickness of 40 μm at temperatures of
around −60◦C, −40◦C, −20◦C, and −10◦C.

The dry sepals and petals were pasted onto the surface of
ITO-coated conductive glass slides with double-sided carbon
conductive tape.

Matrix selection and spraying
Eight matrices (DHB, CHCA, S-DHB, DT, DCTB, 1,5-DAN,
9-AA, and 2,5-DHAP) were tested to screen for an opti-
mum matrix. A 1 μL drop of mescaline standard solution
(10 μg/mL) was spotted onto the stainless steel MALDI target
plate, allowed to dry, and then covered with 1 μL of the
desired matrix (10 mg/mL) to obtain cocrystals. After air
drying, the target plate was placed into the iMScope for
analysis.

The results of the optimal matrix selection identified DCTB
as the best matrix for experimental spraying. An 800-μL
volume of the DCTB matrix solution was added to the cavity

of an artist’s airbrush (MR Linear Compressor L7/PS270 Air-
brush, Tokyo, Japan) and used to spray the matrix uniformly
onto the surface of the samples on the slides. The distance
between the tip of the airbrush and the tissue surface was
about 8 cm. After spraying, the samples were left at room
temperature for 5 min to vaporize the solvent. The samples
were then ready for data collection.

Sample preparation for LC–MS/MS analysis
The petal and sepal samples that were imaged by mass spec-
trometry were micropunched [44] using a 0.5-mm diameter
aluminum punch kit (#69033–05, Electron Microscopy Sci-
ences, Hatfield, PA, USA). The punches were placed in 1.5 mL
centrifuge tubes, and 500 μL MeOH was added. Then the
tubes were sonicated for 60 min. After sonication, each extract
was passed through a 0.22 μm filter membrane, and 5 μL of
the filtrate was injected into the LC–MS/MS.

The L. williamsii Sample 3 was microsampled from five
different positions: three samples from the crown and two
samples from the subterranean stem. Each sampled section
was separated into epidermal and fleshy tissues, weighed
with a precision balance (Cubis II Micro Balance, Sarto-
rius, Germany), and placed into a 2 mL tube containing
ceramic beads. A 40-μL volume of IS (10 ng/mL) and 660-μL
MeOH were then added, and the samples were pulverized in
a JXFSPRP-CLN freeze-grinder (Shanghai Jing Xin Industrial
Development Co., Ltd, Shanghai, China) under the following
conditions: temperature: −35◦C; speed: 2 500 rpm; run time:
40 s; interval time: 60 s; number of repetitions: 15 cycles;
and grinding speed: 18 m/s. The mixture was ultrasonicated
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for 10 min and then centrifuged at 13 500 rpm for 5 min.
After centrifugation, the supernatant was filtered through a
0.22 μm filter membrane (Sinopharm Chemical Reagent Co.,
Ltd, Shanghai, China) and then 5 μL of the filtrate was
injected into the LC–MS/MS system for analysis.

Instrument conditions and analysis
MALDI-MSI
Laser intensity
For mescaline analysis, the instrument was operated in posi-
tive/negative mode, and spectra were acquired in the range of
m/z 50–400. The most suitable laser intensity was determined
by testing laser intensities of 15, 20, 25, 30, 35, 40, 45, 50, 55,
and 60. The laser was calibrated with ink, and an accurate
mass was ensured by calibrating the MSI instrument with the
DHB matrix before each experiment. All acquired data were
analyzed using IMAGEREVEAL MS software (Shimadzu,
Kyoto, Japan). The same software was used for visualization
and relative quantitative analysis.

Other parameters
All MSI data were acquired on an iMScope QT (Shimadzu),
which has an integrated optical microscope (magnification
×5, ×10, ×40), an atmospheric pressure MALDI source, and
a quadrupole time-of-flight analyzer. The scanning area was
determined using an optical microscope, and the sample slices
were irradiated with a diode-pumped 355 nm Nd:YAG laser
using the following parameters: laser shots, 200; repetition
rate, 2 000 Hz; laser diameter, 0 (5 μm); detector voltage,
2.4 kV; and pitch, 30 μm.

Region of interest semi-quantitative analysis
The region of interest (ROI) semi-quantitative function
of IMAGEREVEAL MS software (https://www.ssi.shima
dzu.com/products/life-science-lab-instruments/imaging/ima
gereveal-ms/index.html) was used to draw the area at the
micropunched location with the same size as the aperture.
Each ROI contained 150 pixels, even if the shape of the
drawn area was different. The value of each ROI showed
the relative intensity of the average spectrum (pixel by pixel)
of mescaline produced by MALDI-MSI analysis in a given
region. Manually drawn ROIs were located at different
locations within the crown section, with each ROI containing
450 pixels.

LC–MS/MS
The LC–MS/MS system consisted of a Sciex 6500 Q-
trap™ quadrupole mass spectrometer (AB Sciex, Foster City,
CA, USA) operated in the positive electrospray ionization
and multiple reaction monitoring modes and coupled to
an Acquity™ Ultra Performance LC (Waters Corporation,
Milford, MA, USA). Data acquisition and quantification were

performed using Analyst 1.6.3 (https://download.sciex.com/A
nalyst_1.6.3_RelNotes.pdf) and MultiQuant 3.0.2 software
(https://download.sciex.com/MultiQuant_302_Software_Re
lease_Notes.pdf). The mobile phase consisted of a mobile
phase A (0.1% formic acid in water) and a mobile phase B
(ACN) at a flow rate of 0.25 mL/min using the following
binary gradient: 5% B/95% A (v/v) at 0 min, held at 5% B
until 0.5 min, linear gradient to 15% B from 0.5 to 1 min, held
at 15% B between 1 and 2 min, and a linear gradient to 50% B
from 2 to 2.5 min, held at 50% B between 2.5 and 4 min, and
returned to the initial composition at 5 min. An ACQUITY
UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm i.d.,
Waters) was used for chromatographic separation. The
injection volume for all samples was 5 μL. The autosampler
temperature was held at 4◦C, and the autosampler needle was
washed thoroughly between injections. The optimum mass
spectra were obtained under the following conditions: curtain
gas, 30 psi (nitrogen); ion spray voltage, 5 500 V; collision
cell exit potential, 13 V; entrance potential, 10 V; collision
activation dissociation gas, middle; ion source gas, 35 psi; ion
source gas 2, 40 psi; and source temperature (TEM), 500◦C.

Mescaline was determined using a previously published
LC–MS/MS method [45]. The retention time of mescaline was
2.75 min. The assay validated mescaline with a limit of detec-
tion of 3 pg/mg. The response was linear over a concentration
range of 10–1 000 pg/mg, the intraday precision RSD values
were < 8.8%, and the interday precision RSD values were
between 1.6% and 8.8%. The intraday and interday accuracy
was 88.8%–108.8%.

Results and discussion

Method optimization
Optimization of preservation
The results for four different preservation methods for
L. williamsii are shown in Table 2. For fresh plants, the
samples of Group B gradually shrank as the drying time
progressed, which was caused by moisture loss [46], and
this was not conducive to subsequent slicing. Preserving
the original shape of the sample as much as possible is
important, as this is the basis of in situ analysis. However,
the samples of Groups A, C, and D maintained their original
morphology, and the samples of Groups C and D had better
morphology. In addition, research has shown that samples
can be stored frozen at −80◦C for at least 1 year without
significant degradation [47]; therefore, the method of −80◦C
cryopreservation after liquid nitrogen freezing was ultimately
selected in the present study. Freezing of freshly cut samples in
plastic tubes should be avoided, as the samples are very likely
to adhere to the sides of the tube or even take on the shape of
the tube.

Table 2. Sample storage effects after different treatment methods and storage conditions.

Sample Group Appearance Storage results

Lophophora williamsii A Slight dehydration can roughly maintain the original shape Can be sliced
B Completely dehydrated, wrinkled and brittle, unable to maintain the original shape Unable to slice
C Maintain the original shape Can be sliced
D Maintain the original shape Can be sliced
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Optimization of sections of plants
As shown in Table 3, the use of paraffin or OTC as the
embedding medium prevented the detection of the target
signal when the tissues were directly sectioned for MSI, but
the target was detected when gelatin was used for embedding.
We considered that the paraffin or OTC might have adhered
to the sample surface with the movement of the slicer, resulting
in interference or affecting the combination of matrix and
sample, as also mentioned by Goodwin [33]. Dewaxing and
rinsing the samples with water did not restore the ability to
detect the target signal. The process of paraffin removal can
possibly modify or remove endogenous components (such as
proteins, peptides, lipids, or low molecular weight substances)
in tissue samples [30]. Some researchers have indicated that
contamination by OTC could cause severe suppression of the
detection of target compounds [48] because they can ionize
readily and act as ion suppressors [49]. The contamination
by OTC can be effectively removed by a water wash after the
ethanol fixation wash steps [50], but we did not use ethanol as
a wash because the standard solution of mescaline is usually
prepared in methanol, and ethanol washing also takes away
part of the target. For these reasons, we finally chose the
gelatin embedding method. If enough samples are available,
water (ice) can be used as the embedding medium if complete
embedding is essential [51].

The choice of the thickness of the frozen section is the
first consideration, as a thinner section will provide a more
sensitive detection of ions [21] and a clearer image of the
cell structure without stacking when observed under the
microscope [48]; it will also require a shorter air-drying time.
However, a thinner section will have a greater brittleness,
making the operation very difficult. A thicker section is easier
to handle and can provide a more complete picture of the
tissue, especially for samples with a large area. However, it
may also increase the formation of cell cavities caused by
ice crystals and potentially limit the detection of analytes
by MALDI due to the insulating effect between the tissue
surface and the conductive slide [33]. Table 4 shows the
optimization of the thickness of the frozen slices in a range
from 10 to 50 μm. The rigid structure of the plant cell wall,
the high water content of cells, and the presence of large

Table 3. Imaging effects of Lophophora williamsii embedded with different methods.

Sample Group Embedding Imaging effect Treatment after embedding slice Imaging effect

Lophophora
williamsii

A Paraffin No target signal Dewaxed and dehydrated with xylene and ethanol No target signal
B – – – –
C Over-the-counter solution No target signal Rinsed with water No target signal
D Gelatin High signal – –

Table 4. Effect of slice thickness on slice morphology and slice success
rate (Lophophora williamsii sample from Group D).

Slice thickness
(μm)

Slice morphology Slice success
rate (%)

10 Severe wrinkling <10
20 Most wrinkling <30
30 Slight wrinkling <50
40 Basically maintain the original form >60
50 Basically maintain the original form >60

or if the samples can be sectioned in the frozen state without
embedding. vacuoles make frozen sections of most plant
tissues difficult to handle and easily rupture [52]. An increase
in thickness makes the slice less likely to wrinkle and more
likely to maintain its original shape. The success rate of plant
sections is essentially the same when the section thickness is
40 and 50 μm, but thicker insulation samples may adversely
affect the performance of the mass analyzer [53, 54]. Based on
these considerations, and combined with the slice morphology
and success rate obtained with actual slices, we ultimately
chose a slice thickness of 40 μm, although a thickness of
10–20 μm has been suggested as the best option for
maximizing the signal-to-noise ratio [51].

The next consideration was the choice of slicing tempera-
ture. The sample was kept frozen at −80◦C. If the sample is
removed from the freezer and sliced directly, the temperature
is too low and the slice is likely to curl and break. If the sample
is left for too long after being removed from the freezer, the
temperature becomes too high and the slice is likely to wrinkle.
The experiments in Table 5 show that satisfactory results can
be obtained at a temperature of about −20◦C, which is a
typical slice temperature ranging from −16 to −26◦C [33].
In addition, the rocking handle of the microtome should be
rotated with a continuous and uniform force. Once a sample
section has been transferred to a slide, the target within the
section is susceptible to photodegradation. To minimize this
effect, the section should be kept in a dark environment before
analysis. Figure 2 shows the optical images of L. williamsii
(Group D) sections of 40 μm thickness made at −20◦C.

Optimization of the MALDI conditions
Optimization of the matrix
The optimal matrix was selected based on the signal of a
10 μg/mL mescaline standard solution when different matri-
ces were used. Each matrix has three parallel samples. In
positive ion mode, the predominant mescaline-related ion
([M + H]+ at m/z 212.1282 (which has a mass deviation
of 0.47 ppm from the theoretical value of m/z 212.1281)
could be detected with the DT, S-DHB, and DCTB matrices
with average signal intensities of 206.3, 183.6, and 5 043.3,
respectively. By contrast, the target signal was not detected

Table 5. Effect of slice temperature on slice morphology and slice success
rate (Lophophora williamsii sample from Group D).

Slice temperature
(◦C)

Slice morphology Slice success
rate (%)

−60 Severe breaking <10
−40 Slight breaking <50
−20 Basically maintain the original form >60
−10 Wrinkling <50
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Figure 2. An optical image of Lophophora williamsii Sample 2 (Group D)
slice with a thickness of 40 μm made at a temperature of −20◦C.

with DHB, CHCA, 9-AA, 1,5-DAN, or 2,5-DHAP as matrices
(Figure 3A).

The uniform deposition and crystal size of the matrix on the
tissue surface are very important for obtaining high-quality
images. The presence of small and homogeneous matrix crys-
tals can improve the sensitivity and spatial resolution of
MALDI-MSI [55–58]. This is because, in the MALDI process,
the laser energy is easily dissipated in large crystals, resulting
in preferential ionization of high-abundance or high-polarity
components. This causes a signal suppression effect on low-
abundance or low-ionization species. By contrast, for small
crystals, the low energy transfer efficiency between adjacent
crystals reduces the dissipation of laser energy, thereby provid-
ing greater potential for the ionization/desorption of analytes
in the crystal [59]. As shown in Figure 4, samples with DHB,
9-AA, 1,5-DAN, and 2,5-DHAP matrices had larger crystals.
In addition, 9-AA, 1,5-DAN, and 2,5-DHAP were more suit-
able matrices for the negative ion mode [60, 61]. Although the
crystallinity of the CHCA matrix is small, the large number
of matrix-related ions generated during laser irradiation can
mask the signal of the analyte, making CHCA unsuitable for
MALDI analysis of low molecular weight analytes [60]. The
performance of DT in this study is not satisfactory. We also
didn’t find any references. Some studies have shown that the

use of the S-DHB matrix (a mixture of DHB and 2-hydroxy-
5-methoxybenzoic acid at a ratio of 9:1) can significantly
improve the spectrum and improve the quality accuracy [62].
Our results also show that S-DHB has a better matrix-assisted
effect than DHB alone. However, compared with DCTB, the
matrix enhancement effect of S-DHB is still insufficient.

The mass spectrum is very “clean” when using DCTB as a
matrix because of the low number of matrix clusters due to the
intrinsic nature of the matrix. DCTB also has a relatively neu-
tral pH value, which causes less damage to proton-sensitive
compounds, thereby reducing the spectral complexity to a
certain extent [56]. Note that in the present study, when
preparing the matrix solution for the actual sample, DCTB
was completely dissolved in DCM. However, because DCM is
highly volatile, ACN was added to prevent the matrix particles
from blocking the spray gun head due to too rapid solvent
volatilization during spraying.

Optimization of laser intensity
The laser intensity for the mescaline standard solution was
optimized using DCTB as the matrix. Each laser intensity has
three parallel samples. As shown in Figure 3B, when the laser
intensity (also referred to as power density or irradiance) was
15, 20, 25, 30, 35, 40, 45, 50, 55, or 60, the intensity of the
mescaline peak at m/z 212.1282 varied with the laser intensity.
At laser intensities of 15–50, the signal intensity for mescaline
increased with increasing laser intensity and reached a peak
at 50. At a laser intensity greater than 50, the signal strength
of mescaline began to decrease. When the laser intensity
was 45 and 50, the signal strength of m/z 212.1282 showed
little difference, with an average of 5 532.3 and 5 723.3,
respectively. However, the laser intensity of 50 produced very
strong signal interference due to background noise. Therefore,
a laser intensity of 45 was selected as optimal. The mass
spectra of 10 μg/mL mescaline standard solution when DCTB

Figure 3. (A) Signal intensity of a 10 μg/mL mescaline standard solution when DHB, CHCA, DT, S-DHB, DCTB, 1,5-DAN, 9-AA, and 2,5-DHAP were used
as matrices. (B) The intensity of a 10 μg/mL mescaline standard solution under different laser intensities. (C) The mass spectra of 10 μg/mL mescaline
standard solution when DCTB was used as a matrix, and the laser intensity was 45.
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Figure 4. Optical photographs (10×) of prepared sample spots of 10 μg/mL
mescaline standard solution with matrices of (A) DHB, (B) CHCA, (C) 9-AA,
(D) 1,5-DAN, (E) 2,5-DHAP, (F) DCTB, (G) S-DHB, and (H) DT.

is used as a matrix and the laser intensity is 45 are shown in
Figure 3C.

In MALDI-MSI, desorption/ionization is realized in a com-
plex process initiated by a single laser. The solid mixture
containing analytes and matrix molecules is irradiated by
laser pulses, and then a large number of neutral particles
and ions are released from the sample surface into the gas
phase [63, 64]. The physicochemical properties of the laser
(e.g. wavelength, pulse duration, fluence, and beam profile)
are key factors for achieving high analytical sensitivity. This
is because even when the ion yield is relatively low, as long
as sufficient material can be sampled and the analyte ion
signal remains stronger than the background noise with the
increased number of laser pulses, a high ion signal per laser
pulse can eventually be achieved [65].

The increase in the ion signal intensity of the analyte is also
limited. At a low laser intensity, the so-called laser desorption
regime applies, but when a high laser intensity is used, the
number of ions decreases with the irradiance [66]. This is
because the ion concentration increases at high laser intensity,
and the formation of ion–ion recombinations will limit any
further increase in the ion intensity [67].

MSI and verifiable LC–MS/MS results
MALDI-MSI of mescaline in L. williamsii
The software compared the actual sample with the standard
solution and it reported the hits with a mass error window of
5 ppm, which was verified using intelligent exact mass inter-
pretation of the mass spectrum acquired [68, 69]. The ions of
m/z 212.12758 from the MALDI-MSI analysis in the positive

ion mode were identified as the mescaline in L. williamsii. For
plant slices in Figure 5, the mean signal intensity of mescaline
of two ROIs on the epidermal tissue of subterranean stem was
27 519.1 ± 1 677.7 and on the fleshy tissue of subterranean
stem was 16 954.9 ± 3 624.2, the mean signal intensity of
mescaline of three ROIs on the epidermal tissue of crown
was 40 368.3 ± 6 839.0 and on the fleshy tissue of crown was
16 335.1 ± 7 484.8, the mean signal intensity of mescaline of
five ROIs on the epidermal tissue was 35 228.6 ± 8 621.1 and
on the fleshy tissue was 16 583.1 ± 5 604.5. The mescaline
content was higher in epidermal tissue than in fleshy tis-
sue (paired-sample t-test, P < 0.05). Further analysis of the
distribution of mescaline in the crown of L. williamsii is
shown in Figure 6D. The mean signal intensity of mesca-
line of eight ROIs where meristem was concentrated (the
upper part of the crown) was 78 246.5 ± 11 984.7, while the
mean signal intensity of eight ROIs on the rest of the crown
was 62 523.3 ± 7 362.6. The mescaline content was higher in
meristems of the crown than in the other parts of the crown
(independent sample t-test, P < 0.05).

Reliability verification of MSI results
The accuracy of the MSI results was determined by compar-
ing the ROI semi-quantitative data of the MSI results with
LC–MS/MS data. Each micropunched point has two values:
the LC–MS/MS peak area/average concentration and the ROI
signal intensity. The one-to-one relationship between these
two variables was used to fit a curve and calculate the coef-
ficient of determination. Figure 5 shows that, for the same
samples (petals and sepal), the coefficient of determination
R2 value can be as high as 90%, and for different samples,
the fitting degree was about 60%.

The LC–MS/MS method has a high degree of accuracy,
authenticity, and sensitivity [70–72]. The results for MSI and
LC–MS/MS were quantitatively uniform because when the
coefficient of determination R2 is close to 1, the two variables
are considered to be highly correlated, and the reference value
of the related equation is higher. For the same sample, the
high fitting degree not only shows the authenticity of MALDI
results, but it also shows the feasibility of using preprocessing
methods and MALDI optimization conditions. For different
samples, the high degree of fitting represents the generality of
the experimental results.

Description & sampling proposal based on spatial

distribution

Based on the results of this study, the top part of the crown
was the largest enrichment area for mescaline in L. williamsii,
which was consistent with our previous results [17]. In
previous studies, we discussed the possible mechanism by
which this phenomenon occurs: (i) defensive compounds are
found at high levels in vulnerable parts of the plant to build
up defenses against foragers; (ii) The mescaline synthetic
pathway occurs mainly in neonatal cells, so mescaline is
concentrated in areas with dense meristem. If this hypothesis
is correct, defensive compounds, such as mescaline, should
be found at the highest concentrations in areas of high
productivity and potential reproduction among similar
cactus plants. This result also has wide applicability to
extrapolation to other plants. For example, in cannabis plants,
�9-tetrahydrocannabinol (THC) is concentrated in the
flowers and robust leaves (shoots) [73–75]; for opioids, the
alkaloids are localized predominantly within the walls and
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Figure 5. (A) Comparison of micropunches and region of interest (ROI) semi-quantitative regions with mass spectrometry imaging (MSI) in different parts
of Lophophora williamsii samples. (B) Fitted curve corresponding to different positions.

vascular bundles of the capsules of Papaver setiferum, with the
highest relative abundances occurring in the lower half of the
capsules, toward the peduncle [76]. Tryptamines, represented
by N,N-dimethyltryptamine, accumulate in tissues such
as bark that forms a defensive epidermis and carries out
important nutrient transport [77, 78]. Therefore, from the
perspective of zero tolerance control, the reproductive organs
and robust tissues of seized suspicious plants can be given
priority as sampling regions. These regions are likely to have
rich concentrations of targeted compounds, which means
that not only will the requirements for detection sensitivity

be reduced, but obtaining relevant evidence of the presence of
illegal compounds in the seized plant samples will be easier.

From another point of view, in this study, the mescaline
content in the epidermal tissues of L. williamsii was about
twice that of the fleshy tissues, and the mescaline content
in the crown meristem was about 1.25 times that of other
tissues. Similar results were obtained in the previous study,
as the mescaline content in the epidermal tissues was about
1.64 times that in fleshy tissues, and the content in the crown
meristem was about 1.5 times that in other tissues. Other
results and ours suggest that mescaline concentrations vary at
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Figure 6. Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) analysis of mescaline in positive ion mode in Lophophora
williamsii Sample 2 (Group D). (A) Optical imaging. (B) Mass spectrometry (MS) imaging (m/z 212.12758, [M + H]+). (C) Optical and MS overlay imaging
(m/z 212.12758, [M + H]+). (D) Region of interest (ROI) semi-quantitative regions on the crown of L. williamsii.

different locations in the plant [79–81]. Therefore, a compre-
hensive consideration is needed for the risk of L. williamsii
as a whole plant. During sampling, samples from several
parts of the plant should be collected, and the distribution
differences of target compounds at different locations should
be taken into account to evaluate the harmfulness of the whole
plant itself. A potent mescaline intoxication is ∼3.75 mg/kg
body weight [38], and mescaline has the lowest potency of
the known orally active, naturally derived hallucinogens [82].
Given the cultivation situation, stating whether all L. william-
sii or related plants are at risk of being addictive or dangerous
is difficult. In addition, because cacti are common ornamental
plants, L. williamsii is not subject to drug regulations in some
countries or regions; therefore, seeds can be legally purchased
and grown in greenhouses alongside other plants without
being detected [83]. In this context, consideration should be
given to the total amount of mescaline available, as this might
be a better basis for assessing violations.

Conclusions

In conclusion, a high spatial resolution MALDI-MSI analysis
method was developed for the study of mescaline in fresh
succulent plants and successfully applied to real samples. As
a preferred solution, low-temperature storage at −80◦C and
drying tissues as “bookmarks” are recommended as suitable
storage methods, and slicing thicknesses of 40 μm, cut at
−20◦C, are acceptable for processing succulent samples. In
addition, laser intensity and auxiliary matrix are specific
parameters worth optimizing for the analysis of different tar-
get compounds. The ROI semi-quantitative analysis revealed
that mescaline was concentrated in the epidermal tissue of
the plant, as well as in the meristematic tissues of the crown,
which is in good agreement with the quantitative results of
the spatial distribution of LC–MS/MS. Based on the results

of our analysis, when the principle of “zero tolerance” is
followed, we suggest that when handling plant samples that
may contain drugs, the robust and active tissue areas and
areas where reproductive organs are located should be given
priority. If other factors need to be taken into account, multi-
site sampling is the recommended sampling proposal based on
the results of spatial distribution.
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