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ABSTRACT: Mass spectrometry imaging (MSI) can be used to survey numerous molecular species from a wide variety of surfaces,
including biological tissue sections. Atmospheric-pressure (AP) infrared laser-ablation plasma postionization (IR-PPI) has recently
been shown to allow matrix free analysis of small molecules from both fresh frozen and formalin fixed paraffin embedded (FFPE)
tissue. Detected ion intensities in IR-PPI as well as other AP inlet modalities such as desorption electrospray ionization (DESI) show
a strong dependence on the inlet capillary temperature. In this study, the relationship between detected ion intensity and inlet
capillary temperature is evaluated, between room temperature and 650 °C, for analyte pipetted on various substrates, as well as fresh
frozen and FFPE tissue, by IR-PPI. Temperature trends for exemplar ions of interest show a variety of dependencies with optimal
temperatures observed throughout this temperature range. For example, detection of lactate [M-H]− m/z 89.0244 is optimal at
∼100 °C, glutamine [M-H]− m/z 145.0618 at ∼250 °C, arachidonic acid [M-H]− m/z 303.2324 at ∼150 °C and PI(18:0/20:4)
[M-H]− m/z 885.5488 at ∼500 °C. Data reduction and clustering of these data by uniform manifold approximation and projection
(UMAP) and k-means provides a summary of all temperature trends within the data and association of different ions with these
trends are presented. Finally, the implications of different inlet capillary temperature settings in tissue MSI are demonstrated by
comparing detected glucose and lactate ion intensities in response to different inlet temperatures in mouse brain. The choice and
control of inlet temperature are shown to be critical variables for the interpretation of biological MSI data in AP modalities.

■ INTRODUCTION
Mass spectrometry imaging (MSI) provides spatially resolved
detection of molecular and atomic ions from a wide variety of
surfaces, including biological tissues. MSI is increasingly used as
a core technique in preclinical metabolomics studies alongside
other spatial omics technologies such as genomics and
transcriptomics. Ambient mass spectrometry relates to instru-
ments within which the sample is held under ambient
atmospheric conditions (standard laboratory temperature,
pressure, and humidity) during analysis.

A wide variety of modalities exist under the umbrella of
ambient MSI.1−4 In some cases, for improved detection of ions
of interest, a form of postionization is applied.5−7 One such
method utilizes a plasma device, known as plasma postionization
(PPI). Atmospheric pressure infrared laser ablation plasma
postionization MSI (AP-IR-LA-PPI MSI), referred to herein as
IR-PPI,8 is a technique for ambient surface analysis of a range of

tissue targets. Our introduction8 of a PPI system using a
commercial, in-line, dielectric barrier discharge device as the
plasma source showed several advantages over previous plasma-
jet iterations of similar platforms including flexibility of mass
spectrometer choice, ease of installation and minimal
optimization requirements.9,10 IR-PPI has been used for
matrix-free imaging of fresh and formalin fixed paraffin
embedded tissue sections,11 as well as offering complementary
molecular coverage to other MSI techniques.11 Similar IR-PPI
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experiments indicate nonpolar compounds are greatly enhanced
by the use of plasma postionization.12 The use of PPI coupled to
UV lasers, with and without matrix assistance, has proven useful
for detection of protonated lipids8 and several important plant
metabolites.13,14 Visible light (532 nm) in a similar PPI setup
imaged plant tissue,15 while the application of fiber-optic laser
delivery in the same lab allowed for a pixel size of ∼5 μm.16

Inlet conditions, including temperature, have been a subject of
study for the optimization of successful ion transmission in
ambient ionizationmethods and interfaces for over a decade, e.g.
in solvent assisted systems.17 These conditions also appear
critical in ion sources that permit analysis of solid samples, e.g. in
UV PPI MSI,9 where an “optimal” experimental condition to
detect lipid ions included an inlet temperature range between
270 and 400 °C.

Detection of proteins and peptides from tissue with DESI was
greatly enhanced by introduction of a heated inlet capillary.18

Protein unfolding can even be controlled by inlet capillary
temperatures, demonstrated in a DESI study19 on pipetted
protein standards. The unfolding and denaturing of hemoglobin
was controlled through inlet temperature changes between 25
and 460 °C, with dramatic spectral differences seen above 100
°C and again above 350 °C.19 High temperatures are well-
known to be integral to other ambient mass spectrometry
techniques, for example in atmospheric-pressure solids analysis
probe, where a stream of hot nitrogen gas (350−500 °C) is used
for the volatilization of solid samples.20 In fact, heated inlets
alone are known to produce appreciable ion counts without the
use of lasers or any other traditional ionization methods.21

In this study, we explore the effect of temperature in IR-PPI,
for a range of analyte classes. We acquired data, in positive and
negative ion modes, from fresh frozen (FF) bovine brain
homogenate (BBH), FF murine brain, and formalin fixed
paraffin embedded (FFPE) murine liver tissues, with an inlet
capillary temperature range from room temperature to 650 °C.
Statistical analysis of these data, including uniform manifold
approximation and projection (UMAP) andK-means clustering,
indicates global trends in the various temperature dependencies,
suggesting the opportunity to enhance signal from different ions
of interest through careful inlet temperature selection.

■ MATERIALS AND METHODS
Materials. Mouse livers were collected from the mice

following termination and then fixed in 10% neutral buffered
formalin overnight. Fixed organs were placed in labeled cassettes
and processed (Leica, ASP300S). Tissues were dehydrated
through graded alcohols, cleared, and infiltrated with paraffin
wax. Tissues were then removed from the tissue processor and
embedded in paraffin wax blocks. FFPE tissues were sectioned at
a 5 μm thickness. Mouse brains were collected from the mice
following termination and flash frozen. Bovine brain was sourced
from the human food chain. Bovine brain homogenate (BBH)
was created by the following method:

BBH was produced by methods similar to those in previous
work.7 Bovine brain (human food chain) was cut into roughly 1
cm pieces, homogenized using a high shear mixer (L4RT,
Silverson Machines Inc., MA, USA) until visually uniform, and
then portioned into 15 mL falcon tubes. These were centrifuged
for ∼20 min (Eppendorf Centrifuge 5430R) and frozen and
stored in a −80 °C freezer until sectioned.

FF BBH, whole mouse brain, and 10% gelatin blocks were
sectioned at 10 μm thickness using a CryoStar MX70 cryo-
microtome (ThermoFisher Scientific, USA). All tissues were

mounted on standard glass slides (Thermo, Superfrost) and
analyzed without further sample preparation. All animals and
tissue were managed in accordance with the UK Home Office
Animals (Scientific Procedures) Act 1986.

Methanol optima ≥99.9% was used as received from Fisher
Scientific (UK). Glycerol ≥99.5% and glutamine 99% were used
as received from Merck Life Science (UK). A 10% solution of
gelatin from porcine skin, sterile, type A, from Merck Life
Science (UK) was stirred at 80 °C for 10min, set in a blockmold
over dry ice, and stored at −80 °C prior to sectioning.

Glutamine solution was prepared at 8.5 nmol/L in 70%
MeOH:DI H2O v:v and 0.2 μL pipetted onto standard
superfrost microscope slides coated with various substrates
(bare, graphite, sectioned BBH, 10% gelatin) and allowed to dry
within 1 day of measurements. Glycerol and glutamine solution
comprised of 4.5 nmol/L of glutamine in 15:15:70 Glyc:DI
H2O:MeOH v:v was pipetted on clean glass slides. Glycerol
matrix spraying over analyte droplets on clean glass was carried
out on a TM-sprayer (HTX Imaging, Chapel Hill, NC) prior to
imaging.
Ion Source Configuration. Details of the ion source

construction and setup are provided in previous publications.8,11

A brief description is provided here. An infrared laser (NT377,
Ekspla, LT) operated at 3 μmwavelength, with 5 ns pulse width,
20 Hz repetition rate, and approximately 1 mJ/pulse irradiated
the sample, in transmission geometry, held on a microscope
stage (Mar̈zhaüser Wetzlar, DE). Ablated material entered a
heated steel inlet capillary coupled to plasma device (Sicrit 15
kHz, 1.5 kV, Plasmion, DE). To heat the capillary, a resistive
wire with a standard laboratory power supply (Pro Bench, RS
Components, UK) was controlled and monitored by a
proportional integral derivative (PID) controller and k-type S3
thermocouple (5SRTC-TT-KI-30-2M, Omega Engineering
Ltd.). The resistive wire (NI80, Omega Engineering Ltd.) was
electrically insulated with heat-resistant cement (Omegabond
600, Omega Engineering Ltd.,Manchester, UK). Ablation tracks
in fresh frozen kidney show approximately 80 μm width (Figure
S1).
Experimental Details. The ion source was coupled to an

Orbitrap Elite instrument (Thermo Scientific, Germany). For all
experiments the Orbitrap maximum injection time was set to
500 ms, automatic gain control off, software set mass resolving
power of 60,000 (at m/z 400) in both positive and negative ion
mode. Data were collected over two m/z ranges, m/z 80−305
and m/z 300−1000, to improve the measured ion counts in each
m/z range in the orbitrap detector.

For analysis of pipetted glutamine on substrates, regions of
interest were defined around pipetted droplets and sampled at
150, 250, 350, 450, and 600 °C inlet temperature, in random
temperature order. Two pipetted droplets were included in each
temperature dependent measurement in a rectangular region of
interest, including pixels outside the pipetted droplet region.
These regions of interest were separated into sample and
background pixels via k-means clustering and analyzed
separately.

Capillary temperature studies were carried out by acquiring
“control” (laser off) and “tissue” data (laser on, rastering for 2
mm) for each m/z range, at each temperature setting, in both
polarities for FF tissue and negative polarity for FFPE tissue. The
PID was set to the desired temperature and data acquired after
the measured temperature had settled for approximately 5 min
at each temperature value. Data were collected at temperatures
in the following order for each tissue and polarity: room

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.5c00243
J. Am. Soc. Mass Spectrom. 2025, 36, 2633−2646

2634

D
ow

nloaded from
 pubs.​acs.​org/​jam

sef/​article-pdf/​36/​12/​2633/​40704471/​js5c00243.​pdf 

https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00243/suppl_file/js5c00243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00243/suppl_file/js5c00243_si_001.pdf
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.5c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


temperature and 100, 200, 300, 400, 500, 600, 650, 550, 450,
350, 250, 150, and 50 °C. In the case of positive ion FF study
only, the temperature values for the laser off measurement were
100, 200, 300, 400, 500, 600, 650, 550, 450, 350, and 250 °C.
Measurements in positive ion mode were not taken at room
temperature and 50 and 150 °C.

Imaging data were collected with flyback raster stage
movement with velocity of 0.11 mm/s such that the Orbitrap
scan time of 1.36 s would result in a pixel size of approximately
150 μm in the x-dimension. The stage line to line raster spacing
was set to 150 μm, thus creating ∼150 × 150 μm pixels. Each
new experiment and resulting.raw file, therefore, corresponds to
a single image raster line. As detailed previously,11 the imaging
procedure was controlled using an ArduinoUnomicrocontroller
(Arduino.cc) using the start/stop signals of the stage controller
(TANGO Desktop) programmed by the Switchboard software
(Mar̈zhaüser Wetzlar) to trigger laser shutters and the Orbitrap
data acquisition for each new raster line.
Data Processing. Data were first converted from Raw to

mzML file formats using ProteoWizard,22 and to imzML using
the imzML converter.23 Following this, datacubes of the
(maximum, to capture as many real peaks as possible) top
1500 peaks were created in SpectralAnalysis24 by peak picking
the mean spectrum after preprocessing using an interpolation-
rebin zero-filling with bin size 0.00001. Datacubes were then
exported to Matlab workspace, and all subsequent processing
was performed using custom scripts. All presented mass spectra
are the mean of 20 pixels at a constant inlet temperature.

Prior to multivariate analysis, each m/z channel was
independently normalized to be between 0 and 1 to provide
an equal contribution of each m/z to the overall reduced
embedding and not skew the results to the highest intensity ions.
UMAP was then performed on the peaks as per the workflow
employed by Steven et al.25 using the implementation by
Meehan et al.26 with the cosine distance metric. K-means
clustering was then performed on the UMAP reduced data for a
range of K values from 2 to 10 using the Euclidean distance
metric and 5 replicates. The mean and standard deviation
intensities for each cluster were then plotted at different
temperatures, and the results from the most informative cluster
number are presented.

For data evaluation and comparison of spectra acquired from
laser “on” or “off” experiments, the m/z channels between the
two data sets were first matched. The m/z from laser on were
selected as a reference, and each peak was matched to all others
in the corresponding laser off data, within a 10 ppm window. A
maximum mass accuracy deviation of 5 ppm was permitted.
Where multiple peaks were matched within the 5 ppm window,
the intensities of those peaks were summed. Following peak
matching, the mean intensity for each ion was calculated and
plotted. All colors for graphs and clusters were selected using the
colorbrewer27 tool to ensure optimal compatibility of viewing
for different scenarios.

For the selection of ions to display a temperature optimum,
the laser “on” PPI experimental data set was matched (to 5 ppm)
to the HMDB annotations list from the Metaspace engine,28 the
matches were subset to include only those with a false discovery
rate of 10% or less, and then sorted by the metabolite signal
match score.Matchedm/z temperature dependent behavior was
then compared between laser “on” and “off” experiments,
including only those ions which show deviation from the control
experiment. High scoring matches (>0.6) with annotations in
the HMDB endogenous and lipidMaps lists were included. In

cases of multiple isomer and isobar matches, the first listed
match in HMDB is named in this paper. Additionally, several
ions of interest were investigated in similar studies on IR-PPI11

and DESI25 and are included here as well for comparison, even
in cases where the metabolite signal match score is lower than
0.6. Cases where an ion was previously identified in this system
by MSMS11 are marked in the table provided. The determined
matches are predominantly [M+H]+ and [M-H]−, and as such,
the putative adduct is not explicitly named in the main body of
the article unless the adduct differs. Stated molecule identities
are tentative based on accurate mass matching and Metaspace
annotation only with no additional validation. m/z values are
repeated throughout as the primary indicator of ion identity.

■ RESULTS AND DISCUSSION
Study of Pipetted Standards and Substrates. The

influence of the ion source inlet capillary temperature on the
detected ion intensities in IR-PPI was studied for the analysis of
a pipetted glutamine standard, FFPE and fresh frozen tissue.
Whether the environment and the source capillary inlet
temperature are decoupled was first investigated. Glutamine
was pipetted onto a range of substrates and analyzed using IR-
PPI across a range of inlet temperatures. Varying the substrate
allowed for an assessment of whether the temperature
dependence is determined by the physicochemical properties
of the analyte itself, rather than the analyte-plume environment
as ejected material passes through the inlet. Additionally, this
served as a compatibility test for suitable substrates for use with
the IR laser system.

Glutamine solution was deposited onto glass slides, sectioned
BBH, sectioned gelatin, a thin layer of graphite, additionally
codeposited with glycerol, and analyzed with the IR-PPI setup.
Relevant ion intensity vs inlet temperature plots are shown in
Figure 1. Glutamine solutions pipetted directly onto glass slides
did not yield appreciable metabolite ion intensities in the IR-PPI
setup used here. It is reasoned that without a substance present

Figure 1. Ion intensity response of glutamine [M-H]− (m/z 145.0618)
to temperature for different environments. Top left: deposited on BBH
sectioned onto superfrost slide. Top right: endogenous glutamine in
BBH. Bottom left: deposited on gelatin sectioned onto superfrost slide.
Bottom right: glutamine/glycerol solution deposited on superfrost
slide. Lines connect mean count data points at each temperature,
shading indicates ±1 standard deviation.
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to act as a solid-to-gas-phase carrier or “matrix” (as for matrix
assisted laser desorption ionization, MALDI), the energy
transfer is insufficient to desorb/ablate significant glutamine
from the glass surface. Optical inspection of the sample failed to
support or refute this potential level of ablation due to the lack of
contrast for pure standard pipets on glass. Future studies
characterizing this would be of interest. In contrast, droplets
deposited on top of both sectioned BBH and sectioned gelatin
yielded a high intensity for the [M-H]− glutamine peak.
Graphite has been used as a substrate to enhance laser
desorption in SALDI-MS,29 however no appreciable ion signal
was detected from droplets on graphite here. It was noted that
the droplets on graphite were subject to increased wetting,
causing unwanted droplet spreading while drying. Glycerol can
be used as an IR-absorbing matrix,30 however spraying a glycerol
coating on the prepipetted droplets on glass slides led to
unwanted delocalization of the pipetted glutamine. Manual
deposition of premixed glutamine with glycerol resulted in
somewhat inconsistent droplet size as well as inconsistent ion
counts detected between different droplets.

In the three cases of droplets of glutamine on BBH, gelatin,
and codeposition with glycerol, the intensity of the glutamine
peak showed inlet temperature dependence similar to that of
endogenous glutamine in a fresh frozen tissue sample (Figure 1).
The temperature optima of the detected ions were therefore
considered to not be (primarily) determined by the tissue
environment nor, therefore, the ejected plume composition. For
all substrates, the optimal inlet temperature measured was 250
°C, decreasing slowly with increasing temperature, with near
baseline detection at 150 and 600 °C.

The novel use of gelatin as a sectioned substrate for pipetted
standards in conjunction with IR-PPI was found to provide a
good signal-to-noise ratio for measurements. Gelatin is easy to
prepare and section and appears to allow for suitable energy
transfer between the IR laser and the pipetted sample, enabling
ejection into the gas phase.
Study of Fresh Frozen and FFPE Tissues�Spectral

Summaries. The behaviors of endogenous molecular species
do not all follow the same temperature dependence as that of
glutamine. Mean mass spectra from BBH across the range of
inlet capillary temperatures, in negative ion mode, displayed in
Figure 2, attest to this. Significant changes in the collected
spectra can be seen between room temperature and 100 °C.
Notably, both m/z = 89.0244 and 87.0087 increase in intensity
by approximately an order of magnitude between 24 and 100 °C.

A broad trend for ions in the range m/z 150−305 sees an
increase in detected ion intensity with temperature, with a
maximum at 200 °C, before decreasing slowly as temperature is
further increased (Figure 2). For ions detected at lower m/z
values, e.g., m/z 80−150, a mixed picture is evident. An obvious
increase in the number of high intensity peaks is present with
increasing temperature; however, several peaks with high
intensity at 24 °C reduce in intensity with increasing
temperature.

Ions, assigned through Metaspace (as described), are
annotated in Figure 2. These include pyruvate m/z 87.008,
lactate m/z 89.0244, thymine m/z 125.0356, pyroglutamic acid
m/z 128.0353, adenine m/z 134.0465, glutamine m/z 145.0618,
glucosem/z 179.0561 and arachidonic acid m/z 303.2324. Peaks
that constitute the “background” signal exist at every temper-
ature measured. Their source and features are discussed in detail
in the article and Supporting Information (SI) introducing this

setup,8 and they include hotspots and carry-over expected to be
caused by slow desorption from the capillary wall.

Temperature-dependent trends for m/z signal intensities with
inlet temperature were seen across both ion polarities, for the m/

Figure 2. IR-PPI negative ion mode mean mass spectra from fresh
frozen bovine brain homogenate at increasing capillary inlet temper-
atures, as denoted in (a)−(f). Double dashed lines and associated
intensity values in (b) and (c) indicate intensity of corresponding peaks
where intensity scales have been restricted to create matched y-axis
ranges across all subfigures.
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Figure 3.Meanmass spectra acquired from fresh frozen samples using IR-PPIMSI highlighting the differences between 250 °C (left column) and 500
°C (right column) capillary inlet temperatures, as follows. (a,b,e,f) Fresh Frozen BBH negative ion mode. (c,d,g,h) Fresh Frozen BBH positive ion
mode. m/z ranges are m/z 80−305 (a−d) and 300−1000 (e−h).

Figure 4.Mean negative ion mass spectra acquired from formalin fixed paraffin embedded samples using IR-PPI highlighting the differences between
250 °C (left column) and 500 °C (right column) capillary inlet temperatures. m/z ranges are m/z 80−305 (a,b) and 300−1000 (c,d).
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z 80−305 mass range and the m/z 300−1000 mass range, across
both fresh and formalin fixed tissues. To highlight the spectral
differences, a comparison between 250 and 500 °C is made for
each case. Example mean mass spectra for negative and positive
ion studies on FF BBH are shown in Figure 3, while example
mean mass spectra for negative ion FFPE livers are displayed in

Figure 4. Significantly different spectra are obtained from the
fresh BBH and FFPE liver, as expected.11

The full range of temperatures (24, 50, 100, 150, 200, 250,
300, 350, 400, 450, 500, 550, 600, and 650 °C) show a similarly
large range of spectral changes as between the two temperatures
shown (all mean spectra are displayed in SI Figures S2−S5).

Figure 5. Ion intensity vs temperature for a selection of ions detected in FF BBH and FFPE murine liver (green). Laser off control data are shown in
purple where a signal for the same m/z is detected. Lines connect mean count data points at each temperature (24−650 °C); shading indicates ±1
standard deviation. (a) FF BBH negative ion mode, (b) FF BBH positive ion mode, (c) FF BBH negative ion mode, where background and signal rise
concomitantly with temperature, (d) FFPE murine liver negative ion mode. Ion m/z indicated on individual plots.
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Figure 3 displays eight graphs showing mean mass spectra for
two inlet temperatures, two polarities, and two mass ranges for
FF BBH. Initially, in Figure 3a,c, there are a similar number of
ions below m/z 180 in both negative and positive polarity. There
are significantly more ions between m/z 225−305 in negative
polarity compared to positive. Analagous observations can be
made for the m/z 300−1000 range, where Figure 3e,f shows
what appears to be a broader range of ions detected in negative
polarity than Figure 3g,h. The effect of the two capillary
temperatures is visible across the eight spectra. In the mass range
m/z 80−305, where small metabolites are commonly detected,
several prominent ions in Figure 3a,c are much reduced in the
higher temperature data (Figure 3b,d). When comparing 250 to
500 °C for positive polarity (Figure 3c,d) a prominent new base
peak at m/z 219.0481 (unassigned to 5 ppm error in HMDB via
Metaspace), as well as a broader range of ions between
approximately m/z 150 and 220, appear at the higher
temperature. There is also a clear increase in the peak intensities
between m/z 700−900 at 500 °C in both polarities (Figure
3f,h), indicating an increase in lipids such as PC (35:4) m/z
766.5381. The decrease in peak intensities at 500 °C between
m/z 300−650 is present in negative polarity for peaks such as
docosahexaenoic acid31 m/z 327.2329 and CPA(18:0)32 m/z
419.2568. This same decrease is even more striking for the
positive polarity measurement (Figure 3f,h) in the m/z 300−
650 range, including the complete reduction of the base peak at
m/z 369.3560.

The detected base peak m/z varies across polarities, mass
ranges, and inlet temperatures for fresh tissue. In negative
polarity, the spectrum presented in Figure 3a has a base peak of
lactate m/z 89.0239, for the 250 °C inlet temperature, and
arachidonic acid m/z 303.2325, at 500 °C (Figure 3b). In
positive ionmode, Figure 3c,d, the base peak ions detected at m/
z 101.0567 and m/z 219.0481 were unassigned in the HMDB
via Metaspace. Figure 3e,f features negative polarity base peaks
of arachidonic acid11 m/z 303.2327 and m/z 317.2126, possible
fatty acid related metabolite (for example33 HETE, leukotriene
A4), at 250 and 500 °C inlet temperature, respectively. In
positive ion mode above m/z 300, the base peak at 250 °C, m/z
369.3502, exceeds the intensity of the remaining ions by an
order of magnitude (Figure 3g). This ion has been previously
identified as the protonated water loss species of cholesterol7

[M-H2O+H]+. At 500 °C, Figure 3h, the positive ion base peak
is at m/z 810.6885, assigned as either glucosyl- or galactosyl-
ceramide7 (d18:1/24:1(15Z)).

The four graphs displayed in Figure 4 show the varied IR-PPI
mass spectra at two inlet temperatures, two polarities, and two
mass ranges for FFPE murine liver tissue. Small changes of ion
intensity increases and decreases are seen when changing from
250 to 500 °C for the mass range m/z 80−175 (Figure 4a,b),
examples being the rise of pyroglutamic acid m/z 128.0346 and
the fall of ketobutyric acid m/z 101.0244. Above approximately
m/z 175, the number and intensity of ions notably increases
(Figure 4b); however, few of these are assigned via Metaspace.
The changes between 250 and 500 °C are stark above m/z 300
(Figure 4c,d). A clear rise in lipid signal is seen at 500 °C; for
example, PC(36:5) m/z 778.5392 (Figure 4d) as well as a broad
range of m/z peaks between 300 and 419, including a lower
intensity arachidonic acid m/z 303.2324 and a higher intensity
CPA(18:0) m/z 419.2568 (Figure 4c,d).

Unlike in FF BBH, the base peak in spectra collected from the
FFPE sample remained the same m/z across both temperatures,
as seen in Figure 4a−d. Base peaks in FFPE are succinic acid m/z

117.0185 in the m/z 80−305 mass range and arachidonic acid
m/z 303.2327 in the m/z 300−1000 mass range at both
temperatures shown.

There is a pattern of repeating peaks between approximately
m/z 300 and 500, tentatively assigned here to paraffin polymer
ions with differing base unit number (Figure 4). Paraffin
hydrocarbons thermally decompose into carbon chains of
saturated and unsaturated hydrocarbons, and olefins, of varying
lengths.34 At higher inlet capillary temperatures (Figure 4d),
these peaks are present but less prominent, indicating their
suppression or alteration through temperature effects including
possible thermal decomposition.
Study of Fresh Frozen and FFPE Tissues�Temper-

ature Graphs. From the mass spectrometry studies producing
data shown in Figures 2, 3, and 4 and SI Figures S1, S2, S3, and
S4, the temperature-dependent ion intensity behavior of
individual ions in tissue can also be explored. The temperature
trends of several ions of interest are displayed in Figure 5, from
FF BBH in negative and positive ion modes and FFPE murine
liver in negative ion mode. As noted, in our IR-PPI apparatus,
very few ions arising from tissue show detected intensities above
the background at inlet capillary temperatures below 100 °C,
notably aside from lactate m/z 89.0239 (Figure 5a). Several
detected ions show a clear optimal temperature in the studied
range, with examples shown in Figure 5. Ions with lower m/z
often show optimal temperatures in the range 100−300 °C.
Examples of this behavior are seen in Figure 5 for m/z 89.0241
(a), 89.0239 (d), 90.0193 (b), 125.0348 (d), 145.0614 (a),
303.2327 (a), 327.2332 (a), and 381.3782 (d). The higher m/z
signals of lipids generally exhibit narrower optima centered
around higher temperatures, e.g. at m/z 722.5174 (a), 766.5432
(a), and 885.5490 (d).

A paper byMichael et al.,9 utilizing a heated inlet/Sicrit device
configuration similar to that in our lab, interfaced with a Bruker
TimsTOF fleX, using a 355 nm laser on liver tissue homogenate,
studied the effect of inlet temperature on lipid ion intensity. In
their study, optimal temperatures for lipid analysis were found
between approximately 200 and 350 °C. The authors provide
class by class optima by averaging 5 m/z signals from each class,
and so some direct comparisons can bemade. Notably, the lipids
shown to have the lowest optimal temperature are the least
readily detected in our study, being, for example, DG, diox, and
TG. Ceramides are detected in both works, though in the
Michael et al. study, optimal temperatures for ceramide
detection were at 250 °C vs 450 °C in the current work. In
the case of the phospholipid PE, the UV-PPI work has an
optimal inlet temperature of approximately 400 °C, whereas
with IR-PPI the optimum for PE(18:3/P-18:1) is 450 °C. For
PC and PA, Michael et al. show a consistently increasing signal
up to 500 °C, where their measurements end. In our work, the
optima for several PC and PA species are 400 and 450 °C, lower
than these values. These differences of up to 200 °C in optimal
temperature may arise from differences in laser wavelength, inlet
construction, temperature monitoring, and ion block/MS
interface temperature and pressure differential. Regarding laser
wavelength, if the initial plume properties and molecule internal
energies are altered, potentially different optimal temperatures
will be observed, as noted by Michael et al. in their discussion.

The clear influence of temperature on detected ion intensity
means that for targeted approaches, ions of interest can be
enhanced. For guidance, the optimal temperatures in this
experimental setup for a range of ions are provided in Table 1.
For the largest number of detected peaks below m/z 300, a
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capillary inlet temperature near 250 °C provides a balance
between those ions optimized at low and high temperatures.
Between m/z 300−1000, a higher inlet temperature of
approximately 450 °C is expected to capture many of the ions
of interest present in this range.

Comparing the optimal temperature between the polarities
studied in FF BBHor FFPE liver data, there are slight differences
noted in the optimal temperature for select metabolites (Table
1, e.g., lactate, adenine, arachidonic acid) in contrast to the
preliminary work in Figure 1. These deviations are either 50 or
100 °C, and the smallest temperature increment in our
experiment is 50 °C. It is possible the real optimal values are
found between these points, however other explanations for the
discrepancy may exist. The likely more heterogeneous
metabolite distributions in the FFPE liver tissues used here
may confound the interpretation of resulting temperature trends

to a degree. Though normal liver tissue can show relatively
homogeneous distributions,35 variation due to any present
heterogeneity is of course captured in the standard deviation
shown with each graph (Figure 5), meaning significant
differences shown are still highly relevant for temperature
studies.

In Figure 5c, the behavior of ions whose intensity increases
concomitantly with temperature are displayed. This is a general
trend also seen across a broad range of ions not shown here. The
first is those where there is no deviation between laser ‘on’ and
laser ‘off’ measurements and no or only unrealistic annotations
in Metaspace. These are assumed to be non-endogenous, as for
m/z 95.0136 (Figure 5c). The second case describes ions where
a discernible signal is detected on top of the rising background
signal, as for oxoadipic acid m/z 159.0294, indicating the
confluence of real ion signal over background signal (Figure 5 c).
Only those ions that have a laser “off” signal lower than their
laser “on” signal can be considered tissue-derived, regardless of
annotation. Background signal from laboratory atmosphere and,
to a lesser extent, tissue carryover are relatively well-known
phenomena in plasma ionization MS. Please see previous work
for further discussion on this topic.11 In brief, significant
background signal is observed from laboratory air where the
plasma device is turned on and relatively long-lived carryover
can be seen within IR-PPI tissue ion images correlating with the
detection of tissue endogenous species in previous pixels.

It is of note that the boiling point of paraffin wax is 370 °C,36

and if this wax is contaminating the inlet capillary, then any
tissue cluster or layer adsorbed alongside would be released into
the plasma along with the evaporating paraffin above this
temperature. This hypothesis could explain the rising experi-
ment and control signals in FFPE systems, particular examples of
this behavior being for m/z 128.0346, 303.2323, 381.3728, and
419.2562 (Figure 5d).
Study of Fresh Frozen and FFPE Tissues�UMAP and

Cluster Average Trends. The effects of the inlet temperature
seen across the range of mass spectra and I vs T ion trends in
Figures 2−5 are part of general temperature-dependent trends
throughout the MS data collected in this study. To interrogate
the global effects of inlet temperature on the entire detected ion
population, multivariate analyses by UMAP and k-means
clustering were undertaken. Here we employ this approach for
the full spectral IR-PPI inlet temperature data set for negative
ion mode measurements of FF BBH (Figure 6 for m/z 80−305
and Figure 7 for m/z 300−1000). The distribution of m/z,
optimal temperature, and effect size within the UMAP
embedding space are also displayed.

The 2D UMAP embedding (Figure 6a) shows a somewhat
homogeneous spread, reflecting the continuum of temperature
responses across the ion population. Clusters 2, 6, 7 and 9, for
example, show similar trends in Figure 6b and are not spatially
separated in Figure 6a. These temperature trends (as well as
those trends shown in clusters 5 and 8 in Figure 6b) show
increasing ion intensity with temperature, and in fact, most
detected ion signals are described within these clusters (1045 of
1500 ions). As illustrated in Figure 5c, many of these rising
signals do not deviate from background measurements and are
therefore not considered to be tissue endogenous. Clusters 1, 3,
and 4 show different trends, each with a different optimum
temperature. The distribution of ion m/z throughout theUMAP
representation for the m/z 80−305 mass range data (Figure 6c)
shows no clear trend. The distribution of ions across the 2D
UMAP embedding correlates with the optimal temperature to

Table 1. Optimal Capillary Temperature for Selected Ionsa

Annotation m/z Adduct Tissue/form
Optimal
Temp, °C

PI(38:4) 885.5488b [M-H]− Liver/FFPE 500
GalCer(42:1) 810.6885 [M+H]+ BBH/FF 450
PC(37:4) 794.5736 [M-H]− BBH/FF 450
PC(36:5) 778.5392 [M-H]− Liver/FFPE 400
PC(35:4) 768.5538 [M+H]+ BBH/FF 450
PC(35:4) 766.5392 [M-H]− BBH/FF 450
PC(35:4) 766.5388 [M-H]− Liver/FFPE 400
PC(33:4) 738.5079 [M-H]− Liver/FFPE 400
PE(P-36:4) 722.5130 [M-H]− BBH/FF 450
PA(38:6) 719.4657 [M-H]− Liver/FFPE 450
CPA(18:0) 419.2568 [M-H]− Liver/FFPE 350
Pentacosanoic acid 381.3738 [M-H]− Liver/FFPE 250
Cholesterol 369.3543 [M-H2O

+H]+
BBH/FF 200

Docosahexaenoic acid 327.2329 [M-H]− BBH/FF
Liver/
FFPE

250

FA(20:4) 303.2329b [M-H]− Liver/FFPE 250
FA(20:4) 303.2325b [M-H]− BBH/FF 150
D-Glucose 179.0553b [M-H]− BBH/FF 250
Stearic acid 283.2639 [M-H]− BBH/FF 200
Oxoadipic acid 159.0294 [M-H]− BBH/FF 250
Glutamine 145.0618 [M-H]− BBH/FF 250
Aminobenzoate 138.0553b [M+H]+ BBH/FF 300
Adenine 136.0619 [M+H]+ BBH/FF 300
Hypoxanthine 135.0307 [M-H]− BBH/FF 250
Adenine 134.0472 [M-H]− BBH/FF

Liver/
FFPE

250

Pyroglutamic acid 130.0498 [M+H]+ BBH/FF 300
Pyroglutamic acid 128.0353 [M-H]− BBH/FF,

Liver/
FFPE

300

Thymine 125.0356 [M-H]− BBH/FF,
Liver/
FFPE

250

Picolinic acid 124.0392b [M+H]+ BBH/FF 300
Niacinamide 123.0552b [M+H]+ BBH/FF 200
Succinic acid 117.0185b [M-H]− Liver/FFPE 350
Ketobutyric acid 101.0244 [M-H]− Liver/FFPE 250
Dimethylethanolamine 90.0913 [M+H]+ BBH/FF 100
Lactate 89.0244 [M-H]− Liver/FFPE,

BBH/FF
100

Lactate 89.0239 [M-H]− Liver/FFPE 150
aIn most cases the first appropriate HMDB match is included for
brevity. bIndicates ions previously assigned by MS/MS.11
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detect that ion (Figure 6d), indicating that this may be the
primary driver of the distribution itself. No clear trends are seen
with fold change of maximum vsminimum intensity (Figure 6e).
The log2(maximum intensity/minimum intensity) is included
to show the fold improvement gained by selecting an optimal
inlet temperature, which in strongly influential cases is a factor of
12.

The UMAP analysis of the m/z 300−1000 mass range data
shows a well separated representation of the clusters in the
UMAP 2D space (Figure 7a). The majority of ions (827 of
1500) increase in ion intensity with temperature and thus are
clustered together (cluster 1, Figure 7b). Three other apparent
trends were evident from the clustering. Two clusters with single
optima are seen (clusters 2 and 3) while cluster 4 decreases in
intensity, containing, however, only 23 ions. A more obvious
correlation of m/z with the UMAP 2D embedding is seen in
Figure 7c, with the ions between m/z 300−500 most closely
associated with cluster 1. This region of the mass spectrum
contains peaks related to fatty acids and DAGs; however, the
constantly increasing signal intensity noted in cluster 1 is often
associated with background peaks, as seen in Figure 5c and
associated discussion. There is a possibility, therefore, that lipid
ions are clustered in clusters 2 and 3, while cluster 1 contains
many nonendogenous ions. The optimal temperature for ion
detection (Figure 7d) correlates well with the clusters in this
mass range, again indicating that optimal temperature does drive
the clustering here. Unlike in Figure 6, the intensity fold change
distribution (Figure 7e), when mapped onto the 2D UMAP

representation, shows distinct regional distribution with the
majority of ions showing approximately a factor of 12-fold
change. The lowest fold change ions are present in a tight
distribution spanning the joining area of clusters 1 and 3.

Considering both the m/z 80−305 and m/z 300−1000
(Figures 6 and 7, respectively), the optimal temperature as
mapped onto the UMAP 2D representation for each m/z,
(Figure 6d and 7d) show a clear distribution which is, as
expected, similar to the clustering that delineates the temper-
ature trends (Figure 6a and 7a). For those clusters that show an
optimal temperature, the optimal temperatures are between 200
and 450 °C in the m/z 80−350 mass range (clusters 1, 3 and 4),
while the optimal temperatures in the m/z 300−1000 mass
range (clusters 2 and 3) are between 300 and 500 °C. Figure 7d,
when compared to Figure 7a,b, also indicates that many lipids in
the m/z 700−800 range are clustered into two clusters: cluster 2,
with a narrower optimum centered on 450 °C, and cluster 3,
with a broader optimum centered on 400 °C.

Our previous research demonstrated the use of UMAP for
dimensionality reduction and visualization of inlet temperature-
ion intensity trends in DESI MS.25 That analysis showed a
similar range of temperature trend profiles. However, IR-PPI
exhibits proportionally larger ion populations with trends that
increase with increasing temperature. Notably, at room
temperature, where IR-PPI does not detect large numbers of
endogenous ions, the ion intensity in DESI is high. In fact, the
intensity of ions detected via DESI across a temperature range
from room temperature to 500 °C may scarcely double, where

Figure 6.UMAP and k-means clustering across temperature trends. Negative ion mode, FF BBH, measured across m/z 80−305 on the IR-PPI system.
(a) UMAP embedding clustered by k-means clustering alongside the (b) associated average intensities across the temperature ranges per cluster. The
UMAP embedding is also shown labeled according to key variables including (c) m/z, (d) optimal temperature, and (e) log2(maximum intensity/
minimum intensity).
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detected ion intensities in IR-PPI can span multiple orders of
magnitude across the same temperature change. The various
temperature trends observed in DESI also vary in the population
size. For example, here, in the data set acquired from m/z 300−
1000, Figure 7b, cluster 4, characterized by ions exhibiting a
decreasing intensity with increasing temperature, describes just
23 out of the 1500 ions (1.5%). In DESI experiments, the
equivalent decreasing cluster describes 685 out of 4000 ions
(17%). In contrast to IR-PPI, DESI produces significant ion
counts across the m/z range without heating the inlet capillary. It
is also notable that the relative fold improvement in ion intensity
at optimal temperature compared to least optimal is much
greater in IR-PPI compared to DESI. In an example of this trend,
the ion intensity for m/z 89.0239, lactate, has a fold change of 17
for IR-PPI and 6 for DESI, between the optimal temperature of
100 °C and the least optimal temperature measured across both
instruments, 500 °C. Most of the ions in the IR-PPI data set
(e.g., 1393 out of 1500 for the m/z 300−1000 data) have
intensities of zero at some temperatures, again indicating the
criticality of the inlet temperature.

UMAP embedding was also performed for the data acquired
from FFPE murine liver and the positive ion data from fresh
frozen BBH. These are shown in the SI (Figures S6 and S7,
respectively). The general ion intensity trends with the capillary
temperature show very similar behavior in positive ions and in
FFPE sample types. In general, there are a range of trends that
show increasing ion intensity with increasing temperature as well
as trends showing a maximum at an optimal temperature, while
very few ions cluster into trends that decrease in intensity with
temperature.

Study of Brain Tissue in Imaging Mode. Studying the
ratio of ions involved in metabolic processes can be used to infer
metabolic changes in biological systems. An interesting example
is the detection of relative amounts of glucose and lactate to
track manifestations of the Warburg effect. Such ratios can be
used to monitor the shift from oxidative phosphorylation to
rapid aerobic glycolysis that goes along with a high rate of lactate
production in tumors.37,38 Our results indicate large changes in
detected intensity with inlet temperature, including ion signals
that increase from zero counts to 105 or 106 (Figure 2), despite
the fact that the endogenous concentration of the primary
species in the tissue is assumed little changed, particularly in the
case of homogenate.

As inlet capillary temperature optima in ambient MSI vary for
different ion species, the relative intensities are thus also
dependent on the temperature of the inlet capillary. This effect is
displayed in Figure 8a in mouse brain tissue, where imaging data
show single ion images of several metabolites and lipids. The
challenge in measuring accurate metabolite ratios is further
explored by plotting the detected ion intensity of both lactate
and glucose, as shown in Figure 8b. Comparing m/z 89.0239
(lactate) and m/z 179.0551 (glucose) in Figure 8a,b, we see that
at 100 °C inlet temperature there is an intensity difference of
close to 3 orders of magnitude. Conversely, at 255 °C, the ion
intensities show only a slightly increased intensity for lactate
over glucose. For example, the glucose/lactate ratio in
cerebrospinal fluid (CSF) has been measured in the range of
1.1−3.4.39 While these values cannot be used to interpret the
MSI data shown here due to the differing sample type and form,
they do point to a potential route for further study and

Figure 7. UMAP and k-means clustering across temperature trends. Negative ion mode, FF BBH, measured across m/z 300−1000 on the IR-PPI
system. (a) UMAP embedding with k-means clustering alongside the (b) associated average intensities across the temperature ranges per cluster. The
UMAP embedding is also shown labeled according to key variables including (c) m/z, (d) optimal temperature, and (e) log2(maximum intensity/
minimum intensity).
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interpretation of inlet temperature, among other variables, in
MSI. Future studies incorporating validation by, for example,
LC-MS would provide an important ground truth.

A similar comparison made between the intensity of glucose
m/z 179.0551 and arachidonic acid m/z 303.2324 would find
approximately the same intensity of ion signals with an inlet
temperature of 255 °C, but a clearly higher intensity of m/z

303.2324 over m/z 179.0551 at 350 °C, as inferred from the ion
intensities in their single ion images (Figure 8a). Clear intensity
differences at different temperatures can also be seen between
PC(15:0/20:4) m/z 766.5385 and SM(d18:1/23:0) m/z
799.6698 for the temperatures 350 and 450 °C. Spatial
distributions of the ions of interest are clearly visible in Figure
8; however, in each case represented, the intensity differences
resulting from temperature change are visibly greater than the
biological variation exhibited across the tissue itself. Ratio
comparisons of metabolites in tissues could thus skew our
interpretation of metabolic processes studied by MSI.

To maintain a sensible understanding of the species present
when undertaking imaging, careful choice of inlet temperature is
key for IR-PPI. In most cases, when comparisons of small
metabolites are made, the recommended temperature of 250 °C
should be sufficient, similarly for comparisons of lipids and the
recommended temperature of 450 °C. However, if a particular
ion comparison is of importance to a study, a study of standards
at different temperatures and concentrations may be required to
better inform interpretation of tissue imaging data.

Possible mechanistic factors related to inlet capillary temper-
ature trends, such as those shown within this manuscript, were
discussed in our previous DESI inlet capillary temperature
study.25 In short, temperature in the capillary may influence fluid
flow properties,41 ion charge transfer to capillary inner surface,42

droplet desolvation,43 andmolecule degradation.40 For example,
thermal degradation and transformation of, e.g., cholesterol, is
known to occur to varying degrees in the range 120−220 °C44

and will likely accelerate at higher temperatures. The data
presented here may, therefore, partially be explained by these
degradation and transformation processes. A counterbalancing
process which requires increased temperature would be
thermally driven desolvation or declusting, thus competing
mechanisms may give rise to the observed variable temperature
behaviors seen within this and related studies.

In addition to our previous work11 demonstrating analysis of
FFPE tissues with no sample preparation by IR-PPI, the study
here further emphasizes the suitability of IR-PPI for FFPE tissue
analysis. The lack of paraffin washing steps is a potentially highly
valuable characteristic, as any further tissue treatment can result
in delocalization and loss of soluble analytes and additional
sources of variance. However, thorough comparison to MALDI
and DESI MSI with washed tissue will still be a necessary and
valuable step to assessing the suitability of these various
modalities for metabolite coverage, distribution, and limit-of-
detection in FFPE tissues.

■ CONCLUSIONS
Throughout this paper, the effects in IR-PPI of inlet capillary
temperature on the intensity of MSI ion signals, from tissue and
background, have been presented. These changes are most
pronounced when raising the inlet temperature above room
temperature to 100 °C and above as very few identifiable tissue
peaks are detected without inlet heating. It was found through
multivariate analysis that the inlet temperature is a main driver of
broad statistical changes in the detectedmass spectra. Due to the
likely ubiquity of inlet temperature effects for inlet mass
spectrometry systems (DESI, LAESI, IRMALDESI, LA-PPI,
nanoDESI etc.), it is highly relevant that practitioners evaluate
the impact of temperature in their systems, be this for heated
inlet capillaries or temperature settings in the MS inlet itself. A
basic summary of the method used in the presented study is
included in SI page S9 for reference to assist other practitioners.

Figure 8. Single ion imaging of murine brain at various capillary inlet
temperatures. (a) Heat map showing intensity of detected counts at
labeled m/z. (b) Detected counts at each on-tissue pixel compared on
log Y scale for ions assigned to glucose [M-H]− and lactate [M-H]−,
showing extreme ratio changes in detection intensity at different
capillary temperatures.
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Individual endogenous ions in tissue each show a single inlet
temperature optimum for the highest detected ion current.
These optima tend to be between 200 and 450 °C, and their
detected intensities rise significantly above the background
measurements with no laser interrogation. The fold change in
intensity for ions of interest can be up to 17. This emphasizes the
influence of temperature optimization in IR-PPI compared to
prior inlet temperature work in DESI where the fold change
varied by up to a value of 6.

Inlet temperature optima are broadly grouped by ion type.
Small metabolites and amino acids were optimally observed
between 200 and 300 °C, with outliers such as lactate (100 °C)
and succinic acid (350 °C). Lipid signals were optimally
observed between 400 and 500 °C, although CPA(18:0/0:0)
was optimal at 350 °C. These temperature ranges can inform
untargeted studies, we include a table of ions of interest with
their optimal inlet temperature for community use.

The effect of the substrate, so plume environment, did not
appear to influence the optimal inlet temperature for glutamine.
The temperature dependence of glutamine detection was
consistent across three substrates and from endogenous
glutamine in bovine brain homogenate, providing evidence
that the changes in detection are rooted in the effect of inlet
temperature on the specific analyte in question rather than the
plume environment as a whole. Despite this, two ions detected
across both FF and FFPE tissues (putative lactate and
arachidonic acid ions) had optimal temperatures that differed
by up to 100 °C. Further study with pure analytes may shed light
on this discrepancy.

Comparison to similar prior work by DESI MSI indicates
large differences between the behavior of IR-PPI and DESI,
highlighting the larger impact of inlet temperature in IR-PPI.
The lack of signal in IR-PPI at room temperature, in contrast to
the DESI experiment, shows heated inlets are a necessity in IR-
PPI. Not only this, but the ions that are mutually detected follow
different temperature trends.

A difference in optimal temperature between two analytes can
have a large impact on the interpretation of MSI results. An MSI
comparison in mouse brain of the ion intensity of two important
biological metabolites, lactate and glucose, at three different inlet
temperatures, showed a change in the m/z intensity ratio that
spanned close to 3 orders of magnitude. Caution is advised when
using detected ion ratios in temperature dependent techniques
to infer sample concentration ratios.

Future work consists of investigating the relationship between
optimal inlet temperatures and the physicochemical properties
of metabolites of interest. While a basic framework around the
molecular class developed here can predict the approximate
optimal conditions for broad classes of molecules, in time, the
prediction of optimal inlet temperatures for targeted measure-
ments may be possible.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jasms.5c00243.

Optical image of ablation tracks in tissue, mean mass
spectra across two sample types, two m/z ranges and 6
temperatures, MVA results for FF pos ion and FFPE neg
ion, and brief protocol for inlet temperature evaluation
(PDF)

■ AUTHOR INFORMATION
Corresponding Authors

Rory T. Steven − National Physical Laboratory, Teddington,
Middlesex TW11 0LW, U.K.; orcid.org/0000-0002-6754-
2424; Email: rory.steven@npl.co.uk

Josephine Bunch − National Physical Laboratory, Teddington,
Middlesex TW11 0LW, U.K.; Imperial College London,
Department of Metabolism, Digestion and Reproduction,
Hammersmith Hospital, London W12 0NN, U.K.;
Email: josephine.bunch@npl.co.uk

Authors
Lilian Ellis-Gibbings − National Physical Laboratory,

Teddington, Middlesex TW11 0LW, U.K.
Alex J. Dexter − National Physical Laboratory, Teddington,

Middlesex TW11 0LW, U.K.; orcid.org/0000-0001-8536-
4417

Complete contact information is available at:
https://pubs.acs.org/10.1021/jasms.5c00243

Author Contributions
L.E.-G. and R.T.S. are joint first authors and contributed equally
to this study. L.E.-G. collected data for glutamine standard
ablation substrate test, performed data analysis and visualization
for Figures 1−5, and 8, SI figures, and wrote and edited the
manuscript. R.T.S. designed, carried out and cosupervised the
study, collected tissue and homogenate data, performed
preliminary data analysis and edited the manuscript. A.J.D.
performed data analysis and visualization featured in the
manuscript for Figures 1, 5, 6, 7 and SI figures. J.B. designed
and supervised the study, edited the manuscript and provided
resources/funding. All authors have given approval to the final
version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was funded by Cancer Research UK Rosetta Grand
Challenge (A24034) and the UK Government’s Department for
Business, Energy and Industrial Strategy (BEIS) through the
UK’s National Measurement System programs. We thank
Richard Goodwin (AstraZeneca, UK) for supply of FFPE
tissues and Mariia Yuneva (Francis Crick Institute, UK) for
supply of murine brain tissue.

■ REFERENCES
(1) Xiao, Y.; Deng, J.; Yao, Y.; Fang, L.; Yang, Y.; Luan, T. Recent

Advances of Ambient Mass Spectrometry Imaging for Biological
Tissues: A Review. Anal. Chim. Acta 2020, 1117, 74−88.
(2) Yue, H.; He, F.; Zhao, Z.; Duan, Y. Plasma-Based Ambient Mass

Spectrometry: Recent Progress and Applications. Mass Spectrom. Rev.
2023, 42 (1), 95−130.
(3) Müller, W. H.; Verdin, A.; De Pauw, E.; Malherbe, C.; Eppe, G.

Surface-Assisted Laser Desorption/Ionization Mass Spectrometry
Imaging: A Review. Mass Spectrom. Rev. 2022, 41 (3), 373−420.
(4) Ding, X.; Liu, K.; Shi, Z. Laser Desorption/Ablation

Postionization Mass Spectrometry: Recent Progress in Bioanalytical
Applications. Mass Spectrom. Rev. 2021, 40 (4), 566−605.
(5) Simon, D.; Horkovics-Kováts, G. S.; Xiang, Y.; Battle, R. A.; Wang,

Y.; Abda, J.; Papanastasiou, D.; Stavrakaki, S. M.; Ho, H.; Wang, H.;
Schäffer, R.; Karancsi, T.; Mroz, A.; Pap, I.; Lagache, L.; Balog, J.;
Fournier, I.; Murray, R. T.; Bunch, J.; Tak, Z. Subcellular-Resolution
Molecular Pathology by Laser Ablation − Rapid Evaporative Ionization
Mass Spectrometry. Anal. Chem. 2025, 97, 17433−17443.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.5c00243
J. Am. Soc. Mass Spectrom. 2025, 36, 2633−2646

2644

D
ow

nloaded from
 pubs.​acs.​org/​jam

sef/​article-pdf/​36/​12/​2633/​40704471/​js5c00243.​pdf 

https://pubs.acs.org/doi/10.1021/jasms.5c00243?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00243/suppl_file/js5c00243_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rory+T.+Steven"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6754-2424
https://orcid.org/0000-0002-6754-2424
mailto:rory.steven@npl.co.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Josephine+Bunch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:josephine.bunch@npl.co.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lilian+Ellis-Gibbings"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+J.+Dexter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8536-4417
https://orcid.org/0000-0001-8536-4417
https://pubs.acs.org/doi/10.1021/jasms.5c00243?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00243/suppl_file/js5c00243_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jasms.5c00243/suppl_file/js5c00243_si_001.pdf
https://doi.org/10.1016/j.aca.2020.01.052
https://doi.org/10.1016/j.aca.2020.01.052
https://doi.org/10.1016/j.aca.2020.01.052
https://doi.org/10.1002/mas.21712
https://doi.org/10.1002/mas.21712
https://doi.org/10.1002/mas.21670
https://doi.org/10.1002/mas.21670
https://doi.org/10.1002/mas.21649
https://doi.org/10.1002/mas.21649
https://doi.org/10.1002/mas.21649
https://doi.org/10.1021/acs.analchem.5c02013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c02013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.5c02013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.5c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(6) Qi, K.; Lv, Y.; Xiong, Y.; Tian, C.; Liu, C.; Pan, Y. Development of
Transmission Ambient Pressure Laser Desorption Ionization/Post-
photoionization Mass Spectrometry Imaging. Anal. Chem.2024. DOI:
965489.
(7) Niehaus, M.; Robinson, K. N.; Murta, T.; Elia, E. A.; Race, A. M.;

Yan, B.; Steven, R. T.; Bunch, J. MALDI-2 at Atmospheric Pressure -
Parameter Optimization and First Imaging Experiments. J. Am. Soc.
Mass Spectrom. 2020, 31 (11), 2287−2295.
(8) Elia, E. A.; Niehaus, M.; Steven, R. T.; Wolf, J. C.; Bunch, J.

Atmospheric Pressure MALDI Mass Spectrometry Imaging Using In-
Line Plasma Induced Postionization. Anal. Chem. 2020, 92 (23),
15285−15290.
(9)Michael, J. A.;Mutuku, S.M.; Ucur, B.; Sarretto, T.;Maccarone, A.

T.; Niehaus, M.; Trevitt, A. J.; Ellis, S. R. Mass Spectrometry Imaging of
Lipids Using MALDI Coupled with Plasma-Based Post-Ionization on a
Trapped Ion Mobility Mass Spectrometer. Anal. Chem. 2022, 94 (50),
17494−17503.
(10) Funke, S. K. I.; Brückel, V. A.; Weber, M.; Lützen, E.; Wolf, J. C.;

Haisch, C.; Karst, U. Plug-and-Play Laser Ablation-Mass Spectrometry
for Molecular Imaging by Means of Dielectric Barrier Discharge
Ionization. Anal. Chim. Acta 2021, 1177, 338770.
(11) Steven, R. T.; Niehaus, M.; Taylor, A. J.; Nasif, A.; Elia, E.;

Goodwin, R. J. A.; Takats, Z.; Bunch, J. Atmospheric-Pressure Infrared
Laser-Ablation Plasma-Postionization Mass Spectrometry Imaging of
Formalin-Fixed Paraffin-Embedded (FFPE) and Fresh-Frozen Tissue
Sections with No Sample Preparation. Anal. Chem. 2022, 94 (28),
9970−9974.
(12) Schneemann, J.; Schäfer, K. C.; Spengler, B.; Heiles, S. IR-

MALDI Mass Spectrometry Imaging with Plasma Post-Ionization of
Nonpolar Metabolites. Anal. Chem. 2022, 94 (46), 16086−16094.
(13) Moreno-Pedraza, A.; Rosas-Román, I.; Garcia-Rojas, N. S.;

Guillén-Alonso, H.; Ovando-Vázquez, C.; Díaz-Ramírez, D.; Cuevas-
Contreras, J.; Vergara, F.; Marsch-Martínez, N.; Molina-Torres, J.;
Winkler, R. Elucidating the Distribution of Plant Metabolites from
Native Tissues with Laser Desorption Low-Temperature Plasma Mass
Spectrometry Imaging. Anal. Chem. 2019, 91, 2734.
(14) Martínez-Jarquín, S.; Herrera-Ubaldo, H.; de Folter, S.; Winkler,

R. In Vivo Monitoring of Nicotine Biosynthesis in Tobacco Leaves by
Low-Temperature Plasma Mass Spectrometry. Talanta 2018, 185
(March), 324−327.
(15) Lu, Q.; Xu, Z.; You, X.; Ma, S.; Zenobi, R. Atmospheric Pressure

Mass Spectrometry Imaging Using Laser Ablation, Followed by
Dielectric Barrier Discharge Ionization. Anal. Chem. 2021, 93 (15),
6232−6238.
(16) Lu, Q.; Guan, X.; You, X.; Xu, Z.; Zenobi, R. High-Spatial

Resolution Atmospheric Pressure Mass Spectrometry Imaging Using
Fiber Probe Laser Ablation-Dielectric Barrier Discharge Ionization.
Anal. Chem. 2021, 93 (44), 14694−14700.
(17) Pagnotti, V. S.; Chubatyi, N. D.; McEwen, C. N. Solvent Assisted

Inlet Ionization: An Ultrasensitive New Liquid Introduction Ionization
Method for Mass Spectrometry. Anal. Chem. 2011, 83 (11), 3981−
3985.
(18) Towers, M. W.; Karancsi, T.; Jones, E. A.; Pringle, S. D.; Claude,

E. Optimised Desorption Electrospray Ionisation Mass Spectrometry
Imaging (DESI-MSI) for the Analysis of Proteins/Peptides Directly
from Tissue Sections on a Travelling Wave Ion Mobility Q-ToF. J. Am.
Soc. Mass Spectrom. 2018, 29 (12), 2456−2466.
(19) Yan, B.; Bunch, J. Probing Folded Proteins and Intact Protein

Complexes by Desorption Electrospray Ionization Mass Spectrometry.
J. Am. Soc. Mass Spectrom. 2021, 32 (3), 690−699.
(20) McEwen, C. N.; McKay, R. G.; Larsen, B. S. Analysis of Solids,

Liquids, and Biological Tissues Using Solids Probe Introduction at
Atmospheric Pressure on Commercial LC/MS Instruments. Anal.
Chem. 2005, 77 (23), 7826−7831.
(21) Trimpin, S.; Wang, B.; Inutan, E. D.; Li, J.; Lietz, C. B.; Harron,

A.; Pagnotti, V. S.; Sardelis, D.; McEwen, C. N. A Mechanism for
Ionization of Nonvolatile Compounds in Mass Spectrometry:
Considerations from MALDI and Inlet Ionization. J. Am. Soc. Mass
Spectrom. 2012, 23 (10), 1644−1660.

(22) Kessner, D.; Chambers, M.; Burke, R.; Agus, D.; Mallick, P.
ProteoWizard: Open Source Software for Rapid Proteomics Tools
Development. Bioinformatics 2008, 24 (21), 2534−2536.
(23) Race, A. M.; Styles, I. B.; Bunch, J. Inclusive Sharing of Mass

Spectrometry Imaging Data Requires a Converter for All. J. Proteomics
2012, 75 (16), 5111−5112.
(24) Race, A. M.; Palmer, A. D.; Dexter, A.; Steven, R. T.; Styles, I. B.;

Bunch, J. SpectralAnalysis: Software for the Masses. Anal. Chem. 2016,
88 (19), 9451−9458.
(25) Steven, R. T.; Burton, A.; Taylor, A. J.; Robinson, K. N.; Dexter,

A.; Nikula, C. J.; Bunch, J. Evaluation of Inlet Temperature with Three
Sprayer Designs for Desorption Electrospray Ionization Mass
Spectrometry Tissue Analysis. J. Am. Soc. Mass Spectrom. 2024, 35
(0), 224−233.
(26) Meehan, C.; Ebrahimian, J.; Moore, W.; Meehan, S. Uniform

Manifold Approximation and Projection (UMAP); MATLAB Central
File Exchange, 2022; https://www.mathworks.com/matlabcentral/
fileexchan.
(27) Coalter, J. ColorBrewer 2.0 and the Rainbow: Using Color Tools

to Choose Appropriate Color Schema for Your Data Visualization.
Issues Sci. Technol. Librariansh. 2020, 94, 1.
(28) Palmer, A.; Phapale, P.; Chernyavsky, I.; Lavigne, R.; Fay, D.;

Tarasov, A.; Kovalev, V.; Fuchser, J.; Nikolenko, S.; Pineau, C.; Becker,
M.; Alexandrov, T. FDR-Controlled Metabolite Annotation for High-
Resolution Imaging Mass Spectrometry. Nat. Methods 2017, 14 (1),
57−60.
(29) Zhang, J.; Li, Z.; Zhang, C.; Feng, B.; Zhou, Z.; Bai, Y.; Liu, H.

Graphite-Coated Paper as Substrate for High Sensitivity Analysis in
Ambient Surface-Assisted Laser Desorption/Ionization Mass Spec-
trometry. Anal. Chem. 2012, 84 (7), 3296−3301.
(30) Kibbe, R. R.; Mellinger, A. L.; Muddiman, D. C. Novel Matrix

Strategies for Improved Ionization and Spatial Resolution Using IR-
MALDESIMass Spectrometry Imaging. J. Mass Spectrom. 2022, 57 (8),
1−7.
(31) Guo, S.; Zhou, D.; Zhang, M.; Li, T.; Liu, Y.; Xu, Y.; Chen, T.; Li,

Z. Monitoring Changes of Docosahexaenoic Acid-Containing Lipids
during the Recovery Process of Traumatic Brain Injury in Rat Using
Mass Spectrometry Imaging. Sci. Rep. 2017, 7 (1), 1−9.
(32) Zhou, D.; Guo, S.; Zhang, M.; Liu, Y.; Chen, T.; Li, Z. Mass

Spectrometry Imaging of Small Molecules in Biological Tissues Using
Graphene Oxide as a Matrix. Anal. Chim. Acta 2017, 962, 52−59.
(33) Ribette, T.; Charretier, Y.; Laurent, S.; Syntin, P.; Chautard, E.;

Meniche, X.; Darnaud, M.; Bequet, F.; Beloeil, L.; Piras-Douce, F.; Abi-
Ghanem, J. Development of Mass Spectrometry Imaging on Skeletal
Muscle to Characterize the Local Pro-Inflammatory and pro-
Resolution Lipid Responses in a Vaccination Context. J. Proteomics
2024, 296, 105105.
(34) Egloff, G.; Schaad, R. E.; Lowry, C. D. THE DECOM-

POSITION OF THE PARAFFIN HYDROCARBONS. J. Phys. Chem.
1930, 34 (0), 1617−1740.
(35) Seubnooch, P.; Montani, M.; Tsouka, S.; Claude, E.; Rafiqi, U.;

Perren, A.; Dufour, J. F.; Masoodi, M. Characterisation of Hepatic Lipid
Signature Distributed across the Liver Zonation Using Mass
Spectrometry Imaging. JHEP Reports 2023, 5 (6), 100725.
(36) Freund, M. Paraffin Products: Properties, Technologies, Applica-

tions; Gyula, M., Ed.; Elsevier Scientific Publishing Company: 1982.
(37) Tucker, L. H.; Hamm, G. R.; Sargeant, R. J. E.; Goodwin, R. J. A.;

Mackay, C. L.; Campbell, C. J.; Clarke, D. J. Untargeted Metabolite
Mapping in 3D Cell Culture Models Using High Spectral Resolution
FT-ICR Mass Spectrometry Imaging. Anal. Chem. 2019, 91 (15),
9522−9529.
(38) Vander Heiden, M. G.; Cantley, L. C.; Thompson, C. B.

Understanding the Warburg Effect: The Metabolic Requirements of
Cell Proliferation. Science (80-.) 2009, 324 (5930), 1029−1033.
(39) Leen, W. G.; Willemsen, M. A.; Wevers, R. A.; Verbeek, M. M.

Cerebrospinal Fluid Glucose and Lactate: Age-Specific Reference
Values and Implications for Clinical Practice. PLoS One 2012, 7 (8),
e42745.

Journal of the American Society for Mass Spectrometry pubs.acs.org/jasms Article

https://doi.org/10.1021/jasms.5c00243
J. Am. Soc. Mass Spectrom. 2025, 36, 2633−2646

2645

D
ow

nloaded from
 pubs.​acs.​org/​jam

sef/​article-pdf/​36/​12/​2633/​40704471/​js5c00243.​pdf 

https://doi.org/10.1021/acs.analchem.3c05605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.3c05605?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00237?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.0c03524?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.aca.2021.338770
https://doi.org/10.1016/j.aca.2021.338770
https://doi.org/10.1016/j.aca.2021.338770
https://doi.org/10.1021/acs.analchem.2c00690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c03247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b04406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b04406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.8b04406?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2018.03.071
https://doi.org/10.1016/j.talanta.2018.03.071
https://doi.org/10.1021/acs.analchem.1c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c00549?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c03055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac200556z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac200556z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac200556z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-018-2049-0
https://doi.org/10.1007/s13361-018-2049-0
https://doi.org/10.1007/s13361-018-2049-0
https://doi.org/10.1021/jasms.0c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.0c00417?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051470k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051470k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac051470k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s13361-012-0414-y
https://doi.org/10.1007/s13361-012-0414-y
https://doi.org/10.1007/s13361-012-0414-y
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1093/bioinformatics/btn323
https://doi.org/10.1016/j.jprot.2012.05.035
https://doi.org/10.1016/j.jprot.2012.05.035
https://doi.org/10.1021/acs.analchem.6b01643?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jasms.3c00332?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.mathworks.com/matlabcentral/fileexchan
https://www.mathworks.com/matlabcentral/fileexchan
https://doi.org/10.29173/istl63
https://doi.org/10.29173/istl63
https://doi.org/10.1038/nmeth.4072
https://doi.org/10.1038/nmeth.4072
https://doi.org/10.1021/ac300002g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300002g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac300002g?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jms.4875
https://doi.org/10.1002/jms.4875
https://doi.org/10.1002/jms.4875
https://doi.org/10.1038/s41598-017-05446-2
https://doi.org/10.1038/s41598-017-05446-2
https://doi.org/10.1038/s41598-017-05446-2
https://doi.org/10.1016/j.aca.2017.01.043
https://doi.org/10.1016/j.aca.2017.01.043
https://doi.org/10.1016/j.aca.2017.01.043
https://doi.org/10.1016/j.jprot.2024.105105
https://doi.org/10.1016/j.jprot.2024.105105
https://doi.org/10.1016/j.jprot.2024.105105
https://doi.org/10.1021/j150314a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150314a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jhepr.2023.100725
https://doi.org/10.1016/j.jhepr.2023.100725
https://doi.org/10.1016/j.jhepr.2023.100725
https://doi.org/10.1021/acs.analchem.9b00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.9b00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-540-29678-2_5605
https://doi.org/10.1007/978-3-540-29678-2_5605
https://doi.org/10.1371/journal.pone.0042745
https://doi.org/10.1371/journal.pone.0042745
pubs.acs.org/jasms?ref=pdf
https://doi.org/10.1021/jasms.5c00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(40) Fang,M.; Ivanisevic, J.; Benton, H. P.; Johnson, C. H.; Patti, G. J.;
Hoang, L. T.; Uritboonthai, W.; Kurczy, M. E.; Siuzdak, G. Thermal
Degradation of Small Molecules: A Global Metabolomic Investigation.
Anal. Chem. 2015, 87 (21), 10935−10941.
(41) Wißdorf, W.; Müller, D.; Brachthäuser, Y.; Langner, M.;

Derpmann, V.; Klopotowski, S.; Polaczek, C.; Kersten, H.;
Brockmann, K.; Benter, T. Gas Flow Dynamics in Inlet Capillaries:
Evidence for Non Laminar Conditions. J. Am. Soc. Mass Spectrom. 2016,
27 (9), 1550−1563.
(42) Page, J. S.; Kelly, R. T.; Tang, K.; Smith, R. D. Ionization and

Transmission Efficiency in an Electrospray Ionization�Mass Spec-
trometry Interface. J. Am. Soc. Mass Spectrom. 2007, 18 (9), 1582−
1590.
(43) Talaty, N. N.; Takáts, Z.; Cooks, R. G. Rapid in Situ Detection of

Alkaloids in Plant Tissue under Ambient Conditions Using Desorption
Electrospray Ionization. Analyst 2005, 130 (12), 1624−1633.
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