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Abstract: An ambient air laser desorption, plasma ionization imaging method is developed and presented using a pulsed laser diode 

for desorption and the flexible microtube plasma for ionization of the neutral desorbate. Inherent parameters such as the laser pulse 

frequency and pulse width are optimized to the imaging application. For the desorption substrate, copper spots on a copper-glass 

sandwich structure are used. This novel design enables imaging without ablating the metal into the mass spectrometer. On this sub-

strate, fixed calibration markers are used to decrease the positioning error in the imaging process, featuring a 3D offset correction 

within the experiment. The image is both screened spot-by-spot and per line scanning at a constant speed, which allows direct com-

parison. In spot-by-spot scanning, a novel algorithm is presented to unfold and to reconstruct the imaging data. This approach signif-

icantly decreases the time required for the imaging process, which allows imaging even at decreased sampling rates and thus higher 

mass resolution. After the experiment, the raw data is automatically converted and interpreted by a second algorithm, which allows 

direct visualization of the image from the data, even on low-intensity signals. Mouse liver microtome cuts have been screened for 

dehydrated cholesterol, proving good agreement of the unfolded data with the morphology of the tissue. The method optically resolves 

30 µm, with 30 µm diameter copper spots and a 10 µm gap. No conventional chemical matrices or vacuum conditions are required. 

In mass spectrometry imaging, secondary ion mass spectrome-

try (SIMS)1 as well as matrix-assisted laser desorption ioniza-

tion (MALDI)2 have been excessively used to screen biological 

samples. In MALDI, a pulsed UV or IR laser is used on a ma-

trix-coated substrate. The key concept of MALDI is its matrix, 

which absorbs the laser light and ejects both neutral and ionized 

molecules from the tissue. The matrix is commonly evaporated 

onto the substrate and the tissue under vacuum conditions. 

Likewise, the experiment is also carried out at vacuum condi-

tions. These conditions are both boon and bane, as they allow 

high resolution imaging, but also complicate the experiments.  

 

On the other hand, numerous, often hyphenated ambient mass 

spectrometry methods have emerged in the past decade. These 

methods range from atmospheric pressure MALDI (AP-

MALDI), commonly used with commercialized imaging 

probes3,4,5 to laser ablation methods coupled to flowing atmos-

pheric pressure afterglow (FAPA)6 or direct analysis in real 

time (DART)7,8 ionization. FAPA is often combined with thin-

layer chromatography (TLC) or an ablation cell.9 These abla-

tion cells may significantly impact the working pressure, if they 

are not supplied with a gas flow matching to the sucking prop-

erties of the mass spectrometer. Commercialized TLC plates 

have also been used in combination with low-temperature 

plasma (LTP)10 ionization or plasma-assisted (multiwave-

length) laser desorption ionization (PALDI).11,12 Recently, plant 

metabolites were desorbed from native tissue and imaged using 

a continuous-wave (cw) UV laser and an LTP, even combined 

with a conventional matrix.13,14 

 

Tandem mass spectrometry was carried out by laser diode ther-

mal desorption, atmospheric pressure chemical ionization 

(LDTD-APCI-MSMS)15–17 on metallized well plates using hu-

man plasma, fish brain tissue, and metformin in different bio-

logical samples. The sample preparation includes the extraction 

of the target analytes from the biological plasma. However, im-

aging on real samples, despite the TLC plates, was not often 

part of the publications. Despite, major differences to this 

method are the laser parameters, type of ionization source as 

well as the choice of desorption substrate that will be discussed 

at the end of the manuscript. Furthermore, silver18 and gold19 

were used in a surface-assisted laser desorption ionization 

(SALDI) approach, also combined with electrospray ioniza-

tion.20 

 

Previously, standardized copper-glass substrates were intro-

duced to a diode laser, plasma ionization interface21 that ena-

bled precisely controlled desorption of cholesterol and other 

standards from a cavity structure. These copper-glass slides 

were also used in the context of several hydrophobic analytes 

and different lipid classes.22 Among others, two crucial physical 

properties were highlighted in these publications: First, the mol-

ten copper was trapped in the glass as consequence of the laser 

heating, resulting in desorption of neutral desorbate. Second, 

several analytes have shown different desorption thresholds in 

terms of different laser fluences, making the process of desorp-

tion temperature dependent. In general, these results have veri-

fied that laser desorption plasma ionization works under ambi-

ent air conditions, even with laser diodes at rather low intensi-

ties compared to pulsed Nd:YAG-lasers. 

 

However, the cavity structure with micrometer height did not 

allow real sample to be screened, as the tissue could not be 

placed fully plane on the substrate.  

As a consequence, the cavity structure was developed into a 

grid of planar copper spots, again formed on the microscope 

slide. In addition, mandatory calibration markers were added to 

the design that allow to online level the substrate in the experi-

ment, which consequently reduces the positioning error in the 

imaging application. 
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It is worth noting that copper spots are prepared on a glass sub-

strate at first, which will be used to screen liver samples in a 

second step. That way, the metal will absorb the laser light and 

will assist the heat propagation to the tissue. This in contrast to 

conventional matrix- and surface-assisted laser desorption ion-

ization methods, in which the dopant is included in the ioniza-

tion process. For instance, MALDI ions are most likely formed 

with the analyte coupled to the matrix. In the metal-assisted ap-

proaches previously mentioned, even if no matrix was used, 

metal clusters as well as adducts were observed in the mass 

spectrum. In this sense, the method presented in this work is 

considered matrix-free but assisted by copper spots, which only 

increase the local surface temperature by more efficient laser 

absorption but do not take part in the ionization process. 

 

Even though proteins23 and sphingolipids24,25 have been 

screened, not many sterols26 are imaged in mass spectrometry 

despite their significance, yet. This circumstance may relate to 

the issue that electrospray ionization does not seem to well ion-

ize dehydrated cholesterol without further sample manipula-

tion, in contrast to plasmas. However, disturbances in the cho-

lesterol levels are associated to numerous diseases, such as non-

alcoholic fatty liver or cardiovascular diseases and neurodegen-

eration.27,28,29 The importance of a target analysis of cholesterol 

was also recently highlighted by Cologna30. The author pre-

sented cholesterol analysis in SIMS, MALDI and DESI. All in 

all, these aspects outline the necessity of novel methods for im-

aging of biological samples.  

EXPERIMENTAL METHODS 

Diode Laser Desorption, Plasma Ionization MSI 

(DLD-PI MSI) 

The experimental assembly is shown in Fig. 1, which shows 

the coupling of a pulsed laser diode to a miniaturized, flexible 

microplasma for the imaging of biological tissue.  

For laser desorption, a grid of copper spots on glass substrates 

was used for the desorption of non-ionized molecules, the de-

sorbate. The diode laser was applied to the glass-side of the sub-

strate, which transmits the laser beam through the glass to the 

copper spots, sometimes referred to as transmission geometry. 

The copper spots absorb the light and heat the tissue. The heated 

tissue consequently ejects neutral desorbate from the surface. 

For laser application, each spot is centered 2 mm in front of the 

mass spectrometers inlet. The laser is refocused to each spot by 

an offset correction within the experiment. 

 

The starting point as well as the coordinates of the calibration 

markers need to be set manually with the software. The stages 

absolute position is first stored into the internal memory and 

subsequently read from the buffer by the software. From the 

chosen starting point, the stage automatically travels to the next 

spot in each row and column, limited by the user-given region 

of interest (ROI). 

 

 

 

  

 

Fig. 1. Experimental arrangement for ambient air, diode laser de-

sorption imaging with consecutive FµTP ionization mass spec-

trometry. The substrates used are copper spots on conventional mi-

croscope glass slides. The laser was applied to the glass-side of the 

substrate, on-axis to the mass spectrometers orifice. The FµTP was 

placed in between the mass spectrometers orifice and the desorp-

tion substrate. 

The script performs a correction for several linear errors emerg-

ing from tilts of the spots and the experiment itself using cali-

bration markers on the substrate. As the laser is applied from 

the glass slide, topological inhomogeneity of the tissue does not 

contribute to the laser focus error. For an ROI of 5 mm x 5 mm, 

the laser focus diverges approximately (32±6) µm, being cor-

rected using the aforementioned calibration markers. Notably, 

the effectiveness of the laser focus correction depends on the 

position of the calibration markers chosen on the desorption 

substrate. For instance, calibration marker close to the starting 

point allow more precise error correction than markers far from 

the starting point. The stage moves unidirectional to avoid hys-

teresis effects from stage moving, that would result in higher 

error. These efforts decrease the additive positioning error 

down to less than 0.5 % within the axis of movement. The error 

on the axis perpendicular to the moving direction, thus within 

the offset-corrected plane, is estimated to be below 10 µm for a 

full range scan (<0.04 %). It should be highlighted that the cal-

ibration procedure is executed with deactivated transients of the 

high voltage driver, which improve the precision of the stage.  

 

The functionality of the software further covers custom laser 

application times, both spot and line scanning with custom scan 

speeds or step sizes with automated tilt correction, user-defined 

ROIs, control of cw-operated laser diode power and “trigger-

ing” the mass spectrometer – the trigger is considered as a start 

pulse for the measurement. The mapped 2D coordinates are ex-

ported into a text file. 

 

In both spot-by-spot and line scanning, each line of spots is 

stored into a single file. For that reason, a post processing algo-

rithm is required, that unfolds the raw data into single spot in-

formation. This effort also reduces the experimental time. 

 

The full screening of the copper substrates presented in Diode 

Laser Desorption, Plasma Ionization MSI (DLD-PI MSI) takes 

between five and eight hours in total. The post processing is 

carried out in less than an hour, including preparing the final 

images. A full description of the sofware is given in the Supple-

mentary as well as in Supplementary Fig. S1 and S2. The 

method resolves 30 µm in spot-by-spot scanning.  
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Hardware 

A data acquisition (DAQ) interface was used for analog and 

digital input/output signaling (USB-6341 BNC DAQ, National 

Instruments, USA).  

Each experiment is initialized by a pull-down pulse to the 

mass spectrometer through the start-in socket. A 5 V, 16 mA 

output of the DAQ interface is fed to an opto-isolator (SFH601-

2) coupled to a 390 Ω resistance, which provides a pull-down 

logic of the 5V TTL-signal of the mass spectrometer (start-in 

socket).   

For remote control, the BNC modulation input of the laser 

controller needs to be used. The diode is pulsed using a wave-

form generator (HM8150, Rohde & Schwarz Value Instru-

ments, formerly Hameg, Germany). The controller translates 

the pulse amplitude with 400 mA/V and is set above laser 

threshold. The laser pulse frequency, width and a voltage offset 

can be set from the waveform generator, as the diode controller 

replicates the input signal within the controllers limit. The shut-

ter needs to be set to external triggering using TTL logic for 

external operation. The electronical stage (T-LS28-M, Zaber 

Technologies, Canada) is remotely controlled as well, using the 

RS-232 protocol and readily available Zaber VIs for LabVIEW 

(version 1.4.0).33  

Ionization Source 

The ionization source is described in detail in the Supplemen-

tary. 

 

Diode Laser 

For laser desorption of molecules from biological tissue, a 

450 nm central wavelengths diode laser is used (diode: LDM-

448-3500-C, Lasertack, Germany34; controller: ITC540, Pro-

file, Germany). The diode outputs 3.5 W at maximum. Two an-

amorphic prisms were used to correct beam divergence of the 

diode. The laser beam was guided through a beam splitter, 

which splits the beam to the glass-side of the substrate and the 

substrates reflection to the camera (UK-1158, ABS-Jena, Ger-

many). An electrical shutter (shutter: Sh 05, Thorlabs, USA; 

controller: SC10, Thorlabs, USA) was used to block the beam 

of the laser. The laser beam was focused using a lens system 

(objective) in a lens revolver (LPL 40x / 0.65, all parts dis-

mounted from OKM173, Kern, Germany). For alignment, a 5x 

objective was used (Kern Plan5x/0.11 from OKM173, Kern, 

Germany). The calibration of the diode laser current to the laser 

power was performed and described in a previous publication22. 

Although the described optics changed, the cw laser output 

power does not change significantly. The laser spot was rec-

orded by a CCD camera (1/3” S/W A1-Pro, Conrad Electronics, 

Germany), shown in Supplementary Fig. S3. An average laser 

intensity is hard to provide, as the pulse is not rectangular. 

Based on cw-power meter measurements and the pulse profile, 

the maximum laser intensity is assumingly below 200 W/mm2. 

A house-made photodiode amplifier connected to an oscillo-

scope (DPO2012, Tektronix, USA) is used to check pulse sig-

nals of the laser diode, as shown in Supplementary Fig. S4-S6. 

The effects are discussed in the results section. The laser light 

is attenuated by 99.7% using neutral density filters in a wheel 

attenuator (10CWA168, Standa, Lithuania). The laser diode is 

operated with a pulse frequency of 20 kHz and a pulse width of 

20 µs (duty cycle 40 % : 60 %).  

 

 

Safety Considerations 

The diode laser used in these experiments is a class 4 laser. 

Safety precautions need to be taken by wearing protective gog-

gles, in accordance to the laser power and wavelength of the 

used laser. As the plasma operates at high voltage, a safety in-

terlock was installed in the power supply to ensure user safety. 

Please consider safety data sheets for safe operation and han-

dling of all used devices. 

 

Mass Spectrometry System 

The ions were detected by a triple quadrupole mass spectrom-

eter (TSQ Vantage, Thermo Fisher Scientific, USA). For data 

acquisition, Xcalibur software version 2.0 (Thermo Fisher Sci-

entific, USA) was used. Full-scan acquisition and selected ion 

monitoring (SIM) were carried out in positive ion mode. Both 

scans were performed on the third quadrupole (Q3). Sampling 

rates of 60 Hz were achieved in SIM and neither internal aver-

aging nor micro scans were used. The Q3 was set at a resolution 

of 0.6 full width at half maximum (FWHM) with a mass win-

dow of m/z = 1.5 and a cycle time of 10 ms. The capillary tem-

perature maintained at 250 °C. The mass and resolution calibra-

tion were performed with the commercial available calibration 

solution (Pierce Triple Quadrupole Calibration Solution, 

88325, Thermo Fisher Scientific, USA) by the use of a com-

mercial IonMax API source (equipped with HESI probe). A 

Paul ion trap mass spectrometer (LCQ Deca XP, Thermo 

Fisher, USA) in full-scan acquisition and positive ion mode 

from m/z 100 to m/z 1000 was used to measure the spectra on 

the liver, brain and kidney tissue. The Automatic Gain Control 

(AGC) was used with a target ion current of 5⋅107 and 20 ms 

cut-off injection time without micro scans. The actual injection 

times were in the range of 0.5-5 ms. The tube lens offset voltage 

was set to -16 V, the capillary voltage to 16 V and the capillary 

temperature maintained at 250 °C. The entrance lens voltage in 

the ion optics was set to -60 V. The electron multiplier detector 

was operated at -850 V. A nano electrospray ionization source 

with calibration mix solutions (Caffeine, Met-Arg-Phe-Ala 

[MRFA] and Ultramark 1621) was used for mass calibration of 

this device. 

 

Sample Preparation 

Mouse liver, kidney and brain (FVB mouse, female, Janvier 

Labs, France) were flash-frozen in liquid nitrogen and stored 

at -80 °C until usage. The mice were maintained in accordance 

with federal guidelines and handled corresponding to the Com-

mittee on Animal Research of the regional government 

(Landesamt für Natur, Umwelt und Verbraucherschutz Nord-

rhein-Westfalen LANUV-NRW). No mice were killed for this 

purpose but the organs were provided supplementary. Standard 

chow diet and water were offered ad libitum; for housing steri-

lized plastic cages under specific pathogen-free conditions were 

used; as housing conditions (22 ± 2) °C, 12/12 light/dark cycle, 

(55 ± 10) % humidity were maintained. Before cutting the tis-

sue, the samples were stored in a -20°C freezer for at least two 

hours to avoid fissures. A cryomicrotome cutter (CryoStar 

NX70, Thermo Fisher Scientific, USA) was used to cut the tis-

sue. The samples were mounted on a sample holder using fro-

zen section medium (NEG 50, Thermo Scientific Richard-Al-

lan Scientific, USA), frozen to -60 °C for 10 minutes. Final mi-

crotome cuts were made at a thickness of (10.0±0.5) µm. Each 

time a cut was taken out of the freezer, a vacuum desiccator 
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(Concentrator Plus, Eppendorf, Germany) was used to mini-

mize water residuals on the tissue. No further sample prepara-

tion is required.  

Hematoxylin and eosin (H&E) stains were formed from frozen 

(-20°C) microtome cuts on glass substrates (SuperFrost Plus, 

Thermo Scientific, USA) using a tissue stainer (ST5020 Multi-

stainer, Leica Biosystems, Germany) based on ROTI Histol 

(Roth, Germany), eosin Y, Mayers hematoxylin solution (both 

Sigma-Aldrich, USA), acetic acid, ethanol (100 %, p.a., both 

Roth, Germany) and (distilled) water (18.2 M cm, Elga Pure-

lab Flex, Veolia Water Technologies, Germany). The recipe for 

the production of the stains is listed in Supplementary Table S7. 

After staining, cytosol (Cytoseal XYL, Thermo Scientific, 

USA) and cover glass (20 mm x 20 mm, Thermo Scientific, 

USA) were used. The cytosol was dried over night. The stained 

tissue was observed (DM6 B, Leica, Germany) with a white 

balance and a shader correction.  

Preparation of Copper Spots on Glass 

The custom-made substrate consists of a grid of circular copper 

spots with a fixed gap. The production process can be split into 

the substrate preparation, the sputtering process and lithogra-

phy, explained in detail in the Supplementary. 

The final design includes circular copper spots on conventional 

microscope glass slides and calibration markers for software-

controlled levelling. The spots are (30±1) µm in diameter with 

gaps of (10±0.4) µm between each spot. An image of the spots 

and a calibration marker are shown in Supplementary Fig. S8. 

An macroscopic image of the substrate is shown in the TOC 

graphic as well. 

RESULTS AND DISCUSSION 

Fundamental research was performed in previous publications 

using cavity-like copper-glass sandwich structures and stand-

ards.21,22 The base point of the design was to confine the droplet 

spread on the substrate and to standardize the laser desorption 

properties. Standards tested ranged from cholesterol, fatty ac-

ids, sterols, phospholipids and triacylglycerol to different hy-

drophobic compounds such as the non-steroidal anti-inflamma-

tory drugs ibu- and ketoprofen. These results have proven the 

applicability of ambient air cw diode laser desorption plasma 

ionization, especially promising for the detection of different 

lipid classes. 

However, in terms of biological tissue, the cavity-like design is 

not optimal. In this sense, a flat structure is required to keep the 

structural integrity of the tissue. Further, the thermal heat prop-

agation across the substrate that triggers desorption requires a 

controllable frame to draw conclusions on mass spectrometric 

data. Furthermore, calibration markers are used to level the sub-

strate and align it to the laser diode. 

One way to reduce the heat propagation is to use small copper 

spots matched to the laser spot size, as the surrounding glass 

has a lower heat conduction than copper. This design also pro-

vides the opportunity to identify the location of laser application 

more easily, especially when dealing with small laser spots. 

However, preliminary experiments with animal tissue have 

shown that this concept is not sufficient to confine the heat 

propagation, especially in the realm of imaging applications. 

The reason is that heat propagates through the lowest thermal 

resistance, which is from the copper spots through the micro-

tome cut, but not the glass. One way to reduce these effects is 

to shorten the laser application time, such as having pulses in-

stead of a cw laser. In this way, passive cooling of the substrate 

is enabled after each laser pulse application. Laser diodes can 

be operated in cw to kilohertz-pulsed regimes. However, one 

drawback from pulsing laser diodes is the loss of laser power, 

as a higher modulation frequency and pulse width always 

comes with a lower laser power output. In fact, this issue also 

applies to diode-pulsed ND:YAG lasers. This is systematically 

shown in Supplementary Fig. S4 and S5. The range of modula-

tion is commonly addressed as the 3 dB bandwidth, which 

translated into 70,7 % of the maximum modulation amplitude. 

For better understanding, Fig. S6 shows a modulation signal 

with a high amplitude. The maximum amplitude is commonly 

measured in low-frequency or cw operation. For the diode in 

this experiment, the 3 dB bandwidth is thus approximately 

30 kHz. This effect is also not related to the waveform function 

generator, which offer rise times of 8 ns, but to the laser diode 

itself. Even though there are pulsed diodes commercially avail-

able up to the megahertz regime36, these diodes only offer low 

laser power output up to milliwatts but fixed pulsed width of 

10 ns, for instance. At 1 W of laser output power, pulse frequen-

cies of 50 kHz are a common limitation. Another setscrew is the 

pulse width, sometimes addressed as the duty cycle of the laser 

pulses. The limits of these two properties are given by the rise 

time of the laser diodes signal on the lower limit and two pulses 

coinciding on the upper limit. Thus, the 3 dB bandwidths are 

10 µs and 40 µs, having a laser pulse frequency of 20 kHz. On 

the one hand, typical rise times of the laser diode used are 

around (15±3) µs. On the other hand, laser diode controller can 

output rise times of (9.5±0.5) µs pulses. These limits dictate the 

diameter of desorption, which is addressed in Supplementary 

Fig. S9. 

With a frequency close to cw-operation, the laser spot diameter 

is almost 100 µm, taken with a duty cycle of 50% as shown in 

Supplementary Fig. S9a. This diameter decreases down to 

50 µm with frequencies up to 20 kHz. Even though this diame-

ter is considered an upper limit with that frequency, the pulse 

width can be adapted as well. At a frequency of 20 kHz, the 

pulse width is varied, as shown in Supplementary S9b. The red 

point highlights the same experimental conditions in both sub-

figures. The diameter decreases down to 30 µm with pulse 

widths of 5 µs. However, a pulse width below 20 µs comes with 

a significant decrease in the measured modulation amplitude, as 

previously mentioned. This effect emerges from cutting both 

the rising and falling edge of the signal. Practically, these pulses 

would show a background cw-operation mode with pulse spikes 

on top of it. In other words, the modulation amplitude would be 

decreased artificially. Thus, the surface would be less heated 

and less molecules were desorbed. Therefore, a pulse frequency 

of 20 kHz with a pulse width of 20 µs is chosen. With these 

efforts, the heat propagation on the matrix was successfully 

confined. Considering the laser pulse frequency and pulse 

width, an effective laser application time of 0.4 s each copper 

spot is achieved. 

On basis of these parameters, the laser is tested different grid 

designs. In this sense, different spot diameters and gap sizes are 

evaluated. The starting point for the spot diameter can be esti-

mated from the limit of detection (LOD) of cholesterol reported 

in a previous publication21. The LOD for cholesterol was varied 

over three orders of magnitude. If the signal is proportional to 

the desorption area, that is quadratic to the radius, roughly 
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30 µm in diameter seem to work as copper spots. As the glass 

isolates the heat, gaps between 5 μm and 20 μm were tested. As 

seen in Supplementary Fig. S10-S12, a gap of 10 µm with spot 

diameters of 30 µm is optimal. The grid is shown in Supple-

mentary, Fig. S8. These results will be confirmed visually using 

mouse liver tissue on the grid of copper spots. 

Fig. 2 shows a microscopic image of a part of the microtome 

cut, close to an edge with diode laser application in spot-by-spot 

mode. Plain copper spots, laser-applied copper spots and the 

animal tissue in the lower part of the image are highlighted. This 

observation fits to the previously taken considerations includ-

ing the confinement of the heat propagation and spot diameters. 

 

Fig. 2. Microscopic image of the screened mouse liver microtome 

cut. The figure shows distinct regions of the animal tissue, plain 

and laser-applied copper spots. 

 

The XIC of dehydrated cholesterol (m/z 368.6-370.1) was 

taken for each column in Fig. 3. A typical chromatogram of 

spot-by-spot scanning is shown in Fig. 3a. Each signal is sepa-

rated by a gap that origins from moving the stage to the next 

spot. In this period, the laser shutter is closed. In general, spots 

without the tissue only show a neglectable ion response. Proper 

signal slowly emerges on the borders of the tissue. The lower 

signal is mostly related to two aspects. On the one hand, the 

tissue partially overlaps with the copper spots rather than fully 

cover them. On the other hand, the tissue thickness assumingly 

decreases on the sides. Besides, the gap between copper spots, 

the signal of a single spot and information related to the data 

analysis are highlighted. This information is used to separate a 

valid signal from the plasma ion background. The basic func-

tionality is described in a flow chart in Supplementary, Fig. S1 

and S2 and in detail in the experimental methods. In total, a re-

gion of interest (ROI) of 5 mm x 5 mm on that copper grid 

translates into 125 individually recorded files. A full measure-

ment takes roughly 7 hours with a single laser application time 

of one second to each spot with roughly 16000 copper spots. 

Without the proposed software, several seconds are generally 

required for the initialization of the data files plus another few 

seconds per measurement with otherwise equal conditions. 

Therefore, more than two days of experimental duration would 

be required for a single image if the algorithm was not used. It 

is worth noting that numerous imaging techniques offer exper-

imental times of less than an hour. However, this is not a 

method-specific effect, but mostly related to the sampling rate 

of the mass analyzer. 

In Fig. 3b, the substrate is screened using line scanning. In this 

mode, the stage moves at a constant speed, whose parameters 

are matched to the spot-by-spot screening. Notably, the copper-

free glass area also yield a signal response, which is denoted as 

“matrix background”. This signal is linked to absorption of the 

laser light on the microtome cut. In contrast to Fig. 3a, the ion 

response is lower. This detail will be discussed in the following. 

In general, scanning speeds above 150 µm/s are possible to 

achieve an ion response above noise level. However, higher 

scan speeds reduce the amount of spectra recorded. For in-

stance, with a fixed sampling rate of 60 Hz and a scanning 

speed of 150 µm/s, 12 mass spectra are recorded for a single 

spot. With speeds above 450 µm/s, less than 4 spectra would be 

recorded for each spot, losing the statistic character of the ex-

periment. In addition, the signals coincide at those speeds and 

complicate the spot allocation. Likewise, a scan speed below 

30 µm/s increases the number of spectra recorded, but also 

leads to an increased experimental time without the benefits of 

a better spatial resolution. Hence, an optimal scanning speed is 

a trade-off of measurement time versus sampling rate, spatial 

resolution and signal intensity. Another interesting observation 

is that the ion signal in spot-by-spot scanning is often splitted 

into two separate signal peaks. However, this does not apply to 

line scanning,. It is assumed that the increase in the ion signal 

within a second of application time emerges from different tem-

peratures inside the 30 µm spot. 

This obviously requires for an automated post-processing data 

script, as described in the experimental methods. The final im-

age for the target analysis of cholesterol (m/z 369.7) in a mouse 

liver is shown in Fig. 4. 
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Fig. 3. Extracted ion current (m/z 368.6-370.1) of dehydrated cho-

lesterol using spot-by-spot (a) and line scanning (b). A possible in-

tensity threshold used for integration of the peaks as well as the gap 

originating from stage movement is shown. The integration thresh-

old is usually lower. The indication is chosen to allow the reader to 

get the idea of the post processing algorithm.  

Fig. 4 maps the unfolded ion intensities of each spot to the ab-

solute positions of the spot on the grid. In general, a rather ho-

mogenous image can be confirmed, with aggregations of cho-

lesterol on the top side of the tissue. The homogeneity of the 

tissue seems plausible, as cholesterol is needed for synthesis in 

each cell. The homogeneity of this tissue is proven by hematox-

ylin and eosin stains (H&E stains), which are produced by the 

recipe of Supplementary, Table S7 and shown in Supplemen-

tary Fig. S13-S14. The signal deviation is thus a product of the 

plasma noise. 

The borders of the tissue can be clearly identified. The recon-

structed image matches to the morphology of the tissue, which 

can be seen in Supplementary Fig. S15. The highlighted part of 

the reconstructed image was also shown in Fig. 2. 

The edges of the tissue may show fringes. This can be seen in 

the lower right part of the reconstructed image. This is not an 

effect by the post processing algorithm, but from the tissue it-

self, also observed with some H&E stains, such as seen in Sup-

plementary Fig. S16. 

Furthermore, another conclusion that can be drawn is that no 

sample deposition take place after laser desorption, as there is a 

clear cut of ion signal and plasma noise on the border of the 

tissue. In this sense, this image proves the suitability of the al-

gorithm for data analysis. 

 

Fig. 4. Image of dehydrated cholesterol (m/z 369.7) a mouse liver 

microtome cut using the laser desorption flexible microtube plasma 

ionization interface. A striking region of the cut can be safely as-

signed to a microscopic image shown in Fig. 3. 

In a previous publication22, a bovine liver extract was used as a 

complex standard with a similar laser desorption/plasma ioni-

zation setup. These results have shown the possibility for lipid 

profiling using a laser-plasma hyphenated mass spectrometric 

method. 

In Fig. 5, this method was applied to microtome cuts of mouse 

liver, kidney and brain using a Paul ion trap (LCQ Deca XP, 

Thermo Fisher, USA) on pure copper-glass substrates with the 

same experimental conditions of the imaging. In all three cuts, 

free cholesterol (m/z 369.8) can be identified as the base peak. 

Further, all three tissues show phospholipids and glycerophos-

pholipids around m/z 600. 

 

Fig. 5. Mass spectra of microtome cuts from mouse liver, kidney 

and brain using laser desorption, plasma ionization. 
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Some of these lipids, m/z 645.6, 662.4 and 669.5, can be iden-

tified in all three tissues. However, many other compounds are 

tissue-specific, such as m/z 521.0 in the kidney, m/z 385.6 in the 

brain or m/z 283.7 in the liver. In this sense, numerous com-

pounds remain promising for imaging purposes. However, a 

larger imaging study of these compounds will be postponed to 

future work. 

In concern of imaging applications, the spatial resolution is a 

critical parameter for imaging. For instance, the best spatial res-

olution in MALDI was achieved by adding a second laser for 

post ionization in a method named t-MALDI-237,38, resolving at 

as low as 600 nm. Ambient mass spectrometry methods seem 

to achieve micrometer resolution at maximum. In addition, the 

thermal confinement on the desorption substrate seems to be a 

key factor, assumingly correlated to continuous-wave versus 

pulsed laser operation. Better spatial resolution for this method 

requires small laser light divergence and shorter laser pulses. 

However, the lasers output and the divergence of laser diodes 

are linked to the geometry of the emitter. The laser output power 

generally increases with increasing emitter sizes. In fact, emit-

ters are stacked for that particular reason. On the other hand, an 

increasing emitter causes formation of more lateral modes or 

waveguides inside the cavity, which impact the quality of the 

laser spot. Finally, the shorter pulses are inherently linked to 

lower laser output powers per pulse. Other ambient imaging 

methods in mass spectrometry are listed in Table 1.  

AP-MALDI is the direct development of conventional MALDI 

to ambient conditions. Despite the operating conditions, the 

sample preparation is still a complex process. Electrospray- and 

plasma-based methods have also proven to be suitable for de-

sorption. The spatial resolution in DESI has increased over the 

past years up to several tenths of micrometers using concentric 

solvent sprays39, decreased tips of the capillary40 or air flow-

assisted ionization DESI (AFA-DESI)41 in line scanning. 

On the plasma-side, LTPs have been successfully used for im-

aging concerns13,14, also coupled with TLC10. Commonly, 

pulsed lasers are used for imaging. However, the recent publi-

cation by the Winkler group13 reports on a cw blue laser diode. 

The authors provide a pixel size of 100 × 100 µm2. In this sense, 

pulsed lasers may lead to a better thermal confinement in direct 

comparison to their cw counterparts, but also push the desorp-

tion towards ablation. This effect could be confirmed in Sup-

plementary, Fig. S9 as well. 

The use of cw lasers is not solely limited to LTPs. For instance, 

FAPA9 has been also coupled to blue laser diodes operated in 

cw and combined with TLC. In other plasma-based methods 

such as PALDI12 or DART7, pulsed lasers were preferably used. 

In similar methods such as the previously mentioned LDTD-

APCI-MSMS, a corona discharge is used in insource operation 

with a heated gas flow for transport of the analyte molecules, 

mostly coupled to infrared lasers. These lasers are applied to 

well plates for the desorption of extracted samples. Despite the 

imaging application of this work, the substrate is placed closed 

to the inlet of the mass spectrometer, with the plasma fixed at a 

few hundred micrometer in front of it. In this sense, no guided 

transport is required. From the physical side, the laser is solely 

used for the desorption and a flexible micro plasma for ioniza-

tion. 

Other methods that use metals to assist desorption are based on 

silver18 or gold19 (layers20). In the metal-assisted LDI methods, 

the metal is directly sputtered on the sample. For that reason, 

the laser firstly ablates the metal layer and then the target ana-

lyte ions. The significant difference of our method to the shown 

work is that the sputtered metal ions reach the substrate with a 

defined kinetic energy at a fixed surface temperature. In con-

trast, the substrate are fully prepared for the experiment before 

sample preparation. As a result, the referenced publications de-

tect metal clusters and adducts. However, the concept is inher-

ently different from MALDI. 

Some of the aforementioned methods (and sometimes even 

seen in MALDI methods) commonly estimate the spatial reso-

lution by correlating the scan speed to the sampling rate of the 

mass spectrometer. It is worth noting that this estimation may 

show significant bias to lower resolution. For instance, corre-

lating the sampling rate of this mass spectrometer to the used 

scan speed, 30 µm/s / 60 Hz = 500 nm were assumingly re-

solved. 

Table 1. Comparison of ambient imaging methods in mass spectrometry. 

Method Desorption/Abla-

tion 

Ionization Matrix Resolution 

[µm×µm] 

Reference 

AP-MALDI Pulsed Laser MALDI Yes 1.4 × 1.4 

20 × 20 

3,                

42 

DESI Spray ESI No <500 × 500 

40 × 500 

43,                

39 

LTP Plasma  Plasma No 250 × 250 44 

LD-LTP cw Laser, partially 

TLC 

Plasma Both 25 × 25 13,14 

LDTD-APCI-

MSMS 

(Probably) cw Laser APCI No Not given 15–17 

Metal-assisted LDI  Pulsed laser Partially 

MALDI 

Both Ca. 

100 µm 

lateral 

18,19 
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without 

over-

sampling 

LA-DART Pulsed Laser DART No 4-250 µm 

lateral 

7,8 

LA-FAPA Pulsed and cw La-

ser, partially TLC 

FAPA No c.a. 20 µm 

lateral 

6,9 

TLC-PALDI Pulsed Laser, TLC PALDI No 60×60 11,12 

DLD-PI MSI Pulsed Laser Plasma No 40×40 This work 

Concluding remarks 

The work highlights a systematic development of imaging us-

ing a pulsed diode laser for desorption and the flexible micro-

tube plasma for ionization. Effects from crucial parameters such 

as the laser pulse frequency or the laser pulse width are studied 

step-by-step to get a control on the thermal confinement on the 

substrate. In addition, a novel design of the desorption substrate 

with a grid of copper spots and calibration markers was pre-

sented, that was optimized to the imaging application. On that 

basis, the laser is applied to each copper spot on the grid con-

trolled by a self-made, LabVIEW-based software in all three 

dimensions. Each line of spots is saved into a single file, which 

compresses the total data size and the experimental duration. 

For that reason, an algorithm written in Python is developed, 

that automatically unfolds and reconstructs the data, even for 

low abundant signals. As a result, the image can be screened at 

lower sampling rates and thus higher mass resolution.   

 

An interesting property of imaging is the screening method it-

self. Line scanning at a constant speed is often preferred over 

spot-by-spot scanning, as it significantly reduces the experi-

mental duration. However, the differences are only rarely dis-

cussed if they are mentioned at all. In this work, these two 

modes are compared with one another, with one difference be-

ing the signal-to-noise ratio.  

 

A spot diameter of 30 µm can be resolved, being separated by a 

10 µm gap. The imaging capability is proven by screening a 

mouse liver sample for dehydrated cholesterol directly from the 

tissue, an analyte well-known from previous work. For valida-

tion, the result is compared to the morphology of the tissue, 

proving good agreement with one another. Further characteris-

tics of the tissue are evaluated from H&E stains. Finally, a view 

on future analysis of further molecules from other tissue is 

given. 

 

In contrast to some of the aforementioned methods, no conven-

tional matrices or sample extraction, thin-layer chromatog-

raphy, vacuum conditions or an ablation cell are required. In 

fact, the material is not ablated from the substrate at all, but 

trapped inside. This effect origins from the sandwich design of 

the substrate. Other benefits are the ambient air operation and a 

comparably short analysis time in a modular setup design. 
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