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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• A systematic method development 
workflow is now available for small 
molecule imaging on new mass spec
trometry technology.

• The method developed on one pair of 
antipsychotic/metabolite species, has 
shown transferability.

• For the first time, antipsychotics and 
their metabolites have been imaged 
together by MALDI MSI in a fingerprint.
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A B S T R A C T

Molecular fingerprinting via Matrix Assisted Laser Desorption Ionisation time-of-flight Mass Spectrometry 
profiling (MALDI MSP) and Imaging (MALDI-MSI) has been proven to provide biometric and lifestyle informa
tion from a fingermark. As such, it can be an effective tool to assist police investigations, thus justifying 
continued effort to improve the quality and range of the forensic intelligence that it is possible to provide. We are 
currently exploring the advancements in molecular fingerprinting capabilities on the state-of-the -art SELECT 
SERIES MALDI-MRT mass spectrometer based on its high mass measurement accuracy (sub-ppm) and spatial 
resolution (15 μm). The unique nature of this instrument requires careful optimisation to maximise the system’s 
performance for the imaging of small molecules in fingerprints. In this study, a systematic approach to setting 
optimisation including optimisation of laser parameters, source voltage, quadrupole MS profile, and Transfer gas 
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as well as RF voltage settings were determined for the analysis of latent fingerprint imaging and antipsychotics- 
contaminated fingerprint imaging. The developed method eventually yields significant improvement in image 
resolution over the default parameters.

1. Introduction

The number of applications employing MALDI-MSI has grown sub
stantially, since its first reports in 1994 [1] and 1997 [2], due to tech
nological improvements in sample preparation, mass spectrometry 
instrumentation and software processing and visualisation. The research 
and knowledge generated using this technique, on its own or in com
bination with others in multi-modal approaches, has impacted a variety 
of lifescience fields including, for example, biomedical (disease research 
and diagnostics), pharmaceuticals (drug discovery and development) 
and forensics (fingermark and hair imaging). The scale of application is 
probably due to the versatility of MALDI-MS in the analysis of small to 
high molecular weight compounds from drugs, lipids, amino acids to 
peptides, proteins and polymers, and its extended dynamic range 
compared to other ionisation techniques. Whilst Desorption Electro
spray Ionisation Mass Spectrometry (DESI-MS) is rapidly gaining mo
mentum in the imaging field to date, MALDI still currently comprises the 
majority of the mass spectrometry imaging experiments.

The growth in MALDI MSI applications and the depth of knowledge 
achieved are supported by tremendous technological efforts to improve 
specificity (mass accuracy and resolution), sensitivity, speed and imag
ing spatial resolution, which have enhanced the (accurate and 
comprehensive) understanding of the molecular location-function 
relationship.

In recent years, the most significant commercially instrumental de
velopments have been delivered by Bruker Daltonik (TimsTOF series, 
with MALDI-2), Waters Corporation (SELECT SERIES MRT and Cyclic 
Ion Mobility) and Thermo (The Orbitrap series).

Mass spectrometers used for MSI studies have typically been axial 
TOF systems (either linear or reflectron instruments), or orthogonal TOF 
systems and, in this light, Bruker Daltonik, first to lead the way, and 
Waters Corporation are the two major drivers of MALDI MSI solutions, 
with Shimadzu offering MALDI MSI solutions for routine applications 
where high sensitivity, mass accuracy and spatial resolution are 
unnecessary.

Ion mobility significantly enhances imaging capabilities and Waters 
were first to commercialise ion mobility-mass spectrometry using trav
eling wave ion mobility (TWIMS) in stacked ring ion guides on the 
SYNAPT mass spectrometer [3,4]. A continued development of this 
technology led to the Cyclic Ion Mobility (cIM) mass spectrometer [5] 
which combines the cyclic ion mobility separation with enhanced per
formance time-of-flight mass spectrometry, offering improved sensi
tivity, resolution (100,000 FWHM) and mass accuracy (low ppm). The 
instrument was initially based on the Waters SYNAPT G2-Si IM-MS 
platform [5], upon modification of the separation region to slot a cyclic 
ion mobility (cIM) device. This region consists of a 98 cm path length, 
closed-loop traveling wave (TW)-enabled IM separator. The device can 
perform single and multi-pass separations of the ions around the cIM, 
whilst ejecting ions (un-acquired) outside the desired mobility, in a way 
that the user can control and optimise, in real time, the mobility reso
lution. However, currently, imaging applications are here possible only 
coupling the cIM with DESI.

Bruker’s recently introduced trapped ion mobility spectrometry [6,
7] implemented on the imaging instrument, the MALDI-2 -TimsTOF 
FleX, affords unprecedented sensitivity for small molecules and very 
high spatial resolution, down to 5 μm when MALDI-2 is combined with 
microGrid Technology [8–12], enabling metabolic imaging at single cell 
level. The first laser has a variable repetition rate of up to 10 KHz 
allowing for fast imaging applications. Scan speed can reach 20 pixels/s 
and the platform can achieve mass resolution of 60,000 at Full 

sensitivity resolution (FSR) at m/z of 1222, and a sensitivity between 
800 ppb and 2 ppm depending on the use of an internal or external 
calibrant respectively. The addition of ion mobility via Trapped Ion 
Mobility, TIMS, further improves access to detection and imaging of 
additional species, including those having exact masses but different 
mobilities. Here, a gas flow propels the ions through the TIMS tunnel. 
When the single ion experiences the gas flow push matching the applied 
electric field, it is prevented from moving beyond a position defined by 
its mobility. Ramping down the force of the electrical field determines 
the selective release of the ions from the TIMS tunnel according to their 
mobility.

An additional cutting edge technology for mass spectrometry imag
ing applications is the Waters MRT; this mass spectrometer, which can 
be coupled with both the DESI and the MALDI source, is a hybrid 
quadrupole dual orthogonal acceleration multi-reflecting time-of-flight 
mass spectrometer [13]. The system incorporates a universal ion source, 
followed by the quadrupole (MS1), stacked ring ion guide transfer op
tics, collision cell and transfer to the MRT analyser (MS2). The MRT 
analyser has a folded geometry with ions transmitted into the gridless 
ion mirrors via the dual orthogonal accelerator. A series of 23 periodic 
lenses minimizes beam divergence in the z-direction, and the resulting 
46 reflections results in an ion flight path of ~47 m. The MRT offers 
increased mass resolution and mass accuracy which, nominally, are in 
the parts-per-billion range and 200,00 FWHM (300,000 in multi-pass 
resolution enhancement mode (REM)) respectively, independent of the 
acquisition speed [13]. The Encoded Frequency Pushing (EFP) algo
rithm establishes a threshold below which any signal that is not present 
in a given number of scans, and at a certain intensity, is effectively cut 
off; this way the algorithm not only contributes to improving mass 
resolution but also, together with acquisition scan speed (up to 10 
pixel/s), to improved MSI applications through enhanced image clarity, 
in a shorter time. Lateral resolution on the MRTs can nominally reach 15 
μm in MALDI mode. The MALDI source on the MRT mass spectrometer 
has been improved for MALDI imaging applications, compared with the 
MALDI source on the SYNAPT G2-Si, as described by Barré et al. [14]. In 
brief, the MALDI source on the MRT is equipped with a 2.5 KHz Nd:YAG 
laser producing 25 nJ pulses at a wavelength of 355 nm, which can be 
attenuated using a system of two attenuators to adjust the laser energy 
on surface for optimised ionisation. The laser beam can be software 
focused between >130 and < 10 μm. Furthermore, acquisition speeds 
for MALDI imaging acquisition can be increased up to 30 scans per 
second using the continuous raster imaging mode when the laser beam is 
on, whilst the movement of the sample carrier plate is continuous and at 
constant speed.

The technologies briefly described here certainly empower imaging 
applications covering both small molecules and proteomic imaging.

However, “responsibility” is not the only thing that comes with “power”. 
Such powerful instrumentation encompasses sophisticated laser and 
optics geometries, mass analyser combinations, auxiliary gases and even 
decoding algorithms. This occurrence inherently brings a significant 
layer of operational complexity in eventually identifying the best MSI 
settings/method to achieve the aims intended for a given application. 
This has been the case for our group when operating the first SELECT 
SERIES MALDI MRT delivered in the UK. The deep understanding of the 
instrument behaviour and response to the different parameters that 
could or must be set was a very time-consuming (though rewarding) 
process.

We acknowledge that the most widespread instrument configura
tions for MALDI MSI are q-TOFs (though with increasing numbers of q- 
Orbitraps) and that the MRT is new technology. However, the significant 
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increase in mass resolution and mass accuracy afforded by this tech
nology supports a reasonable prediction that more and more of these 
instruments will, in time, populate mass spectrometry laboratories. In 
this light, we hereby intend to provide the community with a method 
development framework for small molecule imaging on the SELECT 
SERIES MALDI MRT, recently acquired at the Centre for Mass Spec
trometry Imaging (CMSI) at Sheffield Hallam University. To speed up 
research and method development for other researchers on this state-of- 
the art mass spectrometer, a systematic approach is described and 
explained to rapidly make sense of the different options available and 
test settings in a logical and ordered manner.

To accomplish this aim we have had to select a “case study” and 
elected “molecular fingerprinting” via drug imaging as an application 
example.

“Molecular fingerprinting” via MALDI MSI (intended here as chem
ical imaging of fingermarks, ridge impressions are accidently deposited, 
e.g. non-deliberately generated, or of fingerprints, when the ridge 
impression is deliberately provided) has been clearly emerging as a 
powerful tool to provide biometric and chemical intelligence from fin
germarks [15,16]. It has been recognised by policing nationally and 
internationally with the commission of the analysis of crime scene 
marks. It has also been recognised by the Home Office UK and the 
Defence Science and Technology Laboratory (Dstl, UK) with the inclu
sion of this technique in the international reference Fingermark Visu
alisation Manual, as category C in 2014 [17], and then promoted to 
Category B in 2023 [18], due to the increased operational character.

Given its uptake and recognition, drug imaging, an important aspect 
of molecular fingerprinting, makes it for a good “case study” in this 
paper. Also, as the method can be easily extended to drug imaging in 
other specimens and thus impact a number of other applications and 
fields of interest.

The ability to visualise drug distribution in fingermarks can provide 
an important link between the biometric information (ridge pattern, 
identifying the individual) and contextual information relating, for 
example, to suspect’s activities prior to depositing the fingermark. The 
presence and distribution of the drug metabolite may indicate con
sumption rather than handling, which is information that may not be 
readily accessible to the investigators if the suspect is apprehended 
outside the half lifetime of the drug/metabolite. Current efforts in our 
laboratory aim to expand the range of illicit drugs, medications and their 
metabolites that is possible to detect and image in fingermarks, taking 
stock from the work on drug imaging via MALDI MSI reported by our 
group and others [19–22].

In this study, we report the development of a MALDI MSI method on 
the SELECT SERIES MRT to map the antipsychotic medication clozapine 
and its main metabolite N- desmethyl clozapine, in a physiological ratio 
and abundance, in a doped fingermark. The eventually optimised 
method has been successfully applied to simultaneously image the dis
tribution of these species in a fingerprint, in amounts as low as 1.9 ng/ 
mm2, whilst contextually delivering biometric information. The method 
was “validated” on another antipsychotic (quetiapine) and its metabo
lite (7-hydroxyquetiapine) to demonstrate versatility and extendibility 
of the method.

As such, this paper must be taken as (i) an effort to provide a small 
molecule MALDI MS imaging method development framework on an 
advanced and state-of-the-art instrument, likely to be used by more and 
more mass spectrometry laboratories in the next few years and (ii) a 
general and logical framework of imaging method development, 
underpinned by the fundamental knowledge of the different mass 
spectrometry parameters, settings and instrumental parts.

2. Materials and methods

The fingerprint imaging experiments reported in this study have 
been undertaken following ethics approval ER60882966 granted by the 
Biosciences and Chemistry Department Ethics Committee at Sheffield 

Hallam University.

2.1. Materials

Ultra-pure methanol and acetonitrile (Cat 2) were sourced from 
ROMIL, UK Ltd. The Milli-Q water was obtained from in-house Millipore 
water purification system (Merck KGaA, Darmstadt, Germany). The 
MALDI matrix α-CHCA (Cat 1, 1 A, 1 B), Red phosphorus (Cat 2, 3), 
trifluoroacetic acid (Cat 1, 1 A, 3) and the standards for clozapine (Cat 
3), N-desmethylclozapine (Cat 2, 3, 4), Quetiapine hemifumarate (Cat 1, 
4), 7-hydroxyquetiapine (Cat 1,2,3), were sourced from Merck Life 
Science, UK Ltd. Double-sided conductive carbon tape was purchased 
from TAAB (Aldermaston, UK). ALUGRAM SIL G/UV254, silica pre- 
coated aluminium sheets were purchased from Macherey-Nagel 
GmbH, Germany.

2.2. Instrumentation, data acquisition and data processing

Spray-coat matrix deposition was performed on the HTX M3+
Sprayer™ (HTX Imaging, North Carolina, USA). The MALDI measure
ments were performed on the multi-reflecting QToF SELECT SERIES™ 
MRT (Waters Corp., Wilmslow, UK) incorporating a 2.5 kHz solid state 
Nd:YAG laser at a repetition rate of 1 KHz, utilizing a 50 μm step size at a 
scan rate of 0.2 s, and operated in positive ion mode, within the in
strument operating between m/z 50 and 2400. Data acquisition was 
conducted using MassLynx™ v4.2 and the Quartz v2.7.1 software. All 
imaging experiments were continuous lockmass corrected (CLMC) dur
ing acquisition using the α-CHCA ion at m/z 212.03233 (included within 
the instrument method file). The instrument was calibrated prior to 
every analysis using phosphorus red to achieve sub-ppm levels mass 
accuracy in the m/z 50–2400 mass range. The laser intensity (LI), lens 
focus (LF) and functions of the secondary attenuator (SA) were primarily 
optimised followed by the tuning and evaluation of the sample plate 
voltage (SPV) and extraction voltage (EV) effects. The quadrupole pro
file optimisation and then the transfer RF optimisation were finally 
undertaken to target specific m/z ranges and achieving higher sensi
tivity. Aside from laser tuning and source parameter comparison for 
which fingerprints of 2 × 2 mm and 6 × 6 mm in size were used, 
fingerprint regions of 1 × 1 mm in size were employed for the source 
voltages, gas flow, quadrupole profile and RF optimisations.

EFP Mode Selection -The decoding algorithm mode can be selected in 
the method file prior to analysis. The two available options are auto
matic and low threshold mode (see Supplementary Fig. S1(i)).

Laser Optimisation - Laser intensity and lens focus parameters were 
varied in the ‘MALDI source’ window in the software (supplementary 
Fig.S1(ii)), from 200 to 350 and from 3 mm to 8.5 mm, respectively; the 
secondary attenuation was also optimised. The ions at m/z 299.30692 
and m/z 304.30057 were used as qualifiers for the laser optimisation. 
The latter ion is an external contaminant, common antibacterial dode
cylbenzydimethyllammonium ion [23] detected with a mass accuracy of 
0.49 ppm. The ion at m/z 299.30692 could not be putatively identified 
in LipidMaps (in lipidmaps.org). However, the identity of either of these 
two ions is unimportant as for biometric purposes, they simply serve the 
scope of appropriately reconstruct the ridge pattern of the fingerprint. 
The effects of the laser repetition rate were also studied by varying this 
from 100 Hz up to 2000 Hz.

Source Parameter Optimisation - The sample plate voltage and the 
extraction voltage were primarily investigated and varied in the 
‘MALDI’ source window in the software (supplementary Fig. S1(ii)) 
between 0-50 V and 10–50 V, respectively. The effect of MALDI gas (N2) 
flow was studied by varying the flow rates from 100 mL/min up to 400 
mL/min.

Quadrupole RF Profile Optimisation - The quadrupole RF profiles were 
studied, specifically the effect of the automatic profile, manual fixed 
profile (mass A = m/z 100, m/z 500, and m/z 800), and manual profile 
(mass A = m/z 250, mass B = m/z 300, mass C = m/z 400), using 
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fingerprint regions. The sensitivity comparison experiments between the 
three profiles were undertaken using fingerprints spotted with clozapine 
standard spotted in a ten-fold serial dilution from 1000 ng/mL – 1 ng/ 
mL. The quadrupole RF profile selection was carried out through the 
software under the ‘Quad/MS profile/DRE’ window (see supplementary 
Fig.S1(iii)).

Transfer RF Optimisation - The transfer RF voltages, transfer collision 
gas as well as the transfer RF gain were studied utilizing latent finger
print regions and clozapine-spotted fingerprints to optimise trans
mission. Transfer RF voltages of 150, 500 and 800 V were investigated. 
The transfer collision gas (N2) was also tested by varying the flowrates 
from 1 mL/min to 1.7 mL/min. Finally, the transfer RF gain was opti
mised from the arbitrary gain values of 1 up to 5 on clozapine-spotted 
fingerprints with clozapine concentrations varying from 100 to 1 ng/ 
mL in a ten-fold serial dilution. All the RF voltage selections were 
manually made through the software under the ‘RF’ window (see sup
plementary Fig S1(iv)), and the transfer collision gas values were 
changed under the ‘Transfer’ window (see Supplementary Fig. S1(v)).

For data processing, all the raw data were initially processed and 
visualised in HDI™ 1.7 (Waters Corporation, Wilmslow UK), with the 
following parameters: MS resolution of 200,000, m/z window of 0.005 
Da, and the number of most intense peaks set to 1000. All the images 
were TIC (Total Ion Count) normalised, except for the EFP mode selec
tion experiment to avoid image artefacts due to the variation in TIC. In 
TIC normalisation, the systematic artefacts in the mass spectral intensity 
are removed by dividing the intensity value of each peak, by the sum of 
all peak intensities in that particular pixel. Relevant regions of interests 
(ROI) were exported to MassLynx™ v4.2 software for spectral 
interrogation.

2.3. Sample preparation

Drug-contaminated fingerprints and drugs/metabolites were depos
ited/spotted on silica-removed aluminium sheets which were secured to 
the MALDI target plate (Waters Corp. Wilmslow, UK) using double-sided 
carbon tape prior to MALDI analysis. For fingerprint drug spotting ex
periments, ungroomed fingerprints were generated as previously 
described [24]. All the optimisation experiments were carried out on the 
same fingerprint sample to reduce variation. Both optimisation and 
validation experiments employed the fingerprint from different digits 
from the same person only. No other donors were recruited. The drug 
and metabolite standard solutions in methanol were prepared in a 
concentration range between 1000 ng/mL to 0.1 ng/mL in a ten-fold 
dilution series. For imaging of spotted drugs, drugs/metabolites were 
mixed with α-CHCA in 70:30 v/v ACN:0.1 % TFAaq in a 1:1 ratio and 0.5 
μL of the resulting solutions were spotted on groomed fingermarks for 
optimisation and sensitivity experiments. These experiments were 
repeated twice for clozapine and N-desmethylclozapine. Drug and 
metabolite-contaminated ungroomed fingerprints were prepared ac
cording to the method previously reported by Groeneveld et al. 19 to 
ensure homogeneity across the sample, while employing two drugs and 
their main metabolites namely clozapine and N-desmethylclozapine and 
quetiapine hemifumarate and 7-hydroxyquetiepine. Briefly the drugs 
and their metabolites, each at a concentration of 10 μg/mL were mixed 
in a 1:1 ratio and 50 μL of the resulting solution were spotted on to a 
pre-cleaned glass microscope slide. The solvent was allowed to evapo
rate under ambient conditions. The fingertip was dragged side-to-side to 
transfer as much of the drug and metabolite on to the fingertip as 
possible. The fingertip was then contacted with a cleaned aluminium 
sheet, to produce drug and metabolite-contaminated ungroomed mark. 
These experiments were repeated twice for the clozapine/N-desme
thylclozapine mixed solution.

2.4. Matrix deposition for imaging experiments

Samples were coated with 8 layers of 5 mg/mL α-CHCA prepared in 

70:30 ACN:0.1 % TFAaq. Following optimisation, the M3+ sprayer (HTX 
Technologies, US) was operated with a nozzle temperature of 75 ◦C, 
pressure of 10 psi, flowrate of 100 μL/min and a velocity of 1200 mm/ 
min.

3. Results and discussion

This study aims to investigate the operational parameters that enable 
technological and instrumental advances implemented within state-of 
the-art MSI-enabled MRT mass spectrometers. In particular, a work
flow is described to systematically and logically develop a method to 
image small molecule on the SELECT SERIES™ MALDI MRT that leads to 
optimal sensitivity and image clarity (within a 50 × 50 μm spatial res
olution settings). To illustrate the workflow and the impact of the 
different settings, drug imaging in fingerprints was employed as a case 
study. Specifically, clozapine, an antipsychotic, and its main metabolite 
N-desmethylclozapine were selected for this work because clozapine is 
(i) a commonly administered antipsychotic used mainly to treat 
schizophrenia (and can be effective in bipolar disorders too) [25], (ii) 
already known to be physiologically excreted in sweat and detectable in 
patients’ fingerprints when taken in therapeutic doses [26] and (iii) 
known to be amenable to MALDI MS and MSI [27,28].

The method underwent systematic development and optimisation 
starting with the laser intensity (LI), laser focus (LF) and functions of the 
secondary attenuator (SA) tuning, followed by the investigation of the 
sample plate voltage (SPV) and extraction voltage (EV) effects. To boost 
sensitivity, the subsequent step encompassed the identification of the 
optimal quadrupole profile, whilst tuning of the transfer RF additionally 
impacted image clarity. All the imaging experiments were continuous 
lock mass corrected (CLMC) during acquisition, using the sodiated 
α-CHCA ion signal at m/z 212.03233 This is an important step in 
achieving optimal performance of mass spectrometer and Supplemen
tary figure Fig. S2 illustrates the difference in the quality of the finger
print images with and without CLMC.

Encoded Frequency Pushing (EFP) is a spectral multiplexing tech
nique that improves the duty cycle of long flight time MRT analysers. 
The EFP algorithms have been described in detail, but the de- 
multiplexing of this data is performed in a graphics processor unit 
(GPU) [29] with the user having access to a single threshold. This 
threshold enables the number of non-zero spectra that are allowed for an 
ion to pass the intensity to be varied by choosing between the “low 
thresholding” and the “default automatic setting” only. This selection 
very much depends on the type of experiment being conducted, which, 
in this case study, are the MALDI-MSI of small fingerprint regions (1 × 1 
mm and 2 × 2 mm), for method development, or an entire fingerprint 
sample (approximately on average 20 × 10 mm) for a “targeted” im
aging analysis. The overall approach for the optimisation of the method 
for fingerprint and drug-contaminated fingerprint imaging on the 
SELECT SERIES™ MALDI-MRT is depicted in Fig. 1 flowchart and each 
parameter will be discussed in the next sections, following the order in 
the flowchart.

Encoded frequency pushing (EFP) algorithm mode selection - The 
decoding algorithm mode can be selected in the method file prior to 
analysis. In EFP mode, the MALDI-MRT instrument acquires data with 
an encoded x128 pulse pattern to improve the duty cycle from the long 
flight time TOF (2 msec for m/z 2400). The data acquired using this 128- 
pulse pattern is subsequently decoded algorithmically in a GPU. The EFP 
algorithm provides decoded data that has reduced image noise leading 
to reduce data size and hence significantly enhances image clarity. It is 
configured to allow for the selection of two thresholds, automatic and 
low threshold respectively.

In order to have a direct comparison of the effects of the EFP auto
matic and low threshold modes, split fingerprint imaging experiments 
were conducted and shown in Fig. 2.

The ridge continuity obtained through the application of the low 
threshold mode (Fig. 2A) is higher compared to the half fingerprint 
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imaged in automatic mode (Fig. 2B). The low threshold mode has a 
slightly higher TIC (3.54e7), as compared to the automatic mode 
(2.75e7). We have elected to show the image of the ion at m/z 
324.32706 as representative of the distribution of other ions detected in 
the fingerprint and because of its homogeneity of distribution on the 
ridges which facilitates the interpretation of the results as a direct 
consequence of the parameters optimisation. The image of this ion in 
Fig. 2B and its zoomed in inset (Fig. 2Bi) are explained by the way the 
algorithm operates; in automatic mode, if individual m/z ion signals do 
not meet a certain intensity threshold or are not present in a pre- 
determined number of scans, they are considered as “noise” and are 
automatically binned through the decoding process, resulting in a less 
full ridge detail coverage, as observed in (Fig. 2Bi). Therefore, where the 
biometric information depends on the ridge pattern continuity, the low 
threshold mode is preferred. However, in general terms, low thresh
olding mode generates much bigger datasets (Gb versus Mb), closer to 
the size of conventional qToFs.

Laser Optimisation- The laser tuning was performed on fingerprint 
regions of 2 × 2 mm in size by varying the laser intensity values, lens 
focus as well as enabling the secondary attenuator in order to achieve 
the required sensitivity and spatial resolution using α-CHCA matrix at 
50 μm. It is important to note that the laser optimisation is also 

dependant on the pixel size, the number of shots and the matrix 
employed. These factors have been investigated and their effect illus
trated in [30].

The laser intensity (displayed in arbitrary units; 0–500) is controlled 
by the primary and secondary attenuator. The primary attenuator is a 
variable transmission neutral density wheel, and a second fixed neutral 
density filter can increase the dynamic range of the primary attenuator 
when the laser beam is focused [30]. The lens focus changes the spot size 
of the laser by controlling its focal length; the laser is defocused when 
the focus is set to 0. Finally, the secondary attenuator is an ND filter 
which enables a 10-fold reduction in the intensity of the laser which 
provides extended dynamic range to attenuate the laser beam energy. 
The two-part attenuation system enables a large range of laser focusing 
between >130 and < 10 μm [30]. Ion signals at m/z 299.30692 and m/z 
304.30057 were used as qualifiers for the laser optimisation (data not 
shown). Using the ion at m/z 299.30692, the effect of the laser repetition 
rate was also investigated for a small fingerprint region of 1 × 1 mm in 
size by varying it from 100 Hz up to 2000 Hz. A representative summary 
of the data obtained through tuning the laser parameters is presented in 
Fig. 3.

For a latent fingerprint, the best ion signal intensity and image clarity 
was achieved employing a laser intensity of 350 a.u. and a lens focus 

Fig. 1. Flowchart depicting the general systematic optimisation protocol for small molecules MALDI MSI on the SELECT SERIES™ MALDI MRT.

Fig. 2. Application of the EFP decoding algorithm in low threshold and automatic modes to a large image (20 × 10mm) at 50 μm. A representative example is shown 
for the ion at m/z 324.32706. The left-hand side of the split mark was acquired in low threshold mode (A) with (Ai) showing ridge detail in a zoomed region. The 
other half of the split fingerprint in automatic mode (B) with (Bi) showing the ridge detail in a zoomed in region. The red frame in the A-B panel shows the zoom in 
region selected across the splitting line, reported in (Ai) and (Bi). Here no normalisation by TIC has been applied. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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value of 6.00 mm. In the case of fingerprints, a well optimised laser 
parameter assists in the provision of a better ridge pattern continuity 
and overall image resolution.

The MRT is equipped with a 2.5 kHz laser, which provides contin
uous rastering capabilities. This enables faster acquisition times [14,31]. 
As Fig. 3B shows, increasing the laser repetition rate beyond 1500 Hz 
leads to a decrease in image clarity and ridge blurring/merging poten
tially due to arising oversampling. However, it is also possible that the 
laser might have been firing in areas of the MALDI plate where there was 
no sample left, thus generating some chemical background, and hence 
requiring a similar number of laser shots. The instrument is generally 
optimised at a laser rate of 1000 Hz for most of the MALDI profiling 
applications. It is still possible to work at the higher end, provided that 
the laser intensity (density filter energy parameter) is reduced to a lower 
value (100–200 range).

The sample plate and extraction voltages were set at the default 
values of 0 and 10 respectively for the MALDI gas flowrate optimisation.

The MALDI gas flow (N2) is optimised at 350 mL/min for general 
imaging needs ensuring a good transfer of ions. By favouring collisional 
cooling, the higher flowrate ensures a higher intensity signal and hence 
better sensitivity [32]. Having the gas flow switched OFF or at lower 
rates could lead to excessive matrix and sample material build-up on the 
hexapole and to subsequent lower sensitivity and imaging repeatability 
issues. Switching off the gas flow is not recommended even though the 
hexapole can be easily removed for cleaning, without having to vent the 
MALDI-MRT due to the isolation valve engineered into the instrument. 
Low gas flow experiments can be considered for smaller sample sections 
to enhance metabolite coverage in biological specimens [33]. The 
hexapole cleanliness should be monitored and maintenance (actual 
protocol and frequency) should be reported in SOPs to maximise 
repeatability.

The sample plate voltage (SPV) is applied to the sample plate through 
a connector at the bottom-left corner of the plate holder. An increase in 

SPV can provide additional acceleration to the generated ions. In the 
case of small m/z ions as that at nominal m/z 299 in Fig. 4B, this can lead 
to a reduction in its intensity and eventually to complete lack of visu
alisation at high SPV values, whereas for larger m/z ions, such as that at 
nominal m/z 551 also imaged in Fig. 4B, it has, as it may be expected, the 
opposite effect. The extraction voltage (EV) is responsible for the 
extraction of the ions into the mass spectrometer and is the electric 
potential difference applied between the sample plate and the entrance 
to the mass analyser. The sample plate voltage in combination with the 
extraction voltage, establishes an electric field that propels the ions into 
the mass spectrometer [34,35]. Having a higher EV value is not always 
conducive to an increase in sensitivity; in fact, it can create artefacts in 
the images generated and therefore it requires optimisation based on the 
type of analytes to be imaged. In the case of small molecule imaging in 
fingerprints, a SPV value of 0 and an EV value of 10 are ideal (Fig. 4D). 
For higher m/z species, an SPV value of 50 and an EV value of 20 are 
more appropriate (Fig. 4E) provided the quadrupoles and RF values are 
optimised (see next sections).

Quadrupole Profile Optimisation - The quadrupole automatic profile, 
manual fixed profile (M = m/z 100, m/z 500, and m/z 800), and manual 
profile (M1 = m/z 250, M2 = m/z 300, mass M3 = m/z 400) were tested 
and optimised next and the results are presented in Fig. 5.

The MALDI MRT is equipped with a mass resolving quadrupole MS1 
mass analyser with an 8 kDa resolving mass range. The quadrupole is 
operated in RF-only mode for MS mode analysis to transmit a wide m/z 
range. The instrument provides three distinct quadrupole profile op
tions, namely manual fixed, automatic and manual profile. The manual 
fixed profile places the RF amplitude to a single set value corresponding 
to a given m/z position. The automatic mode ramps the quadrupole 
rectified RF voltage across the standard MRT m/z range 50–2400. 
Finally, in the manual profile mode, three m/z positions (M1-3), two 
individual dwell time (%) (D1, D2) and two ramp time (%) (R1, R2) can 
be set to transmit interested regions of the m/z range.

Fig. 3. MALDI MSI laser parameter optimisation A: MALDI images of the ions at m/z 299.30692 (Ai) and 304.30057 (Aii) obtained from a small region of a 
fingerprint at the optimised laser intensity (350), lens focus (6.00 mm) and secondary attenuation (ON). B: effect of varying laser repetition rate on signal intensity 
and ridge pattern quality using m/z 299.30692 as an example. Imaging data are normalised by TIC. Pixel size at 50 μm.
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This is accomplished by dwelling at the first m/z position for D1 % of 
the time, ramp to second m/z position over R1 % of time, dwell at the 
same m/z for D2 % of the time and finally ramp to the third m/z position 
over R2 % of the time.

We have elected to show the images of distribution for the ions at m/ 
z 299.30692, 550.63031 and 915.02545 as representative ion images to 
span across the m/z 0–1000 range of interest. As observed in Fig. 5, the 
automatic profile allows the entire m/z range to be transmitted, 
although a slight decrease in absolute signal intensity (>3) is observed 
for higher m/z ions when compared to fully optimised manual fixed and 
manual profile modes Fig. 5(C–E). The manual fixed profile is user 
definable, targeting a specific region of the m/z range according to the 
set value. This profile is ideal to specifically detect a targeted m/z value, 
or a region of interest of the m/z range, with optimal transmission. 
Experimental results, comparing the sensitivity of detection for cloza
pine spotted on a fingerprint in a range between 1000 ng/mL and 1 ng/ 
mL (in a ten-fold serial dilution) using the automatic, manual fixed, and 
the manual profile, are presented in Fig. 6.

The quadrupole mass selection, dwell time and ramp time for the 
three profiles in this spotted clozapine experiment are reported in 
Table 1.

In Fig. 6 it can be observed that: (i) the selection of the automatic 
profile enabled the visualisation of up to 10 ng/mL of clozapine 

(nominal m/z 327) (Fig. 6A) as confirmed by the ROI average mass 
spectrum (data not shown); (ii) the manual fixed profile (Fig. 6B) (m/z 
327) and manual profile (Fig. 6C) (M1 = m/z 250, M2 = m/z 300, M3 =
m/z 400) enabled higher sensitivity with clear clozapine visualisation at 
10 ng/mL and also visible, at lower intensity, up 1 ng/mL, as confirmed 
by the ROI average mass spectrum (data not shown). The automatic 
profile (Fig. 6A) yields a reduced relative intensity for the serially 
diluted clozapine spots. Upon spectral interrogation by extracting re
gions of interest (ROI), it was observed that the automatic profile yiel
ded detection of clozapine also at a concentration of 1 ng/mL with a 
significantly lower intensity as compared to the other quadrupole pro
files. The signal intensity at 1000 ng/mL was maximum for the manual 
fixed profile, as expected, closely followed by the manual profile, with 
the automatic profile yielding a significantly lower intensity for cloza
pine at the same concentration. These trends are illustrated in Supple
mentary Fig. S3.

Transfer RF Optimisation – The transfer collision gas pressure, the 
transfer RF voltages, and the transfer RF gain were tuned to achieve 
optimal sensitivity for clozapine-contaminated fingerprints. Fig. 7 shows 
the effect on small fingerprint regions, upon variation of the transfer 
collision gas (N2) between 1 mL/min to 1.7 mL/min flowrate (Fig. 7A).

The transfer collision gas is applied directly in the transfer stacked 
ring ion guide and its optimisation can help improve RF-based mass 

Fig. 4. Latent fingerprint imaging and source parameters optimisation. A: MALDI gas flowrate optimisation (100–400 mL/min) undertaken recalling images of the 
ion at m/z 299.30692 (nominal m/z 299). B: Sample plate voltage optimisation (0–50 V) undertaken recalling images of the ions at nominal m/z 299 and m/z 
550.63031 (nominal m/z 551). C: Extraction voltage optimisation (10–50) imaging the same ions as in B. D: Fingerprint region (6 × 6 mm) imaged using SPV = 0 and 
EV = 10 settings showing the ion at nominal m/z 551 which was also imaged in E: Fingerprint region (6 × 6 mm) imaged using SPV = 50 and EV = 20 settings. Data 
is normalised by TIC. Pixel size at 50 μm. 
Source Parameters Optimisation - The MALDI gas flowrate, the sample plate voltage and extraction voltage were primarily investigated on latent fingerprint regions of 
1 × 1 mm in size. The effect of the source parameters on fingerprint images is presented in Fig. 4.
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transmission and collisional cooling. The lower gas flowrates enable 
smaller m/z ions to be effectively transmitted, as shown for the ion at 
nominal m/z 240, while increasing the flow rates favours larger m/z ions 
by providing additional collisional cooling. The default parameter is for 
the flow rate set at 1.2 mL/min which is ideal for broad transmission of 
the majority of molecular species expected to be detected in a fingerprint 
(particularly lipids in the 100–1000 m/z range). Fig. 7B–D, shows the 
different profile of transmitted m/z according to the selection of the 
Transfer RF voltage. Additionally, for fingerprints spotted with 1 μg/mL 
clozapine solution, pixel density and distribution in the corresponding 
images vary with different transfer RF voltages from 150 to 500, through 

to 800 (Fig. 7B–D). As expected and recommended, an RF voltage value 
of 150 is ideal for small molecules (Fig. 7Bi), as it provides a realistic 
distribution of the drug spotted on the fingerprints, in comparison to the 
RF voltage of 500 (Fig. 7Ci) which yields an image with a sharper low m/ 
z cut-off (as expected) and a number of higher m/z species. Finally, 
setting the RF voltage even higher, at 800 (Fig. 7Di), yields images with 
a higher m/z cut-off (again as expected due to the transmission of RF 
only devices) with increased transmission of the higher m/z species. This 
behaviour is expected for an RF only stacked ring ion guide, which 
exhibit a sharp low m/z cut-off (x0.78 of the set mass) and a broad 
transmission of up to a decade in mass to high mass [36]. As such, the RF 

Fig. 5. Quadrupole profile effects on MALDI MS images of latent fingerprints. These effects were studied using representative ions at m/z 299.30692, 550.63031 and 
915.02545 (nominal m/z 299, 551 and 915 respectively). A: automatic profile; B, C and D: manual fixed profile set at m/z 100, m/z 500 and m/z 800, respectively, 
and E: Manual profile set at m/z 250, m/z 300 and m/z 400. Data is normalised by TIC. Pixel size at 50 μm.

Fig. 6. Sensitivity afforded by the different quadrupole RF profiles applied to the MALDI MRT MSI analysis of clozapine (nominal m/z 327) spotted on a fingerprint. 
A: automatic profile, B: manual fixed at nominal m/z 327, and C manual profile mode set at nominal m/z 250, m/z 300 and m/z 400. Data is normalised by TIC. Pixel 
size at 50 μm.

R. Krishna et al.                                                                                                                                                                                                                                 Analytica Chimica Acta 1354 (2025) 343998 

8 



voltage should always be kept lower than the m/z of the ion to be 
transmitted. To achieve optimal sensitivity for imaging both the drug 
detection and imaging and endogenous compounds in the fingerprint, 
the transfer RF gain was further optimised from the arbitrary gain values 
1–5 for fingerprints spotted with Clozapine in concentrations between 
100 and 0.1 ng/mL (in a 10-fold serial dilution, with corresponding 
MALDI MS images shown in Fig. 7E–I. The transfer RF gain is the 
gradient applied to the transfer RF ramp, which is linked to the quad
rupole ramp. This can affect transmission for different molecular ions, 
depending upon the gradient applied, combined with the optimised 
quadrupole and transfer RF parameters.

The gain values in the range of 1–5 were investigated. As shown in 

Table 1 
The quadrupole profile parameters for automatic, manual fixed and manual 
profile on the SELECT SERIES MRT for the MALDI MSI analysis of clozapine 
(nominal m/z 327) spotted on a fingerprint.

Automatic 
profile

Manual fixed 
profile

Manual profile

m/z 50–2400 327 250 300 400
Dwell time 

(%)
25 100 20 (D1) 50 

(D2)
Ramp time 

(%)
75 0 20 (R1) 10 

(R2)

Fig. 7. MALDI MSI optimisation of the Transfer RF device for clozapine-spotted fingerprints, A: transfer collision gas optimisation varying the flow rate between 1 
and 1.7 mL/min monitoring the ion at m/z 240.23312. B: transfer RF voltage of 150 on a fingermark section and (Bi) showing clozapine (1 μg/mL) spotted on the 
same section. C: transfer RF voltage of 500 on a fingermark section and (Ci) showing clozapine (1 μg/mL) spotted on the same section. D: transfer RF voltage of 800 
on a fingermark section and (Di) showing clozapine (1 μg/mL) spotted on the same section. E-I: clozapine (m/z 327.13831) spotted from 100 ng/mL to 0.1 ng/mL 
overlayed with the fingerprint ion image at m/z 320.29568 to study the variation in sensitivity with change of transfer RF gain values from 1 to 5; respectively. Data 
is normalised by TIC. Pixel size at 50 μm.
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Fig. 7G, the transfer RF gain value of 3 was found to be most suitable for 
the optimised small molecule method, maximising ion transmission for 
the target drug and a number of other potentially important ions within 
the quadrupole profile range.

3.1. MALDI MSI method testing

The optimised settings reported in Supplementary Table S1 and 
discussed in the previous section for the imaging of the small molecule 
range, and in particular for spotted clozapine in fingerprints, were 
applied to clozapine and N-desmethylclozapine in both spotting exper
iment (1000 ng/mL-0.1 ng/mL) as well as for drug-contaminated fin
gerprints, prepared according to Groeneveld et al. [19]. As shown in 
Fig. 8, specifically 8 A and 8 B, the optimised MALDI MSI method 
enabled the detection of clozapine down to 1 ng/mL concentration, and 
N-desmethylclozapine down to 10 ng/mL in the sensitivity experiments. 
In the case of the drug-contaminated fingerprints experiments 
(Fig. 8C–D), a 1:1 solution of the drug and metabolite was employed to 
eventually contaminate a fingertip and subsequently generate a finger
print. This ratio was selected for demonstration purposes; although in 20 
schizophrenic patients study by Ming and Heathcote [37], clozapine and 
N-desmethylclozapine were detected in serum at an average ratio of 1.4, 
the ratios varied between 0.86 and 2.2. Considering that ratios depend 
on individual variability, formulation and also on drug adherence, and 
that the average ratio in sera may not necessarily be the same in other 
biological fluids/specimens, we considered in our study a 1:1 ratio for 
simplicity. Within this experiment, both clozapine and metabolite were 
visualised on the ridges. The overlay of the MALDI images of clozapine 

and its metabolite shown in Fig. 8E improved the ridge pattern detail 
and continuity; as such, images in Fig. 8C–E can provide both toxico
logical and biometric intelligence.

In order to further demonstrate that the optimised MALDI MSI 
method is applicable to small molecule imaging in general within the 
100–1500 m/z range, the method was applied to another fingerprint 
contaminated with a second antipsychotic drug, quetiapine hemi
fumarate (prescribed to patients with bipolar disorder and schizo
phrenia), and to its metabolite 7-hydroxyquetiepine.

The optimised MALDI MSI method enabled the visualisation of the 
spotted quetiapine hemifumarate (Fig. 9A), down to 1 ng/mL which is 
still visible within the overlaid image with an endogenous fingerprint 
molecule (Fig. 9A). It was also possible to visualise 7-hydroxyquetiepine 
down to 10 ng/mL (Fig. 9B). As for clozapine and N-desmethylclozapine 
fingerprint imaging experiments shown in Fig. 8C–E, fingerprints were 
also generated by contaminating a fingertip with a mixed solution of the 
two species. As previously, using the same rationale employed for pre
paring the mixed solution clozapine/N-desmethylclozapine, a 1:1 ratio 
quetiapine/7-hydroxyquetiepine was employed. The drug- 
contaminated fingerprint enables visualisation of both the drug 
(Fig. 9C) and metabolite.

(Fig. 9D). The individual MALDI-MS images for the two species have 
been overlaid in Fig. 9E to provide the full fingerprint image. In order to 
provide even better biometric information, ridge pattern continuity was 
improved by overlaying additional ion images from ions at m/z 
550.63031 and m/z 522.59814 (Fig. 9F).

With respect to detection and quantification of clozapine, quetiapine 
and their metabolites, extraction and LC MS or LC MS/MS have been the 

Fig. 8. Application of optimised small molecules MSI method for clozapine (m/z 327.13831) and its metabolite N-desmethylclozapine (m/z 313.12231). A and B 
show sensitivity test for clozapine and its metabolite by spotting them in multiple 10-fold serial dilutions between 1000 ng/mL and 0.1 ng/mL, and the fingerprint is 
overlayed with an ion image at m/z 439.39056. C: clozapine and D: N-desmethylclozapine contaminated-fingerprints, and E: showing the overlay of both the drug 
and metabolite. Data is normalised by TIC. Pixel size at 50 μm.
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golden standard methods.
The aforementioned study by Ming and Heathcote [37] detected 

clozapine and N-desmethylclozapine in the sera of 20 schizophrenic 
patients, following a therapeutic dosage of 600 mg/day, in a range be
tween 32.27 ng/mL (in one instance <10 ng/mL) and 1147.37 ng/mL 
for clozapine and 49.45 ng/mL (in one instance <10 ng/mL) and 
1402.26 ng/mL for N-desmethylclozapine using UPLC-Tandem MS. In a 
more recent study by Longman et al. [26], clozapine (and to a lesser 
extent N-desmethylclozapine) were detected in the fingerprints of 
medicated patients, indicating for the first time that these species are 
excreted through sweat and specifically sweat from fingertips, even for 
patients dosed with as little as 25 mg/day clozapine (normal range is 
between 150 and 300 mg/day [38]), thus fully justifying method 
development to detect and image in situ both the drug and the metabolite 
in fingerprints, as presented in this paper.

In 2009, quietipine was quantified in patients’ plasma at a concen
tration as low as 1 ng/mL. Quetiapine and 7- hydroxyquetiapine were 
quantified also in patients’ hair at concentrations between 0.35 ng/mg 
to 10.21 ng/mg hair, and between 0.02 ng/mg to 3.19 ng/mg hair, 
respectively [39] with ratios varying between 0.97 and 13. Finally, 
quetiapine and 7-hydroxyquetiepine were detected in fingerprints of 
patients medicated in a range between 100 and 500 mg/day [26] or 
dosed at 300 and 600 mg/day [40], but in these studies, no quantifi
cation data were reported.

In MALDI MSI experiments, clozapine, quetiapine and their primary 
metabolites were imaged and detected directly in a drug-contaminated 
fingerprint with no prior extraction. As such, considering the finger
print area of ~261.2 mm2, and the concentrations and volumes of the 
two species employed (10 μg/mL, 50 μL), both clozapine and quetiapine 
have been visualised at an over-estimated “density” of ~1.9 ng/mm2.

Whilst not directly comparable with the quantification data in the 

literature and reported earlier, the sensitivity achieved for the detection 
and imaging of both clozapine and quetiapine (and their metabolites) 
via MALDI MSI is considered relevant and enabling detection and 
mapping of these species in physiological concentrations and ratios with 
their metabolites.

4. Conclusion

This study illustrates the systematic tuning of parameters to develop 
an optimal MALDI-MS imaging method for small molecules using one of 
the latest technological developments, namely the multi-reflection de
vice as incorporated by the SELECT SERIES MALDI-MRT. Molecular 
fingerprinting, specifically drug imaging in latent fingerprints has been 
used as case study and, for the first time clozapine and quietapine along 
with their metabolites have been imaged in a fingerprint in physiolog
ical ratios and abundance.

This study was prompted by both the need to expand the applications 
to fingerprint molecular analysis and the necessary optimisation of this 
new system which affords enhanced mass accuracy and spatial 
resolution.

Herein, the authors reported the effects and the benefits of selecting 
the most appropriate acquisition settings, laser and source parameters, 
selecting appropriate quadrupole profiles, exploring the MALDI gas and 
transfer collision gas parameters as well as RF parameters in order in a 
step-wise approach in order to maximise sensitivity and spatial resolu
tion for small molecule imaging. This study therefore offers guidance to 
a systematic approach for method optimisation and provides the readers 
with a better understanding of this technology to maximise the infor
mation sought in their small molecule MALDI-MSI applications and a 
framework to accelerate method development. Importantly, The general 
guiding principles illustrated and underpinning understanding are 

Fig. 9. Application of the optimised small molecules MALDI MSI method to quetiapine (m/z 384.17517) and 7-hydroxyquetiepine (m/z 400.17007) in fingerprints. A 
and B: sensitivity test for quetiapine and metabolite by spotting them in multiple 10-fold serial dilutions from 1000 ng/mL to 0.1 ng/mL; the images for these ions are 
overlaid with a fingerprint ion image at m/z 299.30692. C: MALDI MSI of fingerprints contaminated with a 1:1 mixture of quetiapine and D 7-hydroxyquetiapine 
contaminated fingerprints; E: shows the overlay of both the drug and metabolite, and F: shows the further overlay of the ions at m/z 550.63031 and m/z 522.59814 
for the purpose of a better-quality ridge pattern. Data is normalised by TIC. Pixel size at 50 μm.
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transferable/applicable to other instrumentation and applications. 
Further optimisation may be achieved by studying the interplay of 
different variables in the same analytical instance and will be considered 
in our laboratory in future investigations.
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