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Abstract. Ultraviolet matrix-assisted laser
desorption/ionization mass spectrometry imaging
(UV-MALDI MSI) is a widely used technique for
imaging molecular distributions within biological
systems. While much work exists concerning de-
sorption in UV-MALDI MS, the effects of com-
monly varied parameters for imaging applications
(repetition rate, use of continuous raster mode
and raster speed), which determine spatial reso-
lution and limits of detection for the technique,

remain largely unknown. We use multiple surface characterization modalities to obtain quantitative measure-
ments of material desorption and analyte ion yield in thin film model systems of two matrix compounds, arising
from different UV-MALDI MSI sampling conditions. Observed changes in resulting ablation feature point to
matrix-dependent spatial resolution and laser-induced matrix modification effects. Analyte ion yields of 10−9 to
10−6 are observed. Complex changes in ion yield, between spot and raster sampling and arising from varied laser
repetition rate and raster speed, are observed.
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Introduction

Ultraviolet matrix-assisted laser desorption/ionization mass
spectrometry imaging (UV-MALDIMSI) is an analytical

technique used for imaging the molecular distributions of a
wide array of compounds, most commonly pharmaceuticals,
bio-molecules, and polymers [1–3]. This capability has seen
the technique utilized in a variety of research areas, most
notably in biomedical research fields such as drug develop-
ment, molecular biology, and pathology [1, 4–6].

The ejection of material, resulting from the interaction be-
tween the matrix, the sample, and the laser, is one of the key
steps of the UV-MALDI process, and as suchwill have a strong
influence on UV-MALDI MSI data. Widely described as
Bdesorption^ in literature, the ejection of material from a sam-
ple surface in a typical UV-MALDI MS experiment can, in
fact, involve either a steady release of molecules from the solid
matrix into the gas phase (desorption) or a rapid disintegration
of the matrix into clusters and free molecules (ablation), or a
combination of the two [7, 8].

Material ejection in UV-MALDI MS has been extensively
studied [7], with two primary mechanisms, phase explosion [9]
and quasi-thermal desorption [10], proposed to describe the
ablation and desorption processes respectively. Under typical
UV-MALDI MS conditions, both mechanisms are expected to
occur [11], with a recent study by Niehaus et al. showing
evidence that quasi-thermal desorption occurs at low laser
fluences until a certain threshold is reached, above which
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ablative processes like phase explosion dominate [8]. Addi-
tional factors such as pulse width [9], wavelength [10], and
matrix characteristics [12] are also believed to favor one mech-
anism over the other. Generally speaking, desorption and ab-
lation are favored by either slow or rapid introduction of energy
into the matrix respectively.

Studies into material ejection in UV-MALDI MS typically
measure the resulting desorption plume or sample surface
effects. Characterization of UV-MALDI desorption plumes
has been reported via laser-induced fluorescence (LIF) [13],
fast flash imaging [14], shadowgraphy [15], and laser post
ionization [8]. Measurements of the spatial distribution of ions
within UV-MALDI plumes have also been reported using
custom rotatable TOF MS systems [16] and spatially sensitive
ion detectors [17]. Investigations into laser-induced surface
effects most commonly make use of light microscopy and
secondary electron microscopy (SEM) [18–24], which are
typically used to measure ablation spot diameters and study
morphological changes to the matrix. Despite the widespread
use of volumetric measurements in laser ablation studies [11],
there have been surprisingly few examples of such measure-
ments related to UV-MALDIMS, with only twomeasurements
of crater volumes, via profilometry [24] and confocal laser
scanning microscopy (CLSM) [25], being reported.

The topic of ion yields, the ratio of formed ions to a total
number of ejected molecules, in UV-MALDI MS has received
significant attention in recent years. A series of studies origi-
nating from the Kim [26, 27] and Ni groups [28] proposed that
the absolute magnitudes of ion yields in UV-MALDI MS are
orders of magnitude lower than the previously accepted values.
This had important implications for UV-MALDI MS ioniza-
tion theories, leading to a lively debate on the matter [26–36].
Although the controversial nature of absolute ion yields was
seemingly resolved [36], there still remains some disagreement
on the matter [37].

Investigations into the influence of UV-MALDI MS exper-
imental conditions on ion yield have been typically focused on
basic parameters such as laser fluence, analyte molar ratios, and
choice of matrix compound. The role of laser wavelength on
relative ion yields has been investigated through correlation of
ion signals with acoustic measurements of mass removal [10],
although as these experiments were conducted at atmospheric
pressures, the applicability to the vacuum environment found
in typical UV-MALDI MS instruments is unknown. Pulse
width has also been investigated in molecular dynamic simu-
lations [9] and experimentally [38, 39].

Parameters relevant to UV-MALDI MSI, such as laser
repetition rate, spot size, samplingmode, and raster speed, have
received significant attention in recent years [40–43]. These
studies have thus far been limited to investigating the impact on
detected ion intensities; therefore, a study into how common
imaging acquisition parameters can affect material ejection and
absolute ion yields is clearly of interest.

Here, we utilize uniform, well-characterized thin filmmodel
systems consisting of known quantities of the pharmaceutical
olanzapine, combined the matrix compounds α-cyano-4-

hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic ac-
id (DHB), to explore the influence of laser pulse energy,
repetition rate, and raster speed on material ejection and ion
yield in UV-MALDIMSI experiments.Wemake use of atomic
force microscopy (AFM), SEM, and CLSM as surface analysis
tools to investigate material ejection in MSI experiments, pro-
viding insights into the effect of sampling mode and laser
conditions on both spatial resolution and limit of detection.
Measurements of material ejection are combined with the
corresponding MS data to provide estimations of absolute ion
yield under sampling and laser conditions relevant to UV-
MALDI MSI.

Materials
CHCA was purchased from Sigma Aldrich (Gillingham, UK).
DHB and olanzapine (312.4 g mol−1) were purchased from
Alfa Aesar (Heysham, UK). Superfrost microscope slides for
deposition substrates and HPLC grade methanol (MeOH) were
purchased from Fischer Scientific (Loughborough, UK). AFM
tips were purchased from NuNano (Bristol, UK). Deionized
(DI) water (ρ = 15MΩcm−1) was generated by an Elga Purelab
system (High Wycombe, UK).

Methods
Sample Preperation

Substrates were cleaned via 10 min sonication in MeOH
followed DI water, and finally 15 min in a UV ozone cleaner
(T10X10/OES, UVOCS, Lansdale, PA, USA).

Deposition of the analyte and matrix layers was carried out
in an Auto 306 thermal evaporator (Edwards, Crawley, UK),
operating at ~ 6 × 10−6 mbar. A chilled block of copper (~ 5 °C)
was used to cool the substrates, ensuring deposition of the
compounds. Three-nanometer layers of olanzapine were de-
posited onto the substrates, followed by either CHCA (360 nm)
or DHB (136 nm) layers. Resulting analyte:matrix ratios in the
samples were 1:221 (CHCA) and 1:107 (DHB). The deposition
was monitored via the evaporator’s in-built quartz crystal mi-
crobalance (QCM) sensor.

UV-MALDI MS

UV-MALDIMS data were acquired with a Synapt G2-Si qToF
mass spectrometer (Waters, Manchester, UK), using the
WREnS scripting tool (Waters, Manchester, UK) to automate
variation of the sampling conditions during data collection.
Positive mode MS data (m/z 50–1500) were acquired in the
mass spectrometer resolution mode, in both spot and raster
mode, at five laser energies, two repetition rates, and two raster
speeds. MS data were collected with a fixed scan time of
0.085 s, for the 500 Hz at 2000 Hz laser repetition rates used
here; this corresponded to ~ 42 and ~ 212 pulses per spectra
respectively. The laser pulse energy was monitored during the
experiment by using partially reflecting mirror (BSF-10-UV,

K. N. Robinson et al.: Desorption and Ion Yield in UV-MALDI MSI 1285



Thorlabs, UK) to sample a portion of the beam and direct it
towards a pyro-electric sensor (PD10-C, Ophir Photonics,
USA). Post experiment measurements of the full beam energy
were used to calibrate the experimental measurements. As the
laser in the MALDI Synapt G2-Si (Nd:YAGDPPS, 355 nm, <
1.1 ns) had a Gaussian beam profile, laser spot size ranged from
a minimum of 119 × 130 μm to maximum of 194 × 246 μm
depending on pulse energy used, as measured from CHCA thin
film via the fluorescence method [44]. The change in spot area
with pulse energy is shown in Figure S1.

Measurement of Material Ejection

AFM measurements were carried out using a MFP-3D-SA
AFM (Asylum Research, High Wycombe, UK) operating in
alternating contact (AC) mode.

CLSM imaging was carried out using a LEXT OLS4100
CLSM (Olympus, Southend-on-Sea, UK). A × 50 objective
(MPLAPON50XLEXT, Olympus, Southend-on-Sea, UK)
was used resulting in a 256 μm× 256 μm square field of view.
This objective was used with a laser power setting of 36, to
achieve the best obtainable depth resolution while preventing
sample damage from the microscope’s UV laser. For imaging
features that were larger than the field of view, three stepped
images were acquired for later tiling.

Electronmicroscopy images were acquired using a Supra 40
FE-SEM (Zeiss, Cambridge, UK) at 3 keV with a 20-μm
aperture and 14.3 mm working distance. Samples were coated
with a layer of Au (approx. 2 nm) using a Q150T S sputter
coater (Quorum Technologies, Laughton, UK) to reduce charg-
ing effects during imaging.

Data Analysis

Unless stated otherwise, all data were processed in MATLAB
(R2017a, MathWorks, Natick, MA, USA) and OriginPro 2016
(OriginLab, Northampton, MA, USA).

AFM and CLSM data were processed in SPIP (v6.6.3,
Image Metrology, Denmark). Determination of crater bound-
aries was obtained with the software’s Particle and Pore Anal-
ysis tool, using the Advanced Thresholding setting (Pore RMS
factor = − 1). Stitching of CLSM images was carried out in
Gwyddion 2.48 [45].

MS da ta were conve r t ed in to . imzML us ing
imzMLConverter [46], and imported into MATLAB using
SpectralAnalysis [47] for further processing and analysis.
Spectral data underwent an interpolation re-binning process
(bin size =m/z 0.002) before peak intensities, taken as the
integrated peak area at full width half maximum (FWHM),
were extracted. MS data for olanzapine ion yield calculations
were taken from the summed intensities of the [M + H]+, [M +
Na]+, and [M + K]+ ions, including all detected isotopic peaks.
Ion intensities were converted to ion number using an average
single ion intensity of 24 counts, as determined from
electrospray experiments using leucine enkephalin ([M + H]+

= m/z 556.269), and corrected for the know transmission effi-
ciency of the instrument ion optics (12.9%) and duty cycle of

the ToF pusher (10.2–10.9%). A more detailed description of
the process can be found in the Supplementary.

Results
Irradiation Effects

When seeking to determine the surface effects resulting from
laser sampling in UV-MALDI, a variety of parameters are
useful to measure. Firstly, knowledge of the initial matrix
conditions is evidently important. Additionally, aspects of cra-
ter geometry (size, shape, volume) resulting from UV-MALDI
MSI analysis can prove highly informative in determining
factors influencing limits of detection and spatial resolution.
Finally, chemical and physical modification of UV-MALDI
matrices during laser irradiation has long been suspected to
have an experimental impact; therefore, it is also advantageous
to distinguish any changes to the matrix, be it to morphological
or other properties.

AFM, SEM, and CLSM were used to characterize laser
irradiation effects from the UV-MALDI MSI experiments
(Figure 1); a summary of each technique can be found in
Table S1. This overview is specific to instrumentation used
here and is not a comment on the capabilities of the techniques
as a whole.

SEM imaging of the pristine matrix films revealed signifi-
cant differences in crystal shape between the matrix com-
pounds (Figure 1a and d). Matching previous reports for sub-
limed films of the matrix compounds [48], CHCA films
consisted of sub-micron–sized angular crystals, whereas the
DHB films consisted of few micron long branched crystals.

In post laser irradiation, DHB showed a smoothing of
crystal edges, becoming more apparent moving towards the
center of the crater/raster trench, caused either through melting
or sublimation (Figure 1d and f). Cone-like and ripple struc-
tures have been previously observed occurring after irradiation
of large DHB crystal surfaces [21, 24], although this was not
evident here, most likely due to differences in the sample
studied. Craters in the CHCA film exhibited distinct morpho-
logical zones, with the angular matrix crystals gradually giving
way to an amorphous porous surface, possibly evidencing a
melting effect (Figure 1a and f). AFM images collected across
these regions revealed distinct bands in the obtained phase map
data (Figure 1b). AFM phase images, which shows changes in
energy dissipation experienced by the AFM tip, act as is an
indicator of adhesion, viscoelasticity, and other material prop-
erties of a surface [49]. The bands, which correspond roughly
to the zones observed in SEM (Figure 1a), therefore, may
represent areas where the matrix has undergone modification
by the laser. Phase maps for DHB revealed a gradual change
(Figure 1e), also reflecting the SEM data for that matrix
(Figure 1d).

Unidentified crystalline material, which was morphologi-
cally different from the pristine matrix, was observed in the
central regions of DHB craters/raster trenches (Figure 1d and
f). Due to surrounding regions being completely clear, re-
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deposition was presumed to be an unlikely source for this
material. A similar effect was observed for CHCA, but with
the material more uniformly distributed within the craters/raster
trenches (Figure 1a and c). As there was no obvious visible
evidence of redisposition on the surrounding matrix film, this
material is presumed to be some sort of residue formed during
laser irradiation.

Due to the large number of measurements required, and
limitations of the SEM and AFM instruments (Table S1),
CLSMwas employed as the primary surface analysis technique
to characterize material ejection resulting from the different
studied UV-MALDI MSI experimental parameters.

Characterizing Material Ejection in UV-MALDI
MSI

Characterizing material ejection from a sample can provide
valuable insight into many aspects of UV-MALDI MSI as it

impacts both limits of detection and spatial resolution of UV-
MALDI MSI analyses. We used CLSM to characterize mate-
rial ejection from model systems, consisting of a thin film of
olanzapine with an overlayer of CHCA or DHB. The uniform
nature of the samples enabled the craters/trenches formed under
different UV-MALDIMSI sampling conditions to be accurate-
ly characterized. Figure 2 shows the changes in crater depth
and size, material ejection, and olanzapine ion intensity over a
range of laser pulse energies and repetition rates. Previously
reported matrix density values [50] enabled material ejection,
defined by the total number of molecules removed, to be
estimated.

The intensity of olanzapine (IOLZ) increased with pulse
energy (Figure 2c), reflecting the familiar relationship seen in
UV-MALDI MS [50–53]. In contrast to the ion intensity data,
the change in material ejection with pulse energy (Figure 2d)
was much less pronounced, which is in agreement with previ-
ous reports showing significant deviations between material

Figure 1. Surface analysis techniques for characterizing laser irradiation effects and material ejection in UV-MALDI MSI. (a) SEM
images. (b) AFM topography image with a phase map overlay. (c) CSLM topographic image of a crater in CHCA film, resulting from
spot mode acquisition, with a laser energy of 3.6 μJ and 500 Hz repetition rate. (d) SEM images. (e) AFM topography image with a
phase map overlay. (f) CSLM topography image of raster trench in DHB film, resulting from 2 mm/s raster mode acquisition, with a
laser energy 7.3 μJ and 500 Hz repetition rate
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ejection and detected ion intensities [10, 24]. One
distinguishing feature between desorption and ablation models
in UV-MALDI is the relationship between laser energy and
material ejection, with quasi-thermal desorption predicting an
exponential relationship, and ablation either logarithmic or
linear [7]. The evolution of material ejection with pulse energy
(Figure 2d and Figure S2) appears to follow a logarithmic
trend, suggesting that the ablation type processes are dominant.
This agrees with previous studies that have placed this transi-
tion to ablation-like ejectionmechanisms as coincident with the
onset of significant ion generation [14, 54, 55]. On the other
hand, photoacoustic measurements reported by the Dreisewerd
group have shown that quasi-thermal desorption best describes
material ejection at the laser energy range and spot size used
here [8, 10]. The reason for this discrepancy is unknown, but
may be due to the relatively short pulse width (≤ 1.1 ns) and
higher repetition rates (500 Hz and 2500 Hz) used here, which
are likely to favor ablation mechanisms.

The influence of laser repetition rate on IOLZ was more
complex, with the higher repetition rate increasing IOLZ at all
pulse energies for DHB, but for CHCA, a crossover is evident
above 1.8 μJ pulse energy. Comparison with the number of

molecules desorbed (Figure 2d) suggests greater material ejec-
tion may explain some of the observed IOLZ increase in DHB,
whereas for CHCA, other effects are clearly occurring. Given
the layered nature of the samples, a depth-of-sampling effect is
possibly also influencing the data in some instances, especially
at the lower pulse energies where full penetration of the matrix
layer is not achieved (Figure 2b).

Changes to crater geometry are an important factor to con-
sider for UV-MALDI MSI experiments, particularly if an
oversampling or continuous raster acquisition mode is
employed. CLSM measurements were used to determine the
crater geometries under different pulse energies and repetition
rates for both matrix compounds (Figure 2a). Differences be-
tween the matrix compounds, arising from their physiochemi-
cal properties, can be observed. For the same delivered pulse
energy, DHB exhibited crater areas approximately 50% smaller
than CHCA (Figure S3). This is likely due to DHB having
significantly weaker absorption at the wavelength of the laser
(355 nm) [50], thus having less energy available to drive
material ejection. The change in crater size with pulse energy
was less pronounced for DHB (Figure 2a). Overall crater shape
remained somewhat symmetrical for this matrix, unlike CHCA

Figure 2. Ionization and material ejection from olanzapine + CHCA/DHB thin films in spot mode. (a) Averaged crater geometries
(n = 5). (b) Cross-sectional profiles of craters, at different pulse energies, and repetition rates, obtained from CLSM measurements.
(c) Corresponding olanzapine ion intensities (IOLZ). Ion intensities are the summed values of H+, Na+, and K+ adducts and all detected
isotopic peaks. (d) Calculated number of molecules removed at different pulse energies and repetition rates from CLSM crater
volume measurements. All error bars represent the expanded uncertainty (k = 2)
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which evidenced significant elongation along the axis of the
incident laser beam at higher pulse energies (Figure 2a). This
suggests that DHB is more robust to the variations in energy
distribution within the laser spot and changes in pulse energy,
and so less likely to suffer from spatial resolution issues asso-
ciated with Gaussian beam profiles. Although DHB is well
known to form larger crystals than CHCA, which may serve to
counteract this effect in many experiments, particularly those
using solvent spray-based matrix depositions. Alternatively,
the use of homogeneous beam profiles [42] could be used to
negate these effects.

Despite noticeable differences on olanzapine ion intensity
(IOLZ) between the two laser repetition rates (Figure 2b), the
impact on crater geometry was far less pronounced, with crater
areas effectively the same for both repetition rates (Figure S3).
A small increase inmaterial ejection at the higher repetition rate
with DHB (Figure 2d) might explain the differences in IOLZ for
this matrix, pointing to sampling depth effects. This also sug-
gests that variation in laser repetition rate is less of a concern for
spatial resolution, but can have an influence on limits of
detection.

For lasers with a Gaussian energy distribution, typically
used in UV-MALDI MSI, heterogeneous ejection of material
is to be expected within the irradiated sample area. The collect-
ed crater topography data allows us to quantify this effect under
the conditions studied. Using knowledge of the matrix layer
thickness, the threshold height for the crater edge detection
algorithm was adjusted to be just above the substrate, allowing
the region within a crater where the matrix layer was complete-
ly ejected to be identified (Figure 3a). By taking the ratio of
crater volume bounded by this region to that of the full crater
volume, we can provide an estimate of the efficiency of sam-
pling (SEff) under the studied conditions (Figure 3b–d). Within
the limits imposed by UV-MALDI MS ionization dynamics
and analyte extraction into the matrix layer, this metric de-
scribes the degree to which the ejected matrix is reflective of
the underlying sample region, with a SEff of 100% correspond-
ing to complete measurement. As such, SEff should have a
direct impact to both the limits of detection of UV-MALDI
analyses and on spatial resolution.

In spot mode, SEFF increased with pulse energy, reaching a
maximum of 80% for DHB and 70% for CHCA (Figure 3b).
Based purely on material ejection, DHB could be seen as a
superior matrix for lower limits of detection and higher spatial
resolutionwith Gaussian profile beams, as its higher achievable
SEff ensures maximal consumption of analyte within the matrix
layer for given irradiated region. Although as previously noted,
this matrix has a tendency to form large crystals, potentially
counteracting any benefit in spatial resolution.

A SEff of up to ~ 90% was observed in raster mode, with
higher laser pulse energy and repetition rate improving SEff, and
increased raster speed reducing it (Figure 3c and d). This was
likely due to effective material ejection requiring sufficient
laser energy and/or number of pulses per unit area. The higher
SEff in raster mode compared to spot mode may be due to the
shorter duration a specific area is irradiated, minimizing

material ejection in the low energy fringes of the laser spot
material. These results suggest that on top of evident improve-
ments in acquisition time, modest gains in limits of detection
and spatial resolution can be made from adopting raster mode
sampling over spot mode.

Ion Yields in MSI

The absolute values of ion yields are a widely debated topic,
with proposed values ranging from 10−1 to 10−8 for analyte
ions and 10−3 to 10−9 for matrix ions. To date, there has been no
investigation into how ion yields are affected by recent UV-
MALDI MSI developments, namely the use of high laser
repetition rates and continuous raster mode acquisition. By
combining the measurements of material ejection with the
corresponding MS data, we can provide estimates for
olanzapine ion yield (YOlz) (Figure 4) and total ion yield (YTIC)
(Figure S5) under the conditions studied. It should be noted that
due to simplifications made when estimating Y

TIC
, these values

should be considered a first-order approximation. For addition-
al information, a comprehensive overview of acquired mea-
surements relating to material ejection and ionization can also
be found in Figure S2.

Ion yields for olanzapine (YOLZ) ranged from 10−9 to 10−6,
which is towards the lower end of reported analyte values [28].
The total ion yield (YTIC) ranged from 10−10 to 10−7(Figure S5).
While this may seem counter-intuitive, matrix ion yield is
known to be orders of magnitude smaller than that of analytes
[28]. As the matrix was the main contributor to the TIC here,
besides the analyte, the total ion yield can be expected to be a
convolution of the two components. In line with previous
reports [51, 56], ion yields generally increased with pulse
energy (Figure 4 and Figure S5), although given the layered
nature of the samples, yields at lower pulse energies will also
likely exhibit sampling depth effect for the analyte. The relative
stability of YOLZ across higher pulse energies with CHCA is
worthy of note for imaging experimentation, suggesting that
there is a broad window of pulse energies before fragmentation
begins to adversely affect ion yield. It is expected that DHB
will also show a similar plateau region, but the range of pulse
energies used here was not sufficient to access this regime. A
small decrease in YOLZwas evident with CHCA at higher pulse
energies for 2000 Hz in spot mode and 500 Hz, 8 mm s−1 in
raster mode (Figure 4a and c); this matrix also showed signif-
icant drops in total ion yields at pulse energies above 1.8 μJ
under nearly all conditions (Figure S5). Higher laser repetition
rate was found to enhance YOLZ obtained with DHB in spot
mode (Figure 4a), as more efficient sampling of the matrix
layers can be ruled out due to similar observed SEFF values
(Figure 3a); this is likely due to enhanced material ejection, as
the material ejection was also higher (Figure 2c).

In raster mode, the combinations of repetition rate and raster
speed produced resulted in somewhat counter-intuitive behav-
ior for both matrices (Figure 4b and c, Figure S5); for the faster
raster speed, a higher repetition rate generally enhanced ion
yield, but at the slower speed, a reduction was observed.
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Figure 3. (a) Overview of sampling efficiency (SEff) concept andmeasurement. Diagrams on the left show a cross-sectional view of
how the full crater (top) and region of complete matrix ejection (bottom) volumes are determined; images on the right show the
process with real crater data (CHCA, 500 Hz, 5.5 μJ). Change in SEff with laser pulse energy for CHCA and DHB at 500 Hz and
2000 Hz, for (b) spot mode, (c) 2 mm s−1 raster, and (d) 8 mm s−1 raster

Figure 4. Ion yield of olanzapine (YOLZ) with increasing pulse energy under different imaging conditions. (a) Spot mode acquisition.
(b) 2 mm s−1 raster. (c) 8 mm s−1 raster. All raster data is normalized to pixel size. Error bars show the expanded uncertainty (k = 2)
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Additionally, the trend of ion yield with pulse energy seemed to
shift towards higher pulse energies when the higher repetition
rate was employed, and towards lower pulse energies with faster
raster speed. Previously reportedwork from our lab has observed
similar trends for CHCA in thin film and tissue samples, where
optimal pulse energies for highest ion intensities shifted with
repetition rate and raster speed [41]. The associated ejected
material data suggests that these trends were a product of ion
formation or ejection plumemechanisms, as theywere evident in
both the olanzapine and TIC data (Figure S5), but not in the
amount of desorbedmaterial (Figure S4). Although in the case of
the latter measurement, there may be changes in ablation occur-
ring at the leading edge of the laser beam which could not be
captured in these experiments.

As the raster speed and repetition rate conditions studied
here both differed by a factor of four, the 500 Hz, 2 mm s−1 and
2000 Hz, 8 mm s−1 raster data both resulted in an equivalent
irradiation condition of four pulses delivered for every microm-
eter of raster travel. This enables the effect of repetition rate in
raster mode to be isolated from the other conditions (Figure 5).

Under these equivalent pulse number conditions, large dif-
ferences in YOLZ and YTIC between repetition rates were evident
(Figure 5 and Figure S6), producing similar results to that
obtained in spot mode (Figure 4a). The only parameter that
differs between the two conditions was the time between laser
pulses, which was 2 ms at 500 Hz and 500 μs at 2000 Hz. This
dependence of ion yield on time between delivered pulses was
previously observed for detected ion intensities with CHCA
[41], which found that ion signals for lipid species generally
decreased with increasing repetition rate. Here, we can extend
these findings to measurements of ion yield, and with an addi-
tional matrix and a different analyte. Interestingly, while the

CHCA results agree with those previous findings, the current
results show that DHB behaves in completely the opposite
manner (Figure 5 and Figure S6). We postulate two potential
causes for this effect, which could either occur individually, or
more likely in parallel, during raster mode acquisitions.

Firstly, given the Gaussian energy distribution of the laser,
irradiated matrix volumes at the periphery of the laser spot will
be heated but not sufficiently to result in ejection of material. It
has been previously shown that sample temperature has a direct
impact on material ejection in UV-MALDI and release of ions
for detection [57]. At the time of arrival of a subsequent pulse,
the extent of the heated volume would be dependent on matrix
properties such as optical absorption, heat capacity, and thermal
diffusion. The fivefold difference in optical absorption at 355 nm
between the two matrices [50, 58] will mean that this heated
volume will be more extensive for the weakly absorbing DHB.
Thermal diffusivity, which is a measure of the rate of heat
transfer though a material, is not known for the matrices used
here, but is typically in the range on 10−7 m2 s−1 for molecular
solids [59]. Over the inter-pulse timescales in Figure 5 (500 μs to
2ms), heat induced by the laser will have traveled approximately
4–8 μm from the edge of the irradiated region. This is of same
order as the distance between pulses (4 μm), suggesting that any
residual heat imparted by a preceding pulse, will likely contrib-
ute to material ejection from the next pulse.

Secondly, CHCA is known to exhibit what is termed the Bshot
effect,^ whereby the ion signal from a fixed sample position
decreases with successive laser shots, theorized to be resulting
from a mixture of photochemical-induced [60] and
thermochemical-induced changes in the matrix [41]. It has been
reported that while DHB ismore stable, CHCA readily undergoes
a variety of reactions upon melting, resulting in a reduction of
absorption at 355 nm and an increase in fluorescence emission
intensity [61], both of which are known to reduce detected ion
intensities in UV-MALDI MS [22, 43, 62, 63]. The decrease in
YOLZwithCHCAwhen operating at the higher repetition ratemay
then be a result of increased photo- and thermo-degradation of the
matrix within the irradiated area, potentially further evidenced by
the previous observed zones in the AFM phase data for this
matrix (Figure 1b). This would further explain why the trend in
ion yields (Figure 5) for this matrix did not correlate with amount
of material ejected (Figure S4).

The results show that raster mode is able to achieve a similar
degree of limits of detection to spot mode, as long as an
appropriate pulse energy and repetition rate are used. Although
care must be taken, optimizing these parameters as they are not
consistent across different raster speeds and behavior is highly
dependent on the matrix employed.

Conclusions
By using well-defined model systems and volumetric measure-
ments of material ejection, we demonstrate absolute ion yield
measurements under a range of different UV-MALDI MSI
sampling conditions. To the authors’ knowledge, this is the

Figure 5. Change in olanzapine ion yield (YOLZ) with pulse
energy under equivalent irradiation conditions. Data shows ras-
ter mode acquisitions where the raster speed and laser repeti-
tion rate conditions resulted in four pulses delivered per mi-
crometer of travel. All data is normalized to pixel size
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first study to report on absolute ion yields in UV-MALDIMSI,
and should serve as a useful aid for the optimization of acqui-
sition parameters in UV-MALDI MS imaging experiments.

We determine that analyte ion yields for the systems studied
span approximately 10−9 to 10−6 ions per desorbed molecule,
supportingmore recent lower estimates of UV-MALDIMS ion
yields. Better characterization of commercial MSI instruments
would enable more accurate measurements of ion yield to be
conducted in the future, and a thorough inter-comparison of
commonly used instrumentation in UV-MALDIMSI, andMSI
in general, would be of great use to the wider community.
Additionally, to gain a clearer picture of complex behaviors
evidenced by our results, it would be useful to extend these
measurements, incorporating a wider range of pulse energies,
repetition rates, and raster speeds, as well additional matrix
compounds and analytes. Inclusion of other relevant UV-
MALDI MSI experimental parameters such as laser spot size,
beam profile, and oversampling mode acquisition would also
be highly informative. The observed similarities in ion yield
between raster and spot mode provide assurance to UV-
MALDI MSI users that continuous raster acquisition mode
can be utilized with little impact to limits of detection, as long
as appropriate steps are taken to ensure suitable laser parame-
ters are applied. This caveat highlights the benefits proper
knowledge of laser conditions can provide to optimization of
UV-MALDI MS imaging experiments.

The significant observed differences in material ejection
between the studied conditions suggest that beyond widely
accepted influences on resolution (laser spot size, step size,
matrix crystal size, and degree of analyte delocalization), other
factors such as properties of the matrix utilized, laser pulse
energy, repetition rate, and beam profile can have significant
effects. In particular, proposed definitions for image resolution
in UV-MALDI MSI relying on only one or a few of these
conditions are in danger of over-simplifying a highly complex
process. The results highlight the drawbacks of using lasers
with Gaussian beam profiles, and suggest that the adoption of
more suitable beam profiles should be seriously considered.

Because there are known differences in matrix behavior
between thin film systems, like those studied here, and matrix
on tissue, it is necessary to further explore the results obtained
here in a tissue imaging context. With this in mind, a series of
experiments are underway to determine the influence of sam-
pling parameters on ion yields and image resolution in UV-
MALDI MS imaging of tissues.
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