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A Cost-Effective Hybrid Method For Homogeneous Matrix
Coating in Matrix-Assisted Laser Desorption/Ionization
Mass Spectrometry Imaging Using Simultaneous Spin
and Spray Deposition
Lanaia Ítala Louzeiro Maciel, Jussara Valente Roque,* Almir Custodio Batista Junior,
Gabriel Henry Morais Dufrayer, Naará da Silva Balbino, Keilah Valéria Naves Cavalcante,
Marcos Divino Ferreira Junior, Andrea Rodrigues Chaves, and Boniek Gontijo Vaz*

A cost-effective, thin-film spin-coating method for homogeneous
matrix deposition in matrix-assisted laser desorption/ionization
mass spectrometry imaging (MALDI-MSI) is presented. In this
method, the matrix solution is nebulized directly onto the sample
surface during continuous rotation in the spin coater, enabling
simultaneous spraying and centrifugal spreading for uniform film
formation. Although spin coating produces highly uniform matrix
layers, its widespread adoption in MALDI-MSI is hindered by the
high cost of commercial instruments. To address this limitation,
an in-house spin coater is developed and optimized. A fractional

factorial design identified flow rate, matrix volume, and rotation
speed as the most critical parameters for achieving uniform depo-
sition. Under optimal conditions (60 psi, 10 μL·min�1, 400 μL, and
10 cm at 35 a.u.), the system produces homogeneous matrix films
across entire glass slides. The effectiveness of this integrated
spray during spin method is demonstrated by imaging the dis-
tinct spatial distributions of key lipids and metabolites in mouse
brain, strawberry, and carrot tissues. This work establishes the in-
house spin coater as a feasible and robust tool for enhancing
reproducibility and data quality in routine MALDI-MSI workflows.

1. Introduction

Mass spectrometry (MS) is an essential tool in a wide range of
scientific areas, including biomedicine, food science, plant metab-
olomics, and environmental analysis.[1,2] Its high sensitivity and
molecular specificity allow for the detailed characterization of
complex samples, enabling the identification of metabolites,
lipids, peptides, and other analytes of interest. While conventional
MS methods based on direct infusion or chromatographic

separation are well established, they typically lack spatial context,
which is essential for studying heterogeneous systems and local-
ized molecular processes.[1,3,4]

Mass spectrometry imaging (MSI) overcomes this limitation
by providing spatially resolved molecular information, allowing
analytes to be mapped directly on the surface of tissues, slides,
food products, or plant materials.[5–7] Among MSI techniques,
matrix-assisted laser desorption/ionization (MALDI) is widely
employed to generate 2D ion density maps, providing valuable
insights into the spatial distribution. In MALDI-MSI, the sample
surface is coated with an organic matrix that assists in the desorp-
tion and ionization of analytes upon laser irradiation.[5,8,9] The
quality, homogeneously, and thickness of the matrix layer are
key factors influencing analytical performance.[10]

Matrix application methods, such as robotic spraying and sub-
limation, are commonly used in MALDI workflows, each offering
benefits in terms of reproducibility or spatial fidelity.[11,12]

However, these techniques may require high-cost instrumenta-
tion or present challenges related to analyte delocalization or
matrix crystallization.[13] Spin-coating has emerged as a promising
yet underutilized approach for matrix deposition. In our
approach, the matrix solution is nebulized directly onto the sam-
ple surface during spin coater rotation, allowing centrifugal forces
to spread the matrix uniformly in a single integrated step. This
technique utilizes centrifugal force to produce homogeneous,
thin films with high control over thickness and surface morphol-
ogy, potentially enhancing the consistency and reproducibility of
MALDI-MSI data.[13]
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Despite its potential, the use of spin coaters in MALDI-MSI
remains limited, mainly due to the high cost of commercial sys-
tems.[14] As a solution, low-cost in-house spin coaters have been
developed using repurposed components and open-source
hardware. Nevertheless, the success of matrix deposition via
spin-coating depends on multiple parameters, including spin
speed, deposition volume, and solvent property, which require
careful optimization to achieve optimal performance.[15,16] By
integrating the spray application with continuous rotation, this
method simplifies matrix deposition and reduces reliance on
complex or expensive equipment. In this study, we propose
the use of Design of Experiments (DoE) strategy to optimize
matrix deposition using a low-cost, in-house-built spin coater.
By systematically evaluating the influence of key deposition
parameters, our goal is to establish a reproducible and accessi-
ble protocol for MALDI-MSI sample preparation. This integrated
spray during spin approach was validated across different types
of samples, including mouse brain tissues, fruits, and vegetables,
highlighting its versatility and robustness under varying surface
and morphological conditions.

2. Experimental Section

2.1. Chemicals and Reagents

Methanol HPLC-grade (>99.9%) was purchased from Tedia
Company (Fairfield, USA). Ultrapurified water was obtained from
MS2000 WFI equipment (Gehaka, São Paulo, Brazil). Optimal cut-
ting temperature (OCT) compound, trifluoroacetic acid (≥99%)
and 5-dihydroxybenzoic acid (DHB) were acquired from
Sigma–Aldrich (Massachusetts, USA). Indium-tin-oxide (ITO)-
coated glass slides were purchased from Bruker Daltonics
(Bremen, Germany).

2.2. Construction and Operation of the in-House Spin Coater

The in-house spin coater used for matrix applications was con-
structed based on the design reported by Blaskievicz et al.[17]

Their study demonstrated a homemade spin coater made with
repurposed electronic components, proving to be a low-cost
and efficient alternative for uniformly depositing thin films on
surfaces. The device was capable of producing coatings with
thickness variations of less than 5%, offering performance com-
parable to that of commercial equipment. Building on this design,
the developed device employs a brushless direct current (BLDC)
motor and the platter from a discarded hard disk drive (HDD) as
the rotating platform for matrix deposition. The system is con-
trolled by an Arduino Uno R3 microcontroller board, which man-
ages a 32A electronic speed controller (ESC). The operational
logic is based on reading an analog signal from a potentiometer,
which serves as the user interface for speed adjustment. The ana-
log value is mapped to a calibrated operational range between
70° and 85° using the Servo.h library, representing the minimum
threshold required to initiate rotation and the maximum safe

operating speed for the assembled system. This signal is then
sent to the ESC to modulate the power supplied to the motor,
thus controlling its rotational speed. To provide a more intuitive
user interface, the same potentiometer value is converted to a 0–
100 scale and displayed on an (OLED) organic light emitting
diode screen, offering the operator visual feedback of the applied
speed level. However, the system does not directly measure the
actual rotational speed in revolutions per minute (RPM), instead
relying on estimated values based on the pulse width modulation
(PWM) signal, in which the duty cycle of the pulses controls the
effective power delivered to the motor. Spin-coating enables pre-
cise control over spin parameters, allowing for reproducible and
homogeneous matrix application suitable for MALDI-MSI sample
preparation. The entire system was assembled using a mix of
commercially available low-cost components and repurposed
electronic waste, emphasizing both cost-effectiveness and sus-
tainability. A detailed list of materials, including quantity, source
(purchased or reused), and estimated cost, is provided in (Table
S1, Supporting Information).

As illustrated in Figure 1, the in-house spin coater features a
rotating platform equipped with an (LCD) liquid crystal display
for speed monitoring and control, which is assembled primarily
using repurposed electronic components. The setup also
includes a syringe pump and a nebulizing gas system, which
together enable the direct application of the matrix solution
onto the sample slide. The matrix is nebulized continuously onto
the sample while the slide rotates, allowing centrifugal force to
spread the solution in real time and form a uniform layer. The
syringe pump delivers the matrix solution at a controlled and
reproducible flow rate, while the nebulizing gas facilitates the
formation of fine microdroplets, enhancing uniform coverage
of the sample surface. Figure 1 also summarizes the key param-
eters that influence matrix deposition via spin coating: A) gas
pressure, B) solution flow rate, C) matrix volume, D) distance
between the spray applicator and the substrate (height), and
E) rotation speed. A thorough understanding of how these var-
iables affect the deposition process is critical for achieving
uniform matrix distribution, a prerequisite for high-quality
MALDI-MSI data.

2.3. Sample and Matrix Preparation for MALDI-MSI

DHB was used as the MALDI matrix. A DHB solution (30mg mL�1

in methanol: water, 70:30 v/v) containing 1% trifluoroacetic acid
was uniformly applied to the tissue sections using an in-house
spin coater. During the process, the matrix was nebulized onto
the tissue surface while the sample was spinning, ensuring homo-
geneous spreading by centrifugal force. Brain tissues from mice,
as well as carrot and strawberry samples, were fresh-frozen at
�80 °C, embedded in OCT compound, and cryosectioned at
�20 °C using a Leica CM3050 S cryostat (Leica Microsystems
A/S, Germany) at a thickness of 15 μm for brain tissue, and
100 μm for carrot and strawberry. The resulting tissue slices were
mounted on ITO-coated glass slides and stored at �80 °C until
MALDI analysis. Prior to matrix application, the tissue sections
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were placed in a desiccator for 20min to reduce residual moisture
and improve matrix crystallization.

2.4. MALDI-FT-ICR MSI

MALDI-MSI analyses were performed using a 7 T solariX 2xR
Fourier-transform ion cyclotron resonance mass spectrometer
(FT-ICR-MS) (Bruker Daltonics, Bremen, Germany), equipped with
a commercial MALDI ion source and a Nd:YAG laser operating at
355 nm. The instrumental parameters were set as follows: laser
power at 65%, 250 laser shots per pixel, laser repetition rate of
1000 Hz, plate offset at �100 V, and the deflector plate to
�220 V in negative ion mode. For positive ion mode: laser power
at 60%, 220 laser shots per pixel, laser repetition rate of 1000 Hz,
plate offset was set to 100 V, and the deflector plate to 220 V. A
data reduction factor of 99% was applied. Spectra were acquired
in magnitude mode with a transient size of 2 MW, using 2ω detec-
tion and a single scan across the m/z range of 140–1000. Matrix
peaks of DHB at m/z 153.020 (negative ion mode) and m/z
273.045 (positive ion mode) were used as lock-masses to ensure
mass accuracy within �2 ppm. The mass resolving power was
100,000 at m/z 404.93123. MALDI images were acquired with a
spatial resolution of 50 μm. Raw data were exported as .imzML
and .ibd files using Scils Lab 2016a software (Bruker Daltonics,
Bremen, Germany), and further processed in MATLAB 2024a
(MathWorks, Natick, MA, EUA). Data processing, including binning
(0.01 Da bin width), normalization to the total ion current (TIC),
and Gaussian smoothing (σ= 1.5), were performed in-house
using custom MATLAB scripts.

2.5. Matrix Application Optimization

Matrix deposition via spin-coating was optimized using a multi-
variate approach to determine the optimal process conditions
with a reduced number of experiments. The experimental design
aimed to ensure homogeneous matrix deposition onto the slide
surface, using a simultaneous spray during spin approach. In this
context, homogeneity refers to the uniform spatial distribution of
matrix ions across the surface, which is essential to ensure repro-
ducible ionization efficiency and signal consistency in MALDI-MSI.
Inhomogeneous matrix layers can cause variations in ion signal
intensity, negatively impacting the reliability of molecular imag-
ing. Therefore, homogeneity is not only a desired physical prop-
erty of the deposited layer but a key factor influencing the
analytical quality of the imaging data.[18]

The selection of variables and their respective levels was
guided by preliminary experiments employing the in-house spin
coater, along with insights from a recent study by our research
group (Bernardo et al.[19]). The chosen factors and their levels
were chosen based on their demonstrated impact on the matrix
deposition process. Hence, key parameters including nebulizing
gas pressure, solvent flow rate and volume, distance between
the applicator and the slide (height), and spin coater rotation
speed, were evaluated using a 25�2 fractional factorial design
with a central point. Each variable was assessed at low, medium,
and high levels, as detailed in Table 1. The design comprised
eight experimental runs, along with a central point analyzed
in quintuplicate.

Each chemical image, derived from the spatial distribution
map of the matrix ion, was analyzed using macropixel analysis

Figure 1. In-house spin-coater components and the main influential factors on spin-coating process.
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and the Poole homogeneity index. Macropixel analysis quantifies
the heterogeneity of pixel clusters by dividing the image into
nonoverlapping square macropixels and comparing their inten-
sity variation.[20] This segmentation enables the calculation of
the mean pixel intensity (XM) and the standard deviation of pixel
intensities (Sd), as described in Equations (1) and ( (2) ).

XM ¼ 1
p

Pp
i¼1Xi (1)

Sd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPp

i¼1 ðxi � XMÞ2
p� 1

s

(2)

Homogeneity, in this context, reflects the degree to which
components are randomly distributed within the image. To esti-
mate this parameter, the original image was compared to a ran-
domized version containing the same pixel values but arranged
without spatial order. From this comparison, the mean standard
deviation of macropixels in the original image (MSDI) and in the
randomized image (MSDR) was determined, as shown in Equation
(3). These values were then used to calculate the Poole index,
from which the Poole homogeneity ratio (H%P) was derived
Equation (4).

MSD ¼ 1
mp

Pmp
i¼1Sdi (3)

H%p ¼
MSDI

MSDR

∗ 100 (4)

Therefore, H%P calculated values were used as response for
the fractional factorial design 25�2 as a measure of the homoge-
neity of the applied matrix. To determine the optimal deposition
condition, a desirability function was applied aiming to maximize
the H%P value, with desirability increasing as the index
approached 100, which represents a reference for ideal spatial
homogeneity.[21] The influence of each factor was evaluated
based on the normal probability plot of standardized effects,
allowing the identification of statistically significant variables
contributing to matrix deposition homogeneity. All image

processing, calculations and statistical treatment were performed
using custom-developed algorithms in MATLAB 2024a.

3. Results and Discussion

3.1. MALDI-FT-ICR MSI Analysis

To investigate the performance of matrix deposition under differ-
ent conditions, specificm/z values related to DHB were selected for
monitoring during MALDI-FT-ICR MSI analyses. Due to the acidic
nature of DHB, an experimental design was primarily developed
in the negative ion mode, where the molecule shows higher ioni-
zation efficiency.[22] Accordingly, m/z 153.020 and 307.031 were
monitored in the negative ion mode, while m/z 273.045 and
313.032 were tracked in the positive ion mode, as illustrated in
Figure 2. In all conditions tested, the matrix solution was applied
using a simultaneous nebulization while spinning approach, in
which the DHB solution was sprayed continuously during substrate
rotation to ensure even distribution by centrifugal force.

The selection of m/z 153.020 in the negative ion mode cor-
responds to the deprotonated DHB molecule [DHB–H]�, consis-
tent with its ability to form negative ions.[23] The ion at m/z
307.031 likely represents a deprotonated DHB dimer [2DHB–
H]� (Figure 2A), which is commonly observed under conditions
of dense matrix crystallization or in the presence of specific sol-
vent effects.[24] Although DHB possesses acidic hydroxyl and car-
boxylic groups that facilitate deprotonation and favor ion
generation in the negative mode, it is predominantly used as
a MALDI matrix in the positive ion mode. This preference is attrib-
uted to the nature of the MALDI desorption/ionization plume,
where abundant reactive species such as [Mþ H]þ, [MþNa]þ,
and [Mþ K]þ are generated through proton and cation transfer
from the matrix to the analyte via collisions that occur within the
rapidly expanding plume initiated by ultraviolet laser irradia-
tion.[22,25] DHB also forms matrix clusters that can coionize with
analytes, further promoting the formation of diverse adducts,
such as protonated dimers and trimers, and enhancing ionization
efficiency in positive ion mode.[22] Therefore, we included m/z
273.045 [2DHB-·2H2Oþ H]þ and 313.032 [2DHB-H2OþNa]þ in
positive mode as representative signals of DHB and its clusters
or adducts (Figure 2B).[26] The inclusion of these values aimed
to demonstrate the efficiency of matrix distribution in both ioni-
zation conditions, corroborating the robustness and versatility of
the matrix coating method developed in this study.

3.2. Multivariate Optimization to Matrix Deposition via
Spin-Coating

Spin-coating is a highly recommended method for the deposition
of thin films and substrates in applications requiring rapid and
homogeneous coverage. This efficiency arises from the combina-
tion of centrifugal force and the surface tension of the applied sub-
strate, which, under high-speed rotation, enables uniform coating
over the entire surface.[27] Such characteristics are particularly

Table 1. Experimental variables and their codified and decodified levels
used in the fractional factorial design for matrix deposition optimization
via spin-coating.

Variables Codified levels

�1 0 þ 1

Decodified levels

Pressure [psi] 40 50 60

Flow [μL.min�1] 10 15 20

Volume [μL] 200 300 400

Height [cm] 5 10 15

Rotation [au]a) 35 45 55

a)au: arbitrary unit.
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advantageous for matrix deposition in chemical imaging by MALDI
FT-ICR MSI. In this technique, it is essential that thematrix coating is
spatially uniform across the entire sample, as ionization of the ana-
lytes relies heavily on the matrix. A homogeneous matrix layer
ensures that all analytes are ionized in a similar manner, resulting
in more accurate spatial representations of the molecular distribu-
tion within the sample, which is an aspect of critical importance in
chemical imaging protocol. In our setup, the spin-coating process
involves real-time nebulization of thematrix solution onto the sam-
ple while it is rotating, allowing centrifugal force to promote uni-
form distribution immediately upon deposition.

In the context of matrix deposition for MALDI-FT-ICR MSI, an
in-house spin coater was constructed using electronic waste, fol-
lowing the approach described by Blaskievicz and colleagues.[17]

This low-cost device was integrated into our setup and enabled
continuous nebulization of the DHB matrix during sample rota-
tion. Preliminary experiments revealed a marked dependence
of ionization efficiency on key spin-coating parameters, reinforc-
ing the need for systematic optimization to ensure homogeneous
matrix application and reliable spatial molecular imaging.

Before implementing the multivariate optimization, prelimi-
nary experiments were conducted using the nebulization system
without sample rotation. These initial trials revealed poor repro-
ducibility and highly uneven matrix coverage, especially at the
edges of the sample surface, likely due to the absence of centrif-
ugal force to assist in matrix spreading. These limitations compro-
mised matrix homogeneity and ion signal consistency. Therefore,
a rotating platform was introduced to enhance distribution uni-
formity during nebulization, forming the basis for the integrated
spin and spray approach adopted in this study.

To investigate the influence of the main spin-coating param-
eters on matrix deposition homogeneity for MALDI-FT-ICR MSI, a
multivariate optimization was carried out using a fractional fac-
torial design 25�2, evaluating five factors in two levels. This
approach allows the assessment of both individual and interac-
tion effects among the variables while reducing the number of
experimental runs. Table 2 and Figure 3 present the 13

Table 2. Experimental conditions from the 25�2 fractional factorial design
and the corresponding calculated homogeneity indices (H%P) for matrix
deposition, based on MALDI-FT-ICR MSI images in negative ion mode.

Experiments Pressure
[psi]

Flow
[μL.min�1]

Volume
[μL]

Height
[cm]

Rotation
[au]a)

H
%P

1 40 10 200 15 55 83

2 60 10 200 5 35 99

3 40 20 200 5 55 70

4 60 20 200 15 35 84

5 40 10 400 15 35 99

6 60 10 400 5 55 86

7 40 20 400 5 35 81

8 60 20 400 15 55 71

9 50 15 300 10 45 85

10 50 15 300 10 45 85

11 50 15 300 10 45 84

12 50 15 300 10 45 85

13 50 15 300 10 45 85

a)au: arbitrary unit.

Figure 2. Mass spectra of DHB acquired in both A) negative and B) positive ion modes by MALDI-FT-ICR MSI. In negative mode, the ions at m/z 153.020
([DHB–H]�) and 307.031 ([2DHB–H]�) were monitored, while in positive mode, m/z 273.045 [2DHBþ ·2H2OþH]þ and 313.032 [2DHBþH2OþNa]þ were
selected. These ions were used as markers to evaluate the efficiency and reproducibility of matrix deposition under different experimental conditions.
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experiments, which were conducted in a random order. In each
experiment, DHB was selected as the MALDI-FT-ICR MSI matrix,
and its spatial distribution (m/z 153.020) was used as a parameter
to evaluate the homogeneity of matrix application via the spin-
coating process. Accordingly, the DoE experiments were con-
ducted on ITO-coated slides without samples, onto which thin
layers of the DHB matrix were deposited by continuous nebuli-
zation during spinning. The ion image corresponding to m/z
153.020 was used as a parameter for homogeneity assessment.
Homogeneity was accessed using Poole homogeneity ratio
(H%P), and these indices were used as response for the performed
a fractional factorial design.

Figure 3 presents the spatial distribution of the DHB matrix
(m/z 153.020), which was applied by nebulization simultaneously
with substrate rotation using the spin-coating device, for the 13
experiments conducted within the fractional factorial design.
These ion images clearly demonstrate that the selected factors
influence the homogeneity of matrix deposition. Based on these
spatial distributions, H%P were calculated by comparing the orig-
inal images to their randomized counterparts, which retain iden-
tical pixel intensity values within a different spatial organization.
For this purpose, each ion image was segmented into ten macro-
pixels (10� 7 array) of size 10� 10 pixels. The H%P index was
subsequently used as the response (dependent variable) in the
experimental design, enabling the assessment of how each factor
at low, medium, and high levels affects matrix deposition
homogeneity.

Initially, the standardized effects of each factor on matrix
homogeneity were evaluated through a normal probability
plot, enabling the identification of the most influential factors
in the in-house spin-coating process. This type of plot is a
fundamental tool in DoE approaches, as it enables the visual
identification of the most influential factors on a given
response by distinguishing statistically significant effects from

random variations. Figure 4 demonstrates the normal proba-
bility plot of the factors evaluated in the fractional factorial
design. By evaluating the magnitude of t-value and the devia-
tion of the expected normal values, it is evident the influence of
the flow rate and rotation speed on the matrix homogeneity on
a spin coater process. Both factors exhibited negative stan-
dardized effects, indicating that increasing either parameter
led to a decrease in the homogeneity of matrix deposition.
In contrast, gas pressure, matrix volume, and height of the
spray nozzle despite being part of the integrated nebulization
rotation process demonstrated minimal effects on the matrix
homogeneity.

To better understand the influence of each factor within the
studied range, the desirability function was applied. This
approach, commonly employed in DoE, aims to identify the opti-
mal levels of individual factors that either maximize or minimize
the response of interest. The desirability function is scaled from
0 to 1, with values closer to 1 indicating conditions that are more

Figure 3. MALDI ion images of the DHB matrix ion at m/z 153.020 acquired in negative ion mode, obtained from each experimental condition tested in
the fractional factorial design. All images were normalized to relative intensity and displayed on a consistent 0%–100% scale.

Figure 4. Normal probability plot of standardized effects from the 25�2

fractional factorial design, illustrating the influence of each deposition
parameter on matrix homogeneity (H%P) in MALDI-FT-ICR MSI.
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favorable or aligned with the target process outcome. In the con-
text of matrix deposition via spin coating, the desirability function
was constructed to maximize matrix homogeneity while main-
taining operational feasibility.

Therefore, the fractional factorial design allowed the assess-
ment of the desirability profile of each factor in the studied levels,
observed in Figure 5. The desirability plot provided a simulta-
neous visualization of the predicted response behavior and
the corresponding desirability function. The dashed red line in
each desirability plot represents the optimal level of the corre-
sponding factor, as determined by the global desirability func-
tion. This position indicates the specific setting that, in
combination with the other factors, contributes to maximizing
the overall desirability of the process outcome. Once more, it
became clear that flow rate and rotation were the most influential
parameters on the spin coating process.

Alongside, the desirability function provided the surface con-
tour plots, which are a valuable tool to understand the experi-
mental space in two dimensions. These plots combine two
factors and illustrate how the experimental space responds to
their simultaneous variation, thereby facilitating the identification
of potential synergistic effects between them and supporting
informed decision-making. The color scale used in the contour
plots represents the magnitude of the desirability function, rang-
ing from 0 (least desirable) to 1 (most desirable). This gradient
provides an intuitive visual cue for identifying regions of higher
or lower desirability within the experimental space. In this study,
contour surface plots (Figure 6) were analyzed to identify the
optimal region within the experimental space, represented by
the warmer areas. These findings are consistent with the previ-
ously observed desirability profiles, confirming that the highest
desirability was achieved when both flow rate and rotation speed
were set at their lower levels, while the matrix volume was at its
highest. Additionally, the plots reinforced that height and gas
pressure had minimal influence on the matrix deposition process.
The overall flatness of the contour surfaces further indicates the
absence of synergistic interactions between the evaluated
factors.

Overall, increasing the matrix flow rate negatively impacted
the uniformity of matrix deposition on the sample surface, likely
due to difficulties in forming a stable spray. Experimentally, a flow
rate of 20 μL.min�1 led to droplet formation in the spray, even
under tested nebulizing gas pressure was applied. It is important
to note that the pressure range investigated was sufficient to
ensure matrix delivery onto the slide. Additionally, the effect
of matrix volume on deposition homogeneity can be attributed
to the thickness of the applied matrix layer. Lower flow rates pro-
moted more controlled deposition of thinner layers, promoting
the formation of small, homogeneous crystals. In contrast, higher
flow rates tend to cause oversaturation of the surface, resulting in
the formation of larger, irregular crystals that compromise both
the homogeneity of the matrix and the ionization efficiency of
analytes.

Similarly, rotation speed significantly influenced matrix
homogeneity. In the spin coating setup, the sample slide was
mounted on a rotating platform and different rotation speeds
were applied. The fractional factorial design revealed that lower
rotation speeds favored more homogeneous matrix distribution.
This effect can be attributed to the influence of rotation on sol-
vent evaporation dynamics. At higher rotation speeds, rapid
evaporation of the matrix solvent likely occurs, leading to the for-
mation of irregular and heterogeneous crystals. In contrast,
slower speeds allow for more gradual evaporation, providing a
controlled environment for nucleation and crystal growth.
Additionally, centrifugal force may contribute to the observed
effects. As rotation speed increases, the centrifugal force may
drive the matrix solution outward, causing uneven distribution
from the center toward the edges of the slide. This centrifugal
dispersion was visually evident at the end of the deposition pro-
cess. Therefore, lower rotation speeds promote more homoge-
neous matrix deposition by enabling uniform crystal formation
and minimizing dispersive effects.

The fractional factorial design also revealed the positive effect
of increasing the volume of matrix solution applied. Notably,
higher volumes led to greater deposition homogeneity, which
can be attributed to the increased amount of DHB mass delivered

Figure 5. Desirability plots for each variable in the fractional factorial design, showing the influence of deposition parameters on the homogeneity index
(H%P) in MALDI-FT-ICR MSI. The blue dashed line represents the maximum desirability (1.0), while the red dashed line indicates the optimal value for each
parameter.
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onto the slide, ensuring complete and uniform matrix coverage.
Furthermore, the design demonstrated that the height of the
spray source and the nebulizing gas pressure had minimal influ-
ence on matrix deposition using the spin-coating approach, sug-
gesting that variations in these parameters were not significant
for the homogeneity of the deposited layer.

The fractional factorial design led to the optimal condition for
matrix deposition homogeneity in MALDI-FT-ICR MSI analyses.
This optimal condition was achieved under the following condi-
tions: gas pressure of 60 psi; application flow rate of 10 μL.min�1;
applied volume of 400 μL; height of 10 cm; and rotation speed
of 35 au. The optimal point was evaluated in quintuplicate
(Figure 7), assessing matrix deposition homogeneity in both
negative ion mode (m/z 153.020 and m/z 307.031) and positive
ion mode (m/z 273.045 and m/z 313.032). These experiments
demonstrated high matrix homogeneity, with H%P values reach-
ing up to 99%.

3.3. Optimized MALDI FT-ICR MSI Protocol on Biological and
Plant Tissue Slices

The optimized matrix deposition condition was applied to the
analysis of several real samples, including mouse brain tissue, car-
rot, and strawberry. Mouse brain tissue sections were analyzed by
MALDI-FT-ICR MSI in negative and positive ion mode, yielding
chemical images with excellent spatial resolution (Figure 8). It

is important to note that the slight angulation observed in some
tissue sections, such as those shown in Figure 8, results from the
mounting procedure of the tissue slices on the ITO slides and is
unrelated to the matrix application method. During the spin-
coating process, the tissue sections remain securely fixed to
the slide surface, and the rotational speeds employed are care-
fully controlled to avoid mechanical stress or damage. Therefore,
the spin and spray method does not alter tissue morphology or
compromise sample integrity prior to MALDI-MSI analysis. Among
the detected ions, prominent signals at m/z 862.609 (error:
0.98 ppm; intensity: 9.2� 105) and m/z 878.594 (error:
1.01 ppm; intensity: 4.7� 106) were observed, corresponding
to the sulfated sphingolipids SHexCer 40:1;O2 and SHexCer
40:1;O3 (see the mass spectra in Figure S1A, Supporting
Information). These lipids exhibited predominant distribution
in the corpus callosum, a region rich in myelinated fibers, consis-
tent with the structural role of SHexCer in maintaining the myelin
sheath. Furthermore, these species have been associated with
neuroinflammatory and demyelinating processes in neurodegen-
eration models. These ions have been previously mapped in
MALDI-FT-ICR MSI studies of brain tissue, demonstrating charac-
teristic localization in myelinated regions such as the corpus
callosum.[28–30]

In positive ion mode, were observed m/z 810.601 attributed
to phosphatidylcholine PC (38:4) [Mþ K]þ (error 0.95 ppm;
intensity: 6.8� 105), and m/z 828.523, corresponding to

Figure 6. Desirability surface contours plots for pairwise combinations of deposition parameters evaluated in the 25�2 fractional factorial design. The plots
illustrate the effect of each variable interaction on the predicted desirability, which was calculated to maximize the homogeneity index (H%P) in MALDI-FT-
ICR MSI experiments. Warmer colors indicate regions of higher desirability.
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phosphatidylserine PS (36:1) [Mþ H]þ (error 0.97 ppm; intensity:
3.6�105) (Figure S1B, Supporting Information). Both lipid species
were predominantly localized within the corpus callosum,
although with distinct relative intensities. This colocalization sug-
gests a region-specific accumulation of these phospholipids,

which may be associated with the structural and functional spec-
ificity of the corpus callosum, a white matter region rich in mye-
linated axons. The higher signal intensity of PC (38:4) may reflect
its abundance in myelin sheaths or its role in maintaining mem-
brane integrity and signaling within oligodendrocytes. In con-
trast, the lower abundance of PS (36:1), despite being
codetected in the same region, may indicate its more specific
involvement in cell signaling or apoptotic processes. These find-
ings highlight the capability of MSI to discriminate subtle varia-
tions in lipid composition within anatomically defined brain
regions. Consistent with our results, previous MALDI-MSI investi-
gations have demonstrated the regional distribution of PC (38:4)
and PS (36:1) within the corpus callosum, highlighting their
enrichment in myelin-rich structures and their potential roles
in membrane architecture and cell signaling in the central ner-
vous system.[31–33]

In addition to brain tissue, the optimized matrix deposition
protocol was successfully applied to plant-based samples.
MALDI FT-ICR MS analysis of a carrot slice, acquired in negative
and positive ion mode, enabled the detection of key metabolic
constituents with high spatial resolution and mass accuracy
(Figure 9). In the negative ion mode, two prominent ions were
detected: m/z 145.060 attributed to Glutamine [M� H]� (error
0.97 ppm; intensity: 1.6� 106), and m/z 353.085, corresponding
to Chlorogenic acid [M� H]� (error 0.76 ppm; intensity:
8.3� 106) (Figure S2A, Supporting Information). Glutamine, a cen-
tral amino acid in nitrogen assimilation and amino acid biosyn-
thesis, showed widespread distribution with higher intensity in

Figure 8. Ion images obtained by MALDI FT-ICR MSI in both negative and
positive ion modes from mouse brain tissue sections, acquired using the
optimized matrix deposition protocol via spin coating. The ions at m/z
862.609 and m/z 878.594, corresponding to the sulfated sphingolipids
SHexCer 40:1;O2 and SHexCer 40:1;O3, respectively, exhibit predominant
localization in the corpus callosum. In the positive ion mode, the ions at
m/z 810.601 attributed to PC (38:4) [M� K]þ and m/z 828.523 correspond-
ing to PS (36:1) [Mþ H]þ,show distinct spatial distributions across the brain.
A schematic representation of the mouse brain is included to highlight the
corpus callosum region and aid anatomical orientation.

Figure 7. MALDI-FT-ICR MSI ion images of four selected matrix-related ions acquired from five replicates under the optimized deposition condition estab-
lished by the fractional factorial design. The images include two ions acquired in negative ion mode (m/z 153.020 and m/z 307.031) and two in positive
ion mode (m/z 273.045 and m/z 313.032). All images were normalized to relative intensity and evaluated for spatial uniformity using the Poole homogene-
ity index (H%P).
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the outer cortex, suggesting active metabolic and defense pro-
cesses in peripheral parts.[34,35] Chlorogenic acid, a phenolic anti-
oxidant involved in plant defense and stress regulation, was
predominantly localized in the core and inner pulp, with low
intensity in the transition zone, indicating spatial control of phe-
nolic accumulation.[36] Notably, these same ions were also
identified in a previous by liquid chromatography coupled to
MS (LC-MS) analysis of carrot biomass, supporting their relevance
as characteristic metabolites of this matrix.[37]

In the positive ion mode, we observedm/z 381.079, attributed
to sucrose [Mþ K]þ (error 0.79 ppm; intensity: 3.9� 107), andm/z
537.445, corresponding to β-carotene [Mþ H]þ (error 0.94 ppm;
intensity: 8.3�106), (see the mass spectra in Figure S2B,
Supporting Information). Sucrose, a key transport sugar and
energy source, was abundant throughout the slice, except for
a marked reduction in the central pith, possibly reflecting lower
metabolic activity in this region.[38] In contrast, β-carotene, a pre-
cursor of vitamin A and a major antioxidant pigment, showed
high intensity across most of the tissue, with decreased levels
at the pulp–core boundary, suggesting localized regulation of
carotenoid accumulation.[39] These findings are consistent with
previous MALDI-MSI studies that successfully detected β-carotene
in carrot and disaccharides such as sucrose in apple and proc-
essed food samples like veal sausage, demonstrating the capabil-
ity of this technique to resolve a broad spectrum of metabolites,
ranging from highly nonpolar pigments to polar sugars, across
various food matrices.[40–42]

MALDI FT-ICR MSI analysis was also applied to strawberry sli-
ces, which is a fruit widely consumed for its appealing flavor and
rich nutritional profile, including sugars, organic acids, flavonoids,
and vitamins.[43,44] Analyses in both negative and positive ion
modes enabled spatial mapping of key metabolites within the
slice (Figure 10). In the negative ion mode, two main compounds
were identified: m/z 179.055 attributed to Hexose [M� H]� (error

0.54 ppm; intensity: 9.7� 105) and m/z 191.018 correspond to
Citric Acid [M� H]� (error 0.20 ppm; intensity: 7.4� 107)
(Figure S3A, Supporting Information). The presence of sugars
(such as fructose, glucose, and sucrose) in strawberries is well
documented in the literature, as these molecules play a role in
defining the fruit’s sweet flavor.[45,46] Hexoses are central to met-
abolic pathways and contribute to the biosynthesis of phenolic
compounds. In our study, hexose exhibited strong and wide-
spread signal intensity across the tissue, supporting its physiolog-
ical significance. Citric acid, the predominant organic acid in
strawberries, was also detected with high abundance and uni-
form spatial distribution. As a key metabolite in the tricarboxylic
acid cycle, it plays an important role during ripening. Citric acid
(m/z 191.018) was detected with high abundance and uniform
spatial distribution. This finding aligns with prior metabolomic
reports and reinforces its value as both a biochemical and sensory
marker in strawberry slice.[46,47]

In positive ion mode, two anthocyanins were identified: m/z
433.113, corresponding to pelargonidin-3-O-glucoside [M]þ (error
0.23 ppm; intensity 2.9� 106), and m/z 535.108 attributed
to cyanidin-3-O-malglucoside [M]þ (error 0.47 ppm; intensity
1.1�106) (Figure S3B, Supporting Information).[45,48,49] These com-
pounds are directly associated with the characteristic red-to-pink
pigmentation of strawberries and represent key metabolites
involved in the visual and nutritional attributes of the fruit.[49]

As shown in Figure 10, both pigments exhibited similar spatial
distribution patterns, with higher signal intensities detected in
the inner regions of the tissue, gradually decreasing toward
the outer skin. This spatial distribution aligns with previous finds
that indicate the accumulate of anthocyanins in the pulp and
internal layers during specific ripening stages of the fruit.[44,45]

Both the analysis of mouse brain tissue and the evaluation of
plant slices from carrot and strawberry demonstrated the high
efficiency of the spin-coating protocol, which integrates

Figure 9. Ion images obtained by MALDI-FT-ICR MSI in both negative and
positive ion modes from carrot tissue sections, acquired using MALDI FT-
ICR MS. In the negative ion mode, m/z 145.060 and m/z 353.085 corre-
spond to Glutamine ([M� H]�) and Chlorogenic Acid ([M� H]�), respec-
tively. In the positive ion mode, the ions at m/z 381.079 and m/z 537.445
correspond to sucrose ([Mþ K]þ) and β-carotene ([Mþ H]þ), respectively.
These ion images reveal the spatial distribution of metabolites across the
carrot section, highlighting differential localization patterns. A schematic
representation of the carrot cross-section is included for reference.

Figure 10. Ion images obtained by MALDI-FT-ICR MSI in both negative and
positive ion modes from strawberry tissue sections. In the negative ion
mode, m/z 179.055 and m/z 191.018 correspond to Hexose ([M� H]�) and
Citric Acid ([M� H]�), respectively, showing distinct spatial distributions
throughout the fruit section. In the positive ion mode, two anthocyanins
were identified: m/z 433.113, corresponding to pelargonidin-3-O-glucoside
[M]þ, and m/z 535.108 attributed to cyanidin-3-O-malglucoside [M]þ. A
schematic representation of the strawberry cross-section is shown to sup-
port interpretation.
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controlled nebulization during rotation for matrix deposition in
promoting the ionization of endogenous compounds. The opti-
mized spin-coating approach provided accurate and reproduc-
ible spatial localization of the analytes, enabling reliable
inferences regarding their distribution within the samples.
These results agree with previous MALDI-MSI studies reported
in the literature, further validating our findings.

Notably, recent comparative studies using commercial matrix
application systems, such as the HTX M3þ sprayer and sublima-
tion techniques, have reported similar outcomes regarding ana-
lyte localization and image homogeneity.[15,50–52] In the present
work, a direct quantitative comparison with commercial systems
was not performed, as our main objective was to demonstrate the
feasibility and reproducibility of the in-house spin coater.
Nevertheless, our qualitative results support the effectiveness
of the in-house spin coater as a cost-efficient alternative, capable
of producing MALDI-MSI data of comparable quality for various
sample types. Collectively, these outcomes highlight the poten-
tial of this method to expand the frontiers of chemical imaging by
MALDI-MSI.

4. Conclusion

The results of this study highlight the effectiveness of a
custom-built- spin-coating based system, which integrates con-
trolled matrix nebulization during rotation, for achieving homo-
geneous matrix deposition in MALDI-MSI experiments. This
strategy provided a robust and reproducible means of applying
the DHB matrix as a thin film, which is essential for ensuring high
spatial fidelity in chemical imaging. By evaluating matrix distribu-
tion uniformity using the H%P metric, we demonstrated that our
optimized conditions consistently produced films with near-ideal
homogeneity.

The approach proved to be versatile and adaptable to differ-
ent sample types, including both biological (mouse brain) and
plant (strawberry and carrot) tissues, supporting high-quality spa-
tial ion distribution maps. Notably, the optimized matrix deposi-
tion procedure facilitated the ionization and visualization of
relevant endogenous compounds, including lipids, sugars, and
small organic acids, thereby confirming its broad applicability
across various sample classes.

Beyond the specific results presented, this work contributes
to the field by offering an accessible and low-cost alternative to
commercial deposition systems, with potential to democratize
high-performance MALDI-MSI analysis in laboratories with limited
resources. The combined use of systematic optimization and spa-
tial uniformity metrics establishes a solid foundation for further
development of hybrid matrix application techniques in MSI.
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