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Matrix-assisted laser desorption ionization (MALDI) and surface-assisted laser desorption ionization (SALDI)
mass spectrometry (MS), which can detect biomolecules and polymers, are widely used in biochemistry and
material science. Some compounds that are difficult to ionize using MALDI can be ionized using SALDI. How-
ever, it is difficult to obtain high ion yields using SALDI/MS. In this study, a fabricated platinum (Pt) film with
nanostructures on the sample surface using a sputtering method was evaluated to determine the optimal metal
film for ion yield in SALDI. The surface morphology of the Pt film was analyzed using scanning electron
microscopy (SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM), X-ray reflec-
tivity (XRR), and ultraviolet-visible-near-infrared (UV-Vis-NIR) reflectance spectroscopy. The SEM, AFM,
and TEM images of the Pt film showed the deposited metal film giving high ion yields of polyethylene glycol
(PEG) in SALDI/MS with a Pt film (Pt-SALDI) that had a rough surface. The densities and reflectivity of films
were analyzed by XRR and UV-Vis-NIR. The higher ion yields of PEG were obtained by Pt-SALDI with the Pt
films with lower densities and reflectivity. This indicates that the deposition conditions for the Pt films signifi-
cantly improved the ion yield in Pt-SALDI/MS. The Pt-SALDI has ionization capabilities different from those
of MALDI. Therefore, optimization of Pt film for SALDI/MS and the MS imaging allows more compounds to
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be detected with higher sensitivity.
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INTRODUCTION

Matrix-assisted laser ~ desorption/ionization (MALDI)
employs UV-absorbing low-molecular-weight organic com-
pounds as matrices for facilitating ionization. The target
molecules are desorbed and ionized by irradiating the
matrix-sample co-crystals with a UV pulse laser.”” The
MALDI is a soft ionization technique that can ionize high
molecular weight peptides and proteins without decompo-
sition.* Furthermore, synthetic polymers and oligomers
can be ionized by MALDL>® In MALDI mass spectrometry
(MALDI/MS), a raster analysis can be performed by scanning
the stage of the sample plate with each acquisition of the mass
spectrum. MALDI/MS imaging has been reported as an appli-
cation of raster analysis.”® MALDI mass spectrometry imag-
ing (MSI) has been used for the localization analysis of lipids

and drugs in animal tissue sections.”'” Therefore, MALDI/MS,
which combines MALDI with MS, is widely used in proteom-
ics, metabolomics, and pharmaceutical and material sciences.
Achieving the homogeneous co-crystallization of the sam-
ple and matrix molecules, selecting an appropriate matrix,
and using slices of animal tissue to suppress charge-up are
necessary to obtain high-quality spectra using MALDI/MSI.
Several sample preparation methods have been proposed
for MALDI/MSI. Techniques such as automatic spraying
devices for matrix solutions,''™*® chemical vapor deposition
(CVD)," and two-step deposition methods'>'® have been
developed for obtaining small and uniform crystals. These
methods provide higher reproducibility than the traditional
air-spray application methods used for matrix solutions.
Furthermore, matrix selection is a crucial factor for achieving
high sensitivity. The ion yield of the target molecules depends
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on the physicochemical properties of both the sample and
the matrix in MALDI. Matrices of polymers and biologi-
cal materials have been reported.'”'¥ The increase in the
number of matrices for MALDI also increases the number
of analytes that can be detected with high sensitivity using
MALDI/MS. However, there is no universal matrix, and there
are still compounds for which desorption ionization is diffi-
cult in MALDI. Surface-assisted laser desorption/ionization
(SALDI) has been used to ionize such compounds.

In SALDI, reports have utilized UV-absorbing materials
such as graphite,'” metal nanoparticles,” and metal films*' "
as ionization aids. Slicing the sample to suppress the charge-up
is not essential for using conductive metal films as UV-
absorbing materials in SALDI. This SALDI method simplifies
sample preparation because it does not require optimization
of the matrix-sample crystallization conditions required by
MALDI. The MALDI/MS interprets the mass spectrum in the
low-molecular-weight region attributed to the numerous peaks
originating from the matrix. By contrast, SALDI can employ
UV-absorbing materials that are not ionized.* In addition,
SALDI, which has ionization capabilities different from those
of MALDI, has been reported.? Therefore, SALDI can be used
as a complementary method to MALDI.

Uniform metal films for SALDI can be obtained easily and
automatically deposited on metal using sputtering® or mist
CVD methods.*” The metal films can be controlled at the
nanometer level in both the X-Y plane and thickness. They
are suitable for high-throughput analytical techniques such
as SALDI/MSL* Platinum (Pt) films fabricated by sputtering
exhibit different ion yields in SALDI/MS depending on the
deposition conditions: deposition time, sputtering power,
pressure, and ambient gas. During sputtering, these condi-
tions result in different surface morphologies of the obtained
metal films. Thus, the morphology is related to the ion yield
in SALDI. In this study, SALDI/MS was performed on Pt films
fabricated under various conditions. The Pt films were ana-
lyzed using scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy
(AFM) to evaluate the relationship between the ion yield and
surface morphology. In addition, the density and reflectivity
of the films were measured using X-ray reflectivity (XRR) and
ultraviolet—visible-near-infrared (UV-Vis-NIR) reflectance
spectroscopy to determine their physical properties.

EXPERIMENTAL

Materials

The silicon substrate was obtained from ASONE (Tokyo,
Japan); reagent-grade acetone was purchased from WAKO
Pure Chemical Industries (Osaka, Japan); and polyethylene
glycol (PEG; Mw 600) was purchased from Tokyo Chemical
Industry (Tokyo, Japan). A Pt disc (99.99% purity, diameter:
50 ¢ x 0.3 mm; Furuuchi Chemical Corporation, Tokyo,
Japan) was used as the sputtering target.

Sample preparation

The ion yield in SALDI was evaluated using standard PEG
applied uniformly to a sample plate. PEG was prepared in ace-
tone at a concentration of 1.0 mg/mL. The PEG solution (5.0
mL) was dropped onto a Si substrate for spin coating, and the
substrate was spun at 1000 rpm for 1 min using a spin coater
(MS-A200, MIKASA, Tokyo, Japan). Then, the substrate was

Vol. 13 (2024), AO154

Table 1. Summary of the different methods for Pt deposition.

Pt film Gas Pressure (Pa) Deposition time (s)
1 Ar
2 Air 1P
3 Ar
10 Pa
4 Air 28
5 Ar 20 Pa
6 Air
7 Ar 1Pa
8 Air
9 Ar 10 Pa 30
10 Air
11 Ar 20 Pa
12 Air
13 Ar 1Pa
14 Air
15 Ar 10 Pa 60s
16 Air
17 Ar 20 Pa
18 Air

vacuum-dried in a desiccator to obtain a Si substrate uniformly
coated with PEG. A Pt film was deposited on the sample sub-
strate using a magnetron sputtering device (SVC-700RF I,
SANYU ELECTRON, Tokyo, Japan) for Pt-SALDI/MS. The
sputtering conditions were set at a sputtering power of 100 W
and a distance of 10 cm between the metal target and the sam-
ple. The ambient gas in the sputtering system was either Ar or
air, and the pressure was set to 1, 10, or 20 Pa. Sputtering was
performed at deposition times of 5, 30, and 60 s. Pt films were
fabricated under these conditions and evaluated. The experi-
mental condition in sputtering is listed in Table 1.

Measurements

SALDI/MS is performed using the MALDI/MS instru-
ment. A JMS-S3000 SpiralToFTM-plus time-of-flight mass
spectrometer (JEOL, Tokyo, Japan) was used for the SALDI/
MS measurements. The instrument was equipped with an
Nd:YLF laser operated at 349 nm. The delay time was set as
100 ns. All measurements were performed in the positive
ion and spiral modes. The laser intensity, detector voltage,
and laser frequency were set as 60%, —1500 V, and 250 Hz,
respectively. MS data analysis was performed using the soft-
ware msTornado™ Analysis (JEOL, Tokyo, Japan). Each
measurement was performed three times, and the average
ion intensities were summarized. Each mass spectrum was
obtained by accumulation of 100 laser shots, and each shot
was performed at a different spot.

SEM was performed using a Hitachi High-Technologies
S-4800 field-emission scanning electron microscope (Tokyo,
Japan). The measurements were performed at an accel-
erated voltage of 10 kV. The TEM measurements were
conducted using a Hitachi High-Technologies H-9500 trans-
mission electron microscope (Tokyo, Japan). A Hitachi
High-Technologies FB2100 (Tokyo, Japan) was used for
the focused ion beam (FIB) measurements; the sample was
thinned by processing stepwise decreasing accelerating
voltages from 30 to 10 kV; the accelerating voltage was 200
kV. AFM measurements were performed using a Hitachi
High-Technologies AFM5300E atomic force microscope
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Fig. 1. Pt-SALDI mass spectra of PEG with each Pt film: (A) Pt film 1, (B) 7, (C) 10, and (D) 16. Pt-SALDI,

Pt film surface-assisted laser desorption ionization.

ESAr (film 1,3,5,7,9, 11, 13, 15, 17)

I Air (film 2, 4, 6, 8, 10, 12, 14, 16, 18)

5000000 I
oS Deposition time: 5 s ! Deposition time: 30 s ! Deposition time: 60 s
o
2 1 Pa 10Pa | 20 Pa : 1Pa | 10Pa 20 Pa : 1Pa 10Pa | 20Pa
g & 1 1
g3 i i
Q
&~ 1 1
it : :
7 ! !
8= I I
e : :
g3 1 I
o 1 1
& 1 1
s E 1 1
5.2
< 1 2 '3 4 °5 6 7 8 9 10 11 12 13 14 "15 16 17 18
Pt film No.

Fig. 2. Yields of PEG ions in Pt-SALDI/MS. Pt-SALDI/MS, Pt film surface-assisted laser desorption ionization/

mass spectrometry; PEG, polyethylene glycol.

(Tokyo, Japan). A silicon probe (SI-DF40) was used for
scanning in the DFM mode at a scanning speed of 0.5 Hz.
The measurement area was a 500 nm square and evaluated
at 512 x 256 pixels. The XRR measurements were per-
formed using a PANalytical X’Pert PRO-MRD instrument
(Almelo, Overijssel, The Netherlands). Cu-Ka radiation
was used as the X-ray source with a generating voltage/cur-
rent of 45 kV/40 mA, respectively. The measurement range
was 0.1-6.0°, with measurements taken at 0.015° intervals
and each step taking 5 s. UV-Vis-NIR spectrophotometry
(Hitachi U-4100, Tokyo, Japan) was used for analyzing the Pt
films deposited on the silicon substrates. The measurements
were conducted in the wavelength range of 240-800 nm, eval-
uating the reflectivity at an incident light angle of 25° with a
scan speed of 300 nm/min and a sampling interval of 1 nm.

RESULTS AND DISCUSSION

Ion yield of PEG obtained by SALDI/MS with
a Pt film

The PEG was analyzed by SALDI/MS using Pt films pre-
pared under deposition conditions 1-18. The mass spectra

of Pt-SALDI/MS with Pt films 1, 7, 10, and 16 are shown in
Fig. 1 and Supplementary Figure 1. In the spectra, sodium-
adducted ions of PEG n = 2-30 were observed. The adducted
sodium ions to PEG are contaminants from the environment.
Detected m/z 481.26 is [M,, _ ,,+Na]* for the exact mass of
481.26. SALDI/MS with Pt film 10 affords high PEG ion
yields. Each film was analyzed by Pt-SALDI three times. Ion
intensities of sodium-adducted ions for PEG n = 2-30 were
accumulated. The accumulated ion intensities were averaged
and summarized in Fig. 2.

In the SALDI/MS experiments using Pt films 1-6 prepared
at 1, 10, and 20 Pa with a deposition time of 5 s, the highest
ion yields of PEG were obtained with Pt film 1. In the film
prepared under air with a deposition time of 5 s, film 4 gave
the highest ion yield. On the other hand, the ion yields were
higher for deposition under air than under Ar at a deposition
time of 30 s. At this deposition time, the highest ion yield was
obtained with 10 Pa. P values from obtained ion intensities by
Pt-SALDI/MS were calculated (Supplementary Table 1). The
p values in film 10 and films 16, 12, and 18, giving high ion
intensity, were 0.252 and 0.112, respectively. Both p values
were more than 0.05. On the other hand, the p values in films
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Fig. 3. SEM images of (A) Pt film 10 and (B) Pt film 7, and AFM images of (C) Pt film 10 and (D) Pt film 7. SEM,

scanning electron microscopy.

4 and 10; 4 and 16; 6 and 12; and 6 and 18 were less than 0.05.
Significant differences were identified in these p values. For
sputtering in the air at 10 and 20 Pa, the Pt films obtained
at a deposition time of 30 s and 60 s achieved significantly
high ion yields. There was not enough Pt in the 5 s deposition
under air and there was too much Pt in the 60 s deposition
under air for SALDI. The ion yields were significantly differ-
ent between 1 Pa and 20 Pa in the 30 s deposition. Films 13
and 17 had large RSD. In some cases of measurements, high
ion yields of PEG could not be obtained. It is conceivable that
the thick Pt film interfered with the passage of the produced
ions for SALDI to the detector. The films 7, 9, 11, 13, 15, and
17 formed under Ar gave similarly low ion yields. The size of
the obtained metal particles is highly dependent on pressure.
The difference in the size of the metal particles has affected
the ion yield.

The kinetic energy of the gas colliding with the metal
must be controlled to obtain the target film structure during
sputtering. The kinetic energy depends on the ionization
potential, which is related to the energy of the incident ions
and ionization fractions of the sputtered particles. The energy
of the incident ions affects the sputtering rate. The sputtering
rate of Pt under Ar is higher than that under air. At a con-
stant pressure and deposition time, Pt films become thicker
under Ar rather than in the air. Pt film 1 obtained under Ar
for a deposition time of 5 s gave high ion yields due to the
enough thickness. These results indicate that the surface
roughness and thickness are important for thin films for
SALDI.

The sputtered particles repeatedly collide with the gas,
decreasing their kinetic energy and changing direction. The
lower surface roughness of the metal film results in lower UV
absorption by surface plasmon resonance and a lower ion

yield in SALDI. The surface of a Pt thin film was analyzed to
evaluate these relationships directly and in detail.

Evaluation of the Pt film morphology

Although Pt films 10 and 7 were formed with the same
deposition time of 30 s, there was a significant difference in
their film thicknesses and the ion yield of PEG obtained by
Pt-SALDI/MS. Pt films 10 and 7 were analyzed using SEM
to compare their surface morphologies. The SEM images
are shown in Figs. 3A and 3B. The surface of Pt film 10 had
nanostructures in which the metal particles were stacked. The
black areas in the SEM images represent the pores. Ions gen-
erated by SALDI pass through these pores and are introduced
into the MS. Pt film 7 had a lower roughness, the metal par-
ticles in the film were densely packed, and a uniform metal
film with few pores was formed. The metal particles consti-
tuting the metal film of Pt film 7 are small, which results in
smaller and fewer pores. The Pt film was formed on the sam-
ple, and therefore, it was difficult for the samples underneath
the densely stacked film to be extracted into the gas phase
during desorption ionization. Thus, there are significant dif-
ferences in the ion yields of Pt films 10 and 7.

AFM was used to evaluate the surface roughness of the
films. The results are presented in Figs. 3C and 3D. In the
AFM image of Pt film 10, a rough surface was observed with
an average surface roughness S, of 0.51 nm. In the AFM
image of Pt film 7, the Sa was 0.14 nm, which indicates a sur-
face with no roughness. The surface roughness of Pt film 10
is approximately 10 times that of film 7. Pt film 10 contained
pores, and localized surface plasmon resonance occurred
at the prominent protrusion on the surface because of UV
laser irradiation, which led to a higher ion yield in SALDI.
A surface with fewer protrusions absorbed less UV light. It is
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Fig. 5. XRR spectra of (A) Pt film 10 and (B) Pt film 7. XRR, X-ray reflectivity.

conceivable that the temperature of the deposited Pt was suf-
ficiently lower than the melting point of Pt because there was
a distance of 10 cm between the metal target and the sample
substrate at a constant pressure in the system. Thornton*”
reported the effect of substrate temperature and gas pressure
on the structure of metal films with high melting points in
the zone model. The mean free path of the metal particles in
the system becomes shorter when the gas pressure is high,
and the movement direction of the metal particles changes
because of scattering from the collisions with the gas par-
ticles. Therefore, the particles were incident on the sample
substrate at an angle that affected the density of the film. The
SEM and AFM results for Pt films 10 and 7 were consistent
with those of the standard zone model.

Pt films 10 and 7 were also thinned using FIB, and the
obtained cross-sections were observed by TEM. The TEM
images are shown in Fig. 4. Each layer in the cross-section is
from the top to the bottom: Osmium, Pt, silicon oxide, and
silicon. Although the deposition times for Pt films 10 and 7
were the same, these images show significant differences in
film thickness, which can be attributed to the mean free path

for the deposition pressure and sputtering rate for the gas
properties. In addition, large pores with grayish areas were
observed in the Pt layer of the cross-section of Pt film 10. The
film had a low density because a uniform film structure could
not be formed. However, no pores were observed in Pt film 7.

The XRR analysis of the metal films was performed to
evaluate the density. The corresponding spectra are shown
in Fig. 5. Density and roughness were determined to fit the
XRR data to the simulated curves. The densities of Pt film 10
and Pt film 7 were found to be 6.64 and 20.96 g/cm?, respec-
tively. The surface roughness of film 10 is approximately 3
times that of film 7, which is consistent with the TEM and
AFM results. The surface roughness and density of the mate-
rials relate to their optical properties for surface plasmon
resonance. The UV reflectivity of each film was analyzed; the
results are presented in Fig. 6. The film with the highest ion
yield in SALDI exhibited a substantial decrease in UV reflec-
tivity. The decrease in reflection was attributed to the exci-
tation of the surface plasmons. At the wavelength of 349 nm
used by SALDI/MS, the reflectivity of Pt film 10 was ~50% of
that of Pt film 7.
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Fig. 6. UV-Vis-NIR diffuse reflectance spectra of Pt films 10 and 7.
UV-Vis-NIR, ultraviolet-visible-near-infrared.

The ion yield of the PEG is higher in SALDI/MS with
Pt films with lower densities and reflectivity. In addition,
the rapid heating of nanoscale protrusions is crucial for
SALDI. The surface properties of the films were important
for SALDLI. The results indicated that the optimal Pt film for
SALDI/MS had a low density and rough surface with low
UV reflectivity.

CONCLUSION

The Pt-SALDI/MS was performed using PEG samples pre-
pared by spin coating. The relationship between the surface
physical properties of the films and ion yield for SALDI was
evaluated. The Pt films were analyzed by SEM, AFM, TEM,
and XRR. Pt films with high surface roughness and low den-
sity exhibited high ion yields of PEG in Pt-SALDI/MS. The
rough surface of Pt film has low UV reflectivity.

A Pt film with a rough surface, low density, and low reflec-
tivity could potentially increase the ion yields of the target
compounds in SALDI/MS. The optimized Pt film for SALDI/
MS and the MS imaging allows more compounds to be
detected with higher sensitivity.
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