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ABSTRACT: Surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS) is a valuable technique for detecting
small molecules in environmental and medicinal studies. We investigated dot-like and 2D-array gold nanoparticle-based SALDI-MS
substrates that excite surface plasmons and enhance the desorption/ionization of sample molecules via charge transfer between the
substrate and sample molecules. We aimed to optimize the nondissociative detection of sample molecules by efficiently transferring
energy while suppressing excess internal energy. SALDI-MS measurements using crystal violet (CV) molecules revealed ion intensity
and spectral pattern differences between the dot-like and 2D-array substrates. SALDI-MS measurements using dot-like substrates
suggested two desorption/ionization processes: internal energy supply and charge transfer between the substrate and sample
molecules. However, SALDI-MS measurements using 2D-array substrates suggested that the internal energy supply was suppressed.
As a result, the dot-like substrate provided higher desorption/ionization efficiency but increased fragmentation, whereas the 2D-array
substrate was suitable for highly sensitive and nondissociative SALDI-MS measurements. This study contributes to the optimization
of SALDI-MS measurements and advances our understanding of energy transfer and sample molecule dissociation.

■ INTRODUCTION
Surface-assisted laser desorption/ionization mass spectrometry
(SALDI-MS) has become a powerful analytical tool for
detecting small molecules and has shown considerable
potential in environmental and medicinal investigations.1−3

Unlike matrix-assisted laser desorption/ionization MS
(MALDI-MS), SALDI-MS does not require the addition of
matrix molecules, thus eliminating background peaks from the
random dissociation of matrix molecules and sweet spots
because of the heterogeneity of the sample-matrix cocrystal.

SALDI-MS utilizes the absorption of laser irradiation by
inorganic materials on the substrate surface to facilitate the
desorption and ionization of sample molecules. This is
achieved through the transfer of energy from the substrate to
the analyte. The well-known mechanism of SALDI-MS
involves the desorption and ionization of the sample by
rapidly heating the substrate with laser irradiation, thus
transferring internal energy to the sample.4 Consequently,
most SALDI-MS substrates are designed with nanoscale
surface roughness to promote efficient energy transfer.
However, using high laser power to enhance sensitivity often

leads to increased dissociation of sample molecules due to
excess internal energy. This makes the nondissociative
detection and identification of sample molecules challenging.
Therefore, engineering the optical, structural, and thermal
properties of a nanostructure is crucial for developing a high-
performance SALDI substrate.

Various substrates have been reported for SALDI-MS,
including porous silicon,5−7 other surface-roughened materi-
als,8 surface-modified silicon with organic molecules for
capturing target molecules,9 and nanoparticle surfaces.10,11

Au nanoparticles (NPs) are especially promising candidates for
developing SALDI-MS substrates, owing to their high chemical
stability and the ease with which they can be functionalized
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based on Au-thiol interactions. Several studies have success-
fully utilized Au NPs in SALDI-MS for biomolecular analysis,
achieving the detection of low-mass metabolites with low
background noise.12−15 Moreover, the unique optical proper-
ties of Au NPs, such as surface plasmon (SP) excitation, which
is the collective oscillation of electrons, contribute to the
enhancement of the desorption and ionization processes in
SALDI-MS.16−18 This enhancement enables the detection of
analytes at lower concentrations, making Au NPs an attractive
option for trace analysis in complex biological samples.

We have previously reported on SALDI-MS substrates with
Au NP dots,16 Au thin films,17 and TiO2 NPs19 that utilize
energy transfer via charge transfer between the substrate and
sample in addition to internal energy transfer. In the Au-based
SALDI substrate, we showed that charge transfer based on SP
contributes to the efficient desorption and ionization of sample
molecules. We succeeded in detection of a significantly small
amount of analyte molecules, less than several hundred
zeptomoles using the Au NP dot substrate.16 However, when
peptides and sugars were measured with this substrate,
dissociated ions were observed due to the supply of excess
internal energy. On the other hand, in SALDI-MS measure-
ments using a smooth gold film,17 in which localized rapid
heating was less likely to occur, few dissociated ions from the
sample were observed, although the detection sensitivity was
lower than that of the Au NP dot substrate. This result
suggests that supplying energy to the sample by charge transfer
may result in less dissociation than when the internal energy is
transferred.

In this study, we investigated whether the efficient transfer of
energy from the substrate to the sample by charge transfer,
while suppressing the excess internal energy by rapid heating,
would lead to the nondissociative detection of sample
molecules by SALDI-MS. The first approach to testing this
hypothesis is to compare the nondissociative properties of
samples from two sample preparation methods that provide
different adsorption types, chemisorption and physisorption,
because effective charge interaction requires the chemisorption
of sample molecules on the surface.20,21 The second approach
compares the thermal diffusion effect using two SALDI-MS
ionization substrates. These SALDI-MS ionization substrates
have different arrangements: dotted Au NPs and 2D arrays of
Au NPs. A comparison of these SALDI-MS results will provide
important information about the relationship between the
energy transfer and dissociation of sample molecules, which
will improve the SALDI-MS measurements.

■ EXPERIMENTAL SECTION
Au NPs in Aqueous Solution. Au NPs in an aqueous

solution were purchased from British Biocell International for
SP excitation. Their diameter was 60 nm with a standard
deviation of 8%, and their density was 2.6 × 1010 particles/mL
in an aqueous solution. Au is chemically stable, and its surface
is difficult to oxidize; therefore, charge interactions would not
be disturbed by surface oxidation.
Fabrication of the SALDI-MS Substrates. Two

fabrication techniques were used to prepare SALDI-MS
ionization substrates. First, ionized substrates were prepared
by dropping the Au NP dispersion in an aqueous solution onto
an n-type (100) Si wafer purchased from Nilaco. Second, as
reported previously, two-dimensional Au NP arrays (2D
arrays) were formed at the liquid−liquid interface and then
moved onto n-type (100) Si wafers.22,23

Characterization of SALDI-MS Substrates. The fab-
ricated SALDI-MS ionization substrates were characterized by
using a scanning electron microscope (KEYENCE VK-9700).
Their optical properties were estimated from their absorption
efficiencies via an absorbance determination (SHIMADZU
UV-1600).
Laser Desorption/Ionization Mass Spectrometry. The

LDI-MS measurements in this study were performed in
positive ionization mode using our original LDI equipment, a
linear time-of-flight mass spectrometer with delayed extraction.
We used a Nd:YAG pulse laser as the light source for our LDI
measurements. The pulse train wavelength was 1064 nm with a
repetition rate of 10 Hz and a pulse width of 8 ns. The pulses
were frequency-doubled to a wavelength of 532 nm for SP
excitation of the Au NPs. The laser fluence was controlled with
a variable reflective neutral density filter and was set to range
from 80 to 280 μJ/mm2 after laser focusing. The area of the
focused laser spot was 0.5 mmφ (approximately 0.2 mm2).
Laser fluences were in the range of 80 to 280 μJ/mm2 for these
SALDI-MS measurements. With a fluence of 80 μJ/mm2, the
ionization substrates were irradiated with 2.0 × 1014 photons/
mm2.
Sample Molecules. Crystal violet (CV) molecules, which

are known to chemisorb on Au surfaces,24 were used as the
sample molecules. The CV molecules were dissolved in water
at a concentration of 50 μM.
Preparation of Sample Molecules on Ionization

Substrates. Two preparation techniques for the sample
molecules on the ionization substrates were used. The number
of CV molecules used in the measurements was set to be equal
to the number covering the Au NP surface as a monolayer
(several picomoles per square millimeter). The number of
adsorbed molecules was determined by estimating the surface
area of Au NPs and the adsorption area of a CV molecule. A
CV molecule consists of a central carbon atom connected to
three phenyl rings and one CV molecule can be considered to
be a circle with a diameter of 1 nm.25 Therefore, the number
density of CV molecules per unit area was estimated to be 1.3
× 1012 molecules/mm2. During the first sample preparation
technique, 1 μL of the prepared CV aqueous solution at a
concentration of 50 μM was dropped onto fabricated
ionization substrates. This sample preparation technique is
referred to as the drop method. During the second sample
preparation technique, fabricated ionization substrates were
dipped into the prepared CV aqueous solution with a
concentration of 50 μM. After immersion for 15 min, the
ionized substrate was rinsed with deionized water to remove
unabsorbed CV molecules. The 15 min immersion time was
determined through surface-enhanced Raman scattering spec-
troscopy in our previous study of the Au NPs-CV system.26

This sample preparation technique is termed the dip method.
This procedure provided flat adsorption of the CV molecules
as a single layer, while the drop technique resulted in random
adsorption. In addition, this dipping method did not change
the density of the Au NPs on the ionization substrate.

■ RESULTS AND DISCUSSION
Figure 1a shows a scanning electron microscopy (SEM) image
(×18,000) of an ionization substrate prepared by the first
fabrication technique. The Au NPs were dispersed randomly
on a Si wafer with a density of several tens of particles per
square micrometer. Although multiple substrates were
fabricated, the number density of the Au NPs was consistently
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reproduced, indicating no significant differences among the
prepared ionization substrates. The substrate prepared using
the first fabrication technique is referred to as a dot-like
substrate. Figure 1b shows an SEM image (×18,000) of the
ionization substrate prepared using the second fabrication
technique. The Au NPs were arranged in a plane like a 2D
array, and their density was 300 particles/μm2, which is at least
ten times greater than that of the dot-like substrate. In this
paper, the substrate prepared using the second fabrication
technique is termed a 2D-array substrate.

The reflectance spectra of the dot-like and 2D-array
substrates are shown in Figure 2 and represented by dashed
and solid lines, respectively. The dot-like substrate exhibited
apparent optical absorption at a wavelength of approximately
520 nm, corresponding to the SP excitation of isolated Au NPs.
Conversely, the 2D-array substrate displayed a red-shifted and
broadened absorption peak compared with that of the dot-type
substrate. This behavior is known to occur when Au NPs are in
contact with each other. Both substrates could excite SP with
the 532 nm laser used in this study. Our previous work showed
that substrates capable of inducing SP excitation exhibit
significant enhancement effects in surface-enhanced Raman
scattering measurements.26 In addition, a positive correlation
was found between the signal intensities of surface-enhanced
Raman scattering and SALDI-MS when CV molecules were
used as samples.16 Therefore, we expected both substrates to

demonstrate a signal enhancement effect in SALDI-MS
measurements.

Figure 3a shows the SALDI-MS spectrum of CV molecules
on a Si wafer prepared by using the drop method. As shown in
Figure 3a, Na+ (m/z = 23), K+ (m/z = 39), and impurities
were detected; however, no ions related to the CV molecules
were detected. This result indicates that under these
measurement conditions, the direct optical absorption by the
CV molecule at 532 nm had no effect on the detection of CV
molecules by SALDI-MS. Figure 3b,d shows the SALDI-MS
spectrum of CV molecules on an Au NP dot-like substrate
prepared using the drop method. Several peaks detected in this
spectrum were attributed to nondissociated CV ions (m/z =
372) and dissociated CV ions (m/z = 358, 344, 330, 328, 316,
314, 302, 300, 288, and 286). An m/z difference of 14
corresponds to methyl groups (−CH2) as the CV molecules
have six methyl groups.27 The ions at m/z = 328, 314, 300, and
286 are 2 smaller than the ions at m/z = 330, 316, 302, and
288, respectively, and may be dehydrated species. Figure 3c
shows the SALDI-MS spectra of the CV molecules on the Au
NP dot-like substrate prepared using the dip method. As
shown in Figure 3c, more than half of the CV molecules were
detected as nondissociated ions, and their intensity was more
pronounced than that shown in Figure 3b. In these three
SALDI-MS measurements, the fluence of the irradiating laser
was the same (280 μJ/mm2); under the condition without Au
NP dots, no CV-related ions were detected, as shown in Figure
3a; therefore, all detected ions in Figure 3b,c are considered to
have received a signal enhancement effect by SP excitation.

Although the experimental conditions were the same except
for the sample preparation method (drop or dip method),
apparent differences were observed in the SALDI-MS spectral
patterns and ion intensities, as shown in Figure 3b,c. In the
drop method, after the CV solution was dropped and
thoroughly dried, the surface of the dot-like substrate exhibited
uneven coloration, and this substrate exhibited poor spot-to-
spot reproducibility in SALDI-MS measurements. This uneven
color indicates that when the substrate was prepared by the
drop method, CV molecules were present on the Au NPs in
various states, such as stacked and chemically or physically
adsorbed. In this case, since charge interactions occur only
with molecules directly adsorbed on the surface of the Au NPs,
many of the stacked CV molecules cannot receive energy from
the charge interactions.

However, when the substrate was prepared using the dip
method, the spot-to-spot reproducibility was higher than that

Figure 1. SEM images of Au nanoparticles with a diameter of 60 nm
on Si substrates prepared using two different fabrication techniques:
(a) a dot-like substrate and (b) a 2D-array substrate.

Figure 2. Absorption spectra of Au NPs/Si substrates: the dot-like
substrate (dashed line, left axis) and 2D-array substrate (solid line,
right axis).
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of the substrate prepared by the drop method, suggesting that
the CV molecules were uniformly adsorbed on the Au NPs.
This uniform adsorption of CV onto the Au NPs occurred
because only chemisorbed CV molecules were present on the
first layer of the Au NP surface, whereas the physically
adsorbed CV molecules were washed away by the dip method.
In this case, the CV molecules can receive energy through
internal energy transfer and charge interactions. Therefore, the
difference in the form of the energy supply based on the
different adsorption conditions of the CV molecules on the Au
NPs may be responsible for differences in the spectral patterns
and signal intensities. We have previously reported that the
desorption/ionization mechanism of Au NPs is related to local
heating and charge interactions based on SP excitation.16

Moreover, we reported that SP excitation with suppression of
the internal energy supply reduces the fragmentation of sample
molecules using SALDI-MS measurements with attenuated
total reflection.17 From these reports, we assumed that the
differences in the fragment patterns between these two SALDI-
MS spectra were due to the quantity of the supplied internal
energy.

Here, we discuss the effect of the internal energy supply
from the dot-shaped substrate to the CV molecules adsorbed
on the surface on the spectral pattern when the sample is
prepared using the dip method based on the measurement of
the dependence of the SALDI-MS spectral pattern of the CV
molecules on the laser fluence. Figure 4 shows the normalized
SALDI-MS spectra of CV molecules under different laser
fluences ranging from 80 to 280 μJ/mm2. The small peak
detected at a slightly higher m/z than that of nondissociated
CV was attributed to the isotopic peak of CV and will not be
discussed here. A higher laser fluence resulted in a larger total
quantity of detected ions (amount and intensity) and a higher
fragment ratio of dissociated to nondissociated CV ions (Table
1). The higher laser fluence provided a considerable amount of
energy to the Au NPs through SP excitation; therefore, the
increase in the fragment ratio can be attributed to the large
amount of laser energy received. However, this result alone
makes it difficult to discuss the relationship between the
increase in the fragment ratio and energy supply.

We focused on the peak shape in more detail to further
analyze the relationship between the laser fluence and the
nondissociated CV ions at an m/z of 372. Figure 5 illustrates
that at low laser fluence levels (80 and 100 μJ/mm2), the peak
was a single sharp component. However, the peak became a
mix of sharp and broad components at intermediate and high
fluences, respectively. Theoretically, ions with the same m/z
should exhibit the same kinetic energy and flight time at the
same accelerating voltage. However, the peak width broadened
because of the distribution of the initial kinetic energy from the
desorption of the sample before reaching the acceleration
plates. In other words, the peak width reflects the kinetic
energy distribution during desorption. Based on this
consideration, the nondissociated CV ions at intermediate
and higher fluences had two dispersed initial kinetic energies
upon desorption from the dot-like substrate, suggesting that

Figure 3. SALDI-MS spectra of CV molecules on a (a) Si wafer, (b) dot-like substrate prepared by the drop method, (c) dot-like substrate
prepared by the dip method, and (d) a magnified view of (b). Laser fluence was set at 280 μJ. Each mass spectrum was integrated over 32 shots of
measurements.

Figure 4. Normalized SALDI-MS spectra of CV molecules on the
dot-like substrate prepared using the dip method under different laser
fluences from 80 to 280 μJ/mm2. Each mass spectrum was integrated
over 32 shots of measurements.
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the desorption/ionization process of the nondissociated CV
ions on the dot-like substrate had two different mechanisms.

In contrast, the peaks at m/z values of 358 and 344
corresponding to the dissociated ions exhibited only broad
components. Furthermore, all of the dissociated ions in Figure
3d also had only broad components. These dissociated ions are
produced by an increase in the internal energy; therefore, the
broad components of these SALDI-MS spectra may corre-
spond to desorbed ions produced by the internal energy
supply.

Table 1 shows the ion intensity and number of ions at an m/
z of 372 and fragment ratio of dissociated ions to non-
dissociated ions for both the dot-like and 2D-array substrates.
These two ionization substrates had comparable signal
intensities for a nondissociated ion at m/z = 372 under all

laser fluence conditions. Regarding the integrated intensity of
the peaks, there is a significant increase in the integrated
intensity for the dot-like substrate with increasing laser fluence,
attributable to the broad components mentioned above. The
2D-array substrate has ten times more CV molecules than the
dot-like substrate per SALDI-MS measurement because the
number of monolayered CV molecules is proportional to the
total surface area of Au NPs in the irradiated laser spot.
Regarding the signal intensity, the dot-like substrate demon-
strated a better desorption/ionization efficiency compared to
the 2D-array ionization substrate. The 2D-array ionization
substrate can overcome the disadvantages of its lower
desorption and ionization efficiency by increasing the effective
surface area of the ionization substrate.

However, the fragment ratio of the 2D-array substrate
became much smaller than that of the dot-like substrate with
increasing laser fluence. This result indicates that the Au NP
array affects the soft desorption/ionization capacity of the
sample in the SALDI-MS measurement, because the
experimental conditions for sample preparation and laser
irradiation are almost identical. The arrangement of Au NPs on
the 2D-array substrate may suppress thermal energy transfer
from the SP-excited Au NPs to the CV molecules because
excessive internal energy transfer contributes significantly to
the fragmentation of the sample molecules.

One Au NP in the 2D-array ionization substrate was in
contact with air, SiO2 (oxide layer of the Si wafer), CV
molecules, and other Au NPs, as shown in Figure 1b. Among
these materials, Au exhibits the highest thermal conductivity
(314 W/mK).28 Therefore, we assumed that almost all of the
internal energy stored in one Au NP through SP excitation
diffused to neighboring Au NPs. In contrast, in the dot-like
substrate, most of the Au NPs did not come into contact with
other Au NPs. Therefore, the thermal energy stored in one Au
NP resulting from SP excitation should dissipate to the SiO2
surface because SiO2 has the highest thermal conductivity
value of 1 W/mK among these materials.29 Nevertheless, the
thermal conductivity of SiO2 is much lower than that of Au.
Consequently, the amount of thermal energy that diffused
from one Au NP to the SiO2 surface was significantly lower
than that that diffused to neighboring Au NPs, and the Au NP
surface temperature in the dot-like ionization substrate was
much higher immediately after laser irradiation than that in the
2D-array ionization substrate. Therefore, a higher temperature
of the dot-like ionization substrate is believed to lead to a
higher fragment ratio than that of the 2D-array ionization
substrate.

Additionally, previous research has indicated that the
lifetime of the SP phenomenon is very short, lasting less
than one picosecond. Moreover, our previous study demon-
strated that electrons excited by SP caused charge interactions
between the sample molecules and surfaces of Au NPs within
200 fs.21 Therefore, the electrons involved in SP excitation
could not diffuse to distant locations and immediately
interacted with the sample molecules on the Au NP surface.
In contrast, thermal diffusion from the Au NPs to the
surrounding medium occurs on a time scale ranging from
subpicoseconds to nanoseconds. These considerations suggest
that the 2D-array substrate suppresses the supply of thermal
energy in the SALDI-MS measurements.

From these discussions, the Au NP surfaces used as SALDI-
MS substrates supply two types of energy: thermal energy and
charge interaction. Thermal energy is a good desorption/

Table 1. Effect of the Laser Fluence on the m/z = 372 Ion
Intensity and Fragment Ratios of Dissociated to
Nondissociated Ions by the Dip Method Using Dot-like or
2D-Array Substratesa

laser fluence (μJ/mm2)

peak ion inten-
sity at m/z =-

372 (V)

integrated in-
tensi-

tyatm/z=372(-
V)

frag-
ment ratioofdis-

soci-
ated ions tonon-
dissociated ions

dot-
like

2D-
array

dot-
like

2D-
array

dot-
like

2D-
array

80 0.2 0.2 0.3 0.3 0.04 N.D.
100 0.6 0.4 0.9 0.7 0.05 N.D.
130 1.9 0.8 5.2 1.2 0.20 0.005
160 1.9 1.3 5.9 3.1 0.17 0.13
230 2.2 2.9 13.0 8.0 0.49 0.18
280 3.9 4.1 30.7 13.0 0.58 0.20

aIon intensities are both the peak value signal intensity and the
integrated intensity, which considers the peak width.

Figure 5. Comparison of normalized SALDI-MS spectra of CV
molecules on the dot-like (dashed line) and the 2D-array (solid line)
substrates prepared using the dip method under different laser
fluences from 80 to 280 μJ/mm2. Each mass spectrum was integrated
over 32 shots of measurements.
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ionization source; however, excess thermal energy leads to the
dissociation of sample molecules and reduced m/z resolution.
On the other hand, charge interaction caused no broadening of
the nondissociated ion peak. The dot-like substrate produced a
high S/N ratio with fewer ions. The dot-like substrate can
supply these two types of energy in ample quantities because of
its significant absorbance of 532 nm laser irradiation and
becomes a highly sensitive SALDI-MS substrate. However, the
balance of these two types of energy generated on a dot-like
substrate is not favorable for SALDI-MS measurements with
soft ionization. However, the 2D-array ionization substrate,
which overcomes the balance of these two types of energy, can
be a useful SALDI-MS ionization substrate for high sensitivity
and nondissociative SALDI-MS measurements among conven-
tional SALDI-MS ionization substrates. This substrate is
expected to enable a more practical analysis of sample
molecules with low m/z values.

We performed SALDI-MS measurements of practical sample
molecules using this 2D-array ionization substrate and the dip
technique. Figures 6a, b, and c show the SALDI-MS spectra
obtained for angiotensin II, substance P, and reserpine
molecules, respectively, using the 2D-array ionization substrate

with the dip preparation technique. Angiotensin II with a
molecular weight of 1046.2 g/mol and substance P with a
molecular weight of 1347.6 g/mol are peptide molecules
commonly employed as standard LDI-MS samples, including
MALDI-MS and SALDI-MS. As illustrated in Figure 6a,b, our
SALDI-MS system enabled the detection of intact peptide ions
such as [M+H]+, [M+Na]+, and [M+K]+. Reserpine, with a
molecular weight of 608.7 g/mol, is a medical agent frequently
used in various medications such as ataractic and blood-
pressure-lowering drugs. Figure 6c shows the detection of
nondissociated reserpine ions at m/z 609 with sufficient
sensitivity. The enlarged spectrum of reserpine in Figure 6c
shows several peaks around m/z 607, which correspond to
ionized dehydrogenated forms of reserpine and not dissociated
reserpine molecules.30 Furthermore, reserpine is a molecule
where fragment ions are easily observed at m/z 195 and 397,31

but few of these fragment ions were observed. This indicates
that our SALDI-MS measurement system provides a soft
ionization/desorption process.

■ CONCLUSIONS
In summary, we compared two types of ionization substrates, a
dot-like substrate and a 2D-array substrate, for SALDI-MS
measurements. The dot-like substrate consisted of randomly
dispersed Au NPs on a silicon wafer, while the 2D-array
substrate contained Au NPs arranged in a two-dimensional
array. The reflectance spectra of the substrates showed
differences in optical absorption, owing to the arrangement
of the Au NPs. Both substrates were expected to enhance the
signal in SALDI-MS measurements. The experimental results
revealed that using the dip method for sample preparation on
the 2D-array substrate yielded better reproducibility and more
uniform adsorption of the sample molecules compared to the
drop method on the dot-like substrate. The desorption-
ionization mechanism of the Au NPs is related to local heating
and charge interaction based on SP excitation. A higher laser
fluence increased the total quantity of ions detected and the
fragment ratio of the dissociated ions. The dot-like substrate
showed a higher desorption/ionization efficiency but also a
higher fragment ratio than the 2D-array substrate. The
arrangement of Au NPs in the 2D-array substrate suppressed
internal energy transfer and reduced fragmentation. The 2D-
array substrate demonstrates soft ionization and desorption
capabilities and is suitable for SALDI-MS measurements of
various sample molecules with high sensitivity and reproduci-
bility.
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