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Visible surface-assisted desorption/ionization mass spectrometry (SALDI-MS) has been investigated for 
several small macromolecules deposited on the graphite plate using laser radiation at 532 nm where most of the 
macromolecules are transparent. The graphite surface functioned well as a photon absorbing material and an 
energy transfer mediator for visible light. The results show that visible SALDI is a much softer ionization 
technique than UV-MALDI and FAB-MS in our results with synthetic macromolecules, PPG, PPGMBE and 
cavitand molecules. For the SALDI ofbiomolecules, glycerol as a proton source was essential with the graphite 
plate. As in visible SALDI, the role division of the photon absorbing material and the cationization agent can 
provide a generality in mass spectrometric analysis of macromolecules compared with MALDI using the dual 
functional matrix.
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Introduction

Laser desorption/ionization (LDI) is one of the powerful 
and well-proven methods in mass spectrometry. The key 
process in LDI is the rapid dissipation of energy followed by 
vaporization and formation of charged particles in a small 
volume. If a matrix is used as a photon absorbing mediator, 
the ionization technique is called matrix-assisted LDI 
(MALDI)1 and has become much more “soft”. The UV 
lasers are almost exclusively used for MALDI based on the 
strong electronic absorption of aromatic matrices,2 and 
several applications of IR lasers have appeared in the 
vibrational excitation of hydroxylated viscous molecules 
such as glycerol.3 Although general criteria for selecting 
good MALDI matrices have been presented,4 it is impossible 
to predict a priori if a compound will form a homogeneous 
solid solution with an analyte molecule.5 This difficulty has 
meant that the discovery of new matrix materials with 
desirable properties has been a matter of trial-and-error 
experimentation.

Most macromolecules have considerable absorption in the 
UV and IR regions, and the direct absorption of UV and IR 
laser radiation by analyte molecules can lead to dissociation 
of weak bonds in many macromolecules, making it difficult 
to observe the molecular ion.6 In spite of the general 
transparency of most macromolecules in the visible region, 
the visible LDI has attracted little attention due to the lack of 
an effective matrix. Only preliminary studies have been 
reported on the possibilities of visible MALDI using dye 
molecules, such as Rhodamine 6G and Neutral Red, as 
matrices.7 The visible wavelength laser beam from a tunable 
dye laser had been used to desorb the macromolecules by 
heating the underlying copper substrate surface.8 The repro-
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ducibility of ionization was, however, reported to be a 
problem in these experiments.

Recently, several researchers have been interested in 
surface-assisted laser desorption/ionization (SALDI) using 
graphite as a photon-absorbing material and substrate, to 
overcome some difficulties of homogeneous sample prepa
ration in MALDI.9-11 A graphite plate is also a solid material 
with absorption properties close to those of an ideal black
body, and has a large surface area with potential for rapid 
heat conduction to analytes. Thus graphite may have a great 
potential as a photon absorbing material and an energy 
transfer mediator for SALDI also when a visible laser is 
used for desorption and ionization of macromolecules.

In this paper, we will demonstrate the LDI time-of-flight 
mass spectra of synthetic macromolecules and biomolecules 
deposited on the graphite plate using a 532 nm laser and try 
to examine the capabilities of visible SALDI in application 
to mass spectrometric analysis of macromolecules on a solid 
surface.

Experiment지 Section

Instrumentation. A home-built 1.0 m linear TOF mass 
spectrometer was used, a full description of which can be 
found elsewhere.6 The typical background pressure in the 
vacuum chamber during the operation was 1 x 10-7 torr, 
using a 4"-diffiision pump (VHS-4, Varian) for a source 
region and a turbo molecular pump (V 250, Varian) for a 
drift tube. The graphite plate was mounted on the repelling 
plate, which was normally maintained at 20 kV, and 25 mm 
from the gridless and grounded extraction plate with a 15 
mm hole in a diameter. A circular (25 mm diameter) dual 
micro-channel plate (MCP, Galileo Electro-Optics) was used 
to detect ions. The ion signals were digitized using a LeCroy 
9354AL (500 MHz) digital oscilloscope, and the spectra 
were transferred to an IBM compatible PC for mass calib
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ration and data processing. The laser source was a second 
harmonics of a Nd:YAG laser system (Minilite II, Con
tinuum), with a pulse width of 5 ns and a maximum output 
energy of 50 mJ. The laser beam was irradiated on the 
sample plate at an angle of 45o. The power of the laser was 
attenuated using a neutral density filter.

Sample preparation. The graphite plate (2 mm thickness) 
for lubrication and machining purposes was used without 
any treatment unless otherwise noted. If required, the 
graphite plate was washed in de-ionized water for 1 hour 
using a sonicator to remove water-soluble metal salts 
contained and then dried in an oven at 120 °C. Polypropyl
eneglycol (PPG) and PPG monobutylether (PPGMBE) were 
purchased from Aldrich Co (Milwakee, WI, USA). Brady
kinin, substance P, insulin and glycerol were from Sigma Co 
(St. Louis, MO, USA). Cavitand was synthesized using the 
reported procedure.12 All chemicals were used with no 
further purification as purchased.

For the analysis of synthetic polymers, 2-3 卩L of PPG and 
PPGMBE solutions (1 mg/mL in CH3CN) mixed with an 
aqueous NaCl solution (1 mg/mL) were deposited on the 
washed graphite plate and then air-dried. Bradykinin, sub
stance P and insulin solutions (0.5 mg/mL) were prepared 
using 50% CH3CN aqueous solution. 2-3 卩L of each sample 
was deposited on the graphite plate, and glycerol was 
dropped on a dried sample spot. The cavitand solution (1 
mg/mL in THF) mixed with the CFaCOONa solution (1 mg/ 
mL) was deposited on the washed graphite plate. In all the 
spectra presented here, 20-30 laser shots were summed to 
improve the signal-to-noise ratio.

Results and Discussion

Figure 1 shows (a) the visible SALDI spectrum at 532 nm 
and (b) the UV-MALDI spectrum at 266 nm of PPG 2000
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Figure 1. (a) Visible-SALDI and (b) UV-MALDI mass spectrum 
of PPG 2000 deposited on graphite plate using 532 nm and 266 nm 
laser radiation, respectively. In UV-MALDI, dithranol was used as 
a matrix. Symbols, x, + and o denoted in expanded insets represent 
58n+69, 58n+81 and 58n+97 mass series of the fragment ion, 
respectively. 

sampled on the graphite plate using NaCl salt as a cationi
zation agent. Both spectra were obtained at the optimized 
conditions. When the graphite plate was used as a sample 
support, the ion signals were more intense and had a better 
signal-to-noise ratio than when the metal plate was used, 
also in UV-MALDI spectrum using dithranol as a matrix. In 
addition, evaporation by smearing the sample solution into 
the graphite plate can prevent a heterogeneous concentration 
in a round rim of the sample spot caused by the spread of the 
solution on the metal surface. The mass series of dominant 
ion signals observed was 58n + 41 (n = 20-50), which is 
consistent with that of the sodiated PPG molecule, HO- 
(-CsH6O-)n-H • Na+. The calculated number-averaged mole
cular weight is 2060 in visible SALDI, which is slightly 
larger than 2020 in UV-MALDI. Comparison of the two 
spectra has not shown a large difference in the main ion 
signals except for a more intense ion signal and a slightly 
larger average molecular weight in visible SALDI. How
ever, there are some large differences between the two spectra 
in the low mass region. The first one is the congestion effect 
in the low mass region. In Figure 1(b) obtained at 266 nm, 
the spectrum shows a number of intense peaks in the mass 
range of 200-400 due to the high photon energy directly 
absorbed. These are assigned to the adduct ions of dithranol 
used as a matrix and the hydrogenated carbon cluster ions 
originating from the graphite plate. These very intense ion 
peaks in the low mass region cause a weakening of the 
higher mass ion signals by saturation of the MCP detector,13 
and low mass congestion prohibits structural analysis based 
on the fragmentation pattern and a study on the reaction 
mechanism. However, the congestion does not take place in 
the visible SALDI spectrum of PPG 2000.

The ion signals shown in the mass region of 500-1200 
amu of Figure 1 are interpreted as ions to be fragmented 
during ionization or desorption. They consist of three mass 
series, the 58n + 69, the 58n + 81 and the 58n + 97 series 
(n = 7-20), which are well consistent with the results of 
Donovan under delayed extraction mode.14 The insets of 
Figure 1 show that the fragmented ion signals are more 
intense when a UV laser is used, despite the more intense 
PPG ion signals in visible SALDI. This low fragmentation 
implies that the visible SALDI technique is a much milder 
ionization process than UV-MALDI.

The ion intensities and the resolution of the PPG 2000 
molecular ion have been determined as a function of the 
laser fluence, and the results are plotted in Figure 2 on the 
log/log graph for ion intensity and on the linear/linear graph 
for resolution. At low laser power, the UV laser generates 
more intense ion signals than the visible laser. However, 
when the visible laser was used for desorption and ionization 
of PPG 2000 molecules, the ion signals increased more 
steeply as the laser pulse energy was increased, reaching 
saturation at about 2.0 MW/cm2. The saturation of the 
curves at high laser fluences results most likely from the 
onset of secondary processes such as an increased number of 
collisions in the expanding particle plume and from charge 
repulsion. The saturation correlates directly with the deterio-
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Figure 2. The intensity and resolution of PPG molecular ion peaks 
as function of laser fluence in visible SALDI (filled square) and 
UV-MALDI (filled circle) mass spectra.

ration of the mass spectra, i.e. with broadening and distor
tion of signal peaks at these fluences and with increased 
fragmentation. The initial slopes of the lines at lower laser 
fluence before saturation in Figure 2 (a) are approximately 
3.7 for 532 nm and 1.8 for 266 nm. The slope in the log-log 
plot of intensity vs laser fluence represents the number of 
photons absorbed in the determining step of the multiphoton 
process. The ratio of slopes is very consistent with the 
inverse of the ratio of photon energy at 532 nm and 266 nm.

The ion signals of PPG2000 by the UV laser decreased 
after reaching saturation, and the resolution was lowered 
when the laser fluence was increased, and fragmentation in 
the 600-1200 amu region increased. As a result of increased 
fragmentation, a significant shift in the number of oligomers 
in its length was induced from 35 to 32 with the maximum 
intensity in the position of apparent molecular weight distri
bution, and the normal Gaussian distribution distorted into 
an asymmetrical shape with slightly higher abundance in the 
shorter oligomer length. This indicates that the molecule 
with a longer chain length is more easily fragmented, and 
this unequal fragmentation according to chain length may 
result in a significant disturbance in determining the mole
cular weight distribution of synthetic polymers. The dramatic 
mass discrimination effect is shown in Figure 3 of mass 
spectrum of PPGMBE. The TOF mass spectra of PPGMBE 
4000 have three unique distributions of ion peaks. One of 
them shows a broad non-Gaussian distribution in the mass
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Figure 3. SALDI mass spectra of PPGMBE molecules deposited 
on the graphite plate to variation of laser fluence of (a) 532 nm and 
(b) 266 nm laser radiation.

range of 500-4000 amu, and the others show bimodal 
Gaussian distributions convoluted in the range of 2500-4500 
amu and 3500-6500 amu. The ion peaks with the Gaussian 
distribution are assigned to 58n + 97 (n = 30-110), which is 
very consistent with sodiated PPGMBE molecule, HO- 
(-C3H6O-)n-C4H9 • Na+. However, the mass series of the non
Gaussian distribution is 58n + 81 (n = 7-70), which is sup
posed to be a fragmented ion peak. While the intensity ratios 
among these three mass series do not show large differences 
according to the variation of laser fluences in visible TOF 
mass spectra, they have large differences in UV TOF mass 
spectra as shown in Figure 3. When the UV laser was used 
to desorb and ionize the PPGMBE molecule, the mass series 
of the second Gaussian distribution in the mass range of 
3500-6000 amu was less abundant than the first Gaussian 
mass distribution even at the low laser fluence. As the laser 
fluence was increased, the ion peaks with higher mass series 
rapidly decreased accompanying the increase of fragmented 
ion signals in the mass range of 500-2000 amu and could 
hardly be observed at laser fluence above 1.17 MW/cm2. 
The mass-dependent fragmentation by the UV laser might 
result from a higher degree of relaxation of excess energy by 
higher photon energy than with the visible laser, and this 
mass discrimination effect is one of the barriers to determin
ing the average molecular weight of synthetic polymer with 
disperse distribution using a mass spectrometer.
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Figure 4. (a) FAB-MS and (b) Visible-SALDI mass spectrum of 
tetrakis(catecholylmethyl) cavitand. The peaks marked with an 
asterisk originated from diffusion pump oil.
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Figure 5. Visible SALDI mass spectra of bradykinin, substance P 
and insulin molecules. (a) and (b) were obtained using no any 
cationization agent and were smoothened to improve the signal-to- 
noise ratio. For (c), (d) and (e), glycerol was used as protonation 
agent.

The use of mass spectrometry in the study of host-guest 
complexation and molecular recognition has been an enor
mously active area of research over the last decade.15-17 Most 
host molecules, such as calixarene and cavitand, have a high 
molecular weight and have various moieties that can be 
easily fragmented in vaporization and ionization.18 To ex
amine the capability of the visible SALDI in the analysis of 
supramolecules, we compared the visible SALDI with fast
atom-bombardment mass spectrometry (FAB-MS), which is 
known to be one of the mildest ionization methods. Figure 4 
depicts the mass spectra of tetrakis(catecholylmethyl)- 
cavitand, which has an interesting size and shape selectivity 
toward various diamines.19 The FAB mass spectrum of this 
cavitand shows only the fragmented ion peaks. The domi
nant peaks among them are assigned to the mass series of 
fragments that catechol units split out from molecular ions. 
However, in the visible SALDI spectrum, the sodiated 
molecular ion peak is clearly observed without showing 
fragmentation, indicating that the visible SALDI technique 
is at least as mild as the FAB-MS.

The key point as to be considered as the vaporization, i.e. 
desorption, is the ionization in mass spectrometric analysis 
of macromolecules. Pseudo-molecular ions of an attached 
ion form with metal ions or protons are usually observed 
rather than the molecular ions by direct ionization. The 
matrix in MALDI for analysis of biomolecules is believed to 
serve two major functions: as the energy transfer mediator of 
photon energy and as the proton source for assisted ioni
zation. Thus, proton affinity in the excited state as well as 
photophysical properties is also one of the important para
meters when selecting an adequate matrix for a given 
biomolecular analyte.20 In SALDI using a graphite plate as 
the photon absorbing material, the analytes are not easily 
protonated because there is no matrix as the proton source. 
Homogeneous sample preparation is also not easy for 
hydrophilic biomolecules as synthetic polymers due to the 

hygroscopic surface of graphite. Figure 5 (a) and (b) show 
the visible SALDI spectra of bradykinin and substance P, 
which are the prototypes of biomolecules in mass spectro- 
metric analysis, obtained without any cationization agent. As 
shown in the spectra, the pseudo-molecular ion signals were 
short-lived and were very weak as to be barely observed 
after smoothing. This is consistent with Sunner’s result in 
UV-SALDI using graphite powder and an N2 laser without 
glycerol.9 The sodiated and potassiated ion peaks may 
originate from impurities existing on an untreated graphite 
plate. However, when the peptides were prepared with 
glycerol, which is a highly viscous proton source, the 
protonated ion peaks were much higher as shown in Figure 5 
(c) and (d). In addition, the ion signals were very long-lived 
as compared with when glycerol was absent. To confirm that 
both glycerol and graphite are essential in obtaining visible 
SALDI spectra, we conducted another control experiment. 
we observed neither glycerol nor peptide spectra with a 
glycerol solution, only on the aluminum probe, i.e. in the 
absence of graphite. Figure 5 (e) depicts the visible SALDI 
spectrum of insulin. The molecular ion signal is clearly 
detected with multiply charged ions, [M+2H]2+ and [M+ 
3H]3+, when prepared with glycerol. Glycerol was initially 
used as a liquid matrix in IR-MALDI because it has a strong 
absorption band in the IR, near 3 〃m.21 While glycerol must 
be responsible for both photon absorption and the assisted- 
ionization in IR-MALDI, it is only responsible as the proton 
source in visible SALDI because of its transparency to 
visible light.

In conclusion, we have demonstrated that the LDI spectra 
of small macromolecules, synthetic polymers and biomole
cules can be obtained using a graphite plate and a visible 
laser. The use of a visible laser can prohibit the direct photon 
absorption of analaytes due to transparency for most of 
macromolecules in the LDI mass spectrometric technique. 
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As in SALDI, the role division of the photon absorbing 
material and the cationization agent provides a generality in 
mass spectrometric analysis of macromolecules compared 
with MALDI using the dual functional matrix. We are 
continuing to study the region of the applications of the 
visible SALDI.
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