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a b s t r a c t

The excitation of UV-absorbing MALDI matrixes with visible laser (532 nm wavelength) and the desorp-
tion/ionization of biomolecules were performed by coating the analytes doped matrix with Au thin film
(5–10 nm) using ion sputtering deposition. The Au film was first ablated with the laser of higher flu-
ence, resulting in a crater/hole about the size of the laser beam spot on the target. After a few initial
eywords:
ALDI
old
anoparticle
isible laser

laser shots, analytes and matrix related ions were observed from the crater even at lower laser fluence.
Electron microscopy inspection on the laser ablated region revealed the formation of nanoparticles with
sizes ranging from <10 to 50 nm. Compared with the infra-red laser (1064 nm) excitation, the visible laser
produced much higher abundance of matrix radical ions, and less heating effect as measured by the ther-
mometer molecules. The results suggest the photo-excitation and photo-ionization of matrix molecules
by the visible laser, possibly assisted by the gold nanoparticles and nanostructures left on the ablated
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urface plasmon resonance crater.

. Introduction

Owing to their fascinating optical and chemical properties,
etallic nanoparticles and nanostructures have attracted con-

iderable attention in various research fields. Functionalized or
onjugated gold nanoparticles, which have high binding affinity to
pecific analytes are used for bio-sensing [1], and DNA detection
2]. Selective laser photo-thermal therapy using nanoparticles had
lso been proposed for cancer treatment [3].

For metallic nanoparticles and nanostructures, their optical
esponses are governed by the excitation of surface plasmon [4,5],
nd at the surface plasmon resonance, all the free electrons within
he conduction band will oscillate in-phase, leading to optical near-
eld enhancement at a small volume. The surface plasmon-induced
lectromagnetic field enhancement on the metallic nanoparticles
ad been known to be accountable for the surface-enhanced Raman
pectroscopy (SERS) [6], and non-linear optical response such as
econd harmonic generation [7,8], and optical frequency mixing

9]. For the gold nanoparticles with diameter of ≤10–50 nm, the
urface plasmon resonates at ∼520 nm with wide absorption band,
hich can be readily excited by a frequency-doubled Nd:YAG laser

f 532 nm wavelength.

∗ Corresponding author. Tel.: +8155 220 8676.
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On the metal surface, the metal-absorbates electronic coupling
ad also been known to have contributed to the chemical enhance-
ent for SERS [10–12]. Upon absorption on the metal surface, the

nteraction between the absorbate molecules and the electron gas
n the metal surface results in the broadening and shifting in energy
f the free molecular states [10]. Thus, even though the states tran-
ition of the free molecule may be too energetic to be excited by, say
visible laser, a near resonance could be found for the laser once
olecule is adsorbed on the metal surface.
Matrix-assisted laser desorption/ionization (MALDI) mass spec-

rometry is an effective and soft method in obtaining mass spectra
or synthetic and biological samples with less molecular fragmen-
ation [13,14]. The established UV-MALDI method usually employs
nitrogen laser (337 nm, 3.68 eV), or a frequency-tripled Nd:YAG

aser (355 nm, 3.49 eV) for desorption/ionization. Although the
etailed desorption/ionization mechanism of MALDI had not been
horoughly understood, it is generally believed that the radical ions
f the matrix molecules produced by either two photon ioniza-
ion or the molecular exciton pooling, play crucial roles in ionizing
he desorbed analytes [15,16]. Despite efforts by various research
roups [17–19], efficient chemical matrix for visible laser has not
een found thus far, and the existing matrixes are not accessible by
he laser wavelength ranging from 400 nm to ∼2.7 �m.
Another technique of UV-MALDI involves the use of inorganic
anoparticles in liquid suspension (two-phase matrix). The use
f nanoparticles as efficient UV absorbers was first introduced by
anaka et al., in which 30 nm cobalt powders were suspended in
lycerol solution [13]. Hence, a variety of materials, including gold

http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
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anoparticles had also been used successfully as inorganic matrixes
20–22]. Recently, we had also demonstrated visible laser des-
rption/ionization on gold nanostructures, in which the enhanced
ptical absorption of the nanostructured substrate was due to the
urface plasmon resonance [23,24]. However, the ionization mech-
nism is not thoroughly known, and it is usually assumed that
he heating is the only process induced by the nanoparticles upon
hoton absorption.

In this work, we demonstrate that the UV-absorbing MALDI
atrix could also be excited by the visible laser with the pres-

nce of gold nanoparticles. Although metallic nanoparticles are
sually prepared by chemical reduction methods [25], relatively
ure nanoparticles can also be produced by simple laser ablation
f the bulk metal [26,27]. In this study, the MALDI matrix surface
as first coated with Au thin film (5–10 nm) and gold nanoparti-

les were formed and deposited on the matrix by laser ablation of
he Au film in vacuum. Coating the bio-sample with Au thin film
s common in the secondary ion mass spectrometry (SIMS) [28],
nd recently, it has also been reported to improve the UV-MALDI
maging [29]. However, it should be noted that in our experiment,

he Au thin film on the laser spot will be first ablated, and the
u nanoparticles and/or nanostructure, which were left on the
rater were used to excite the matrix molecules using a visible
aser.

ig. 1. SEM images showing the ablation of Au by the Nd:YAG laser. (a) The crater
ormed after the laser ablation of Au thin film. (b) Close-up on the ablated region
howing the formation of Au nanoparticles by the laser ablation.

t

F
s
a
l
s

ass Spectrometry 279 (2009) 41–46

. Experimental

.1. Sample preparation

All chemicals and analytes were used as received. The matrix
as super-DHB (9:1 mixture of 2,5-dihydroxybenzoic acid, and 2-
ydroxy-5-methoxybenzoic acid) obtained from FLUKA. The matrix
nd bradykinin were dissolved in purified water. For the measure-
ent that involves the desorption/ionization of analytes, the matrix

10–100 mg/ml) were mixed with the analytes (100 �M to 1 mM)
t a ratio of 1:1. The matrix or mixture was pipetted onto the
tainless steel target plate or silicon substrate and the droplet was
ently dried under warm air flow. When the droplet was dried,
he analytes doped matrix was coated with a thin layer of gold
lm (thickness 5–10 nm) using argon ion sputtering coater. After
oated, the sample was transferred into the vacuum chamber of
he time-of-flight mass spectrometer.
4-Chloro-benzylpyridinium chloride (4CBP) was used as the
hermometer molecule and was synthesized according to the lit-

ig. 2. (a) Mass spectrum of the ablated Au cluster ions at the first ablation laser
hot on the Au thin film. (b) Mass spectrum of super-DHB (2,5-dihydroxybenzoic
cid, DHB and 2-hydroxy-5-methoxybenzoic acid, HMB) acquired after 10 initial
aser shots using 532 nm visible laser. (c) Visible laser desorption/ionization mass
pectrum of the super-DHB without Au coating.
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ig. 3. Single shot visible laser MALDI mass spectra of Au coated bradykinin and ma
f [M+H]+.

rature [30]. The pyridine containing benzylchloride was heated at
0 ◦C for 5∼6 h, and the white solid salts were collected after the
yridine was evaporated. The pyridinium salts were used without
urther purification.

.3. Time-of-flight mass spectrometer

The laser desorption/ionization experiment was performed
ith a 2.5-m time-of-flight mass spectrometer (JMS 2500, JEOL,

apan) with delayed ion extraction. The instrument was operated

n reflectron mode. The acceleration voltage for ions was 20 kV and
he vacuum pressure in the ion detector was 5 × 10−7 Torr. A linearly
olarized frequency-doubled Nd:YAG laser (532 nm wavelength
nd pulse width of 4 ns) was used for the desorption/ionization
xperiment. The incident angle of the laser beam was 60◦ to the

a
t
a
A
t

ixture obtained at (a) 1st, (b) 2nd, (c) 5th, (d) 14th laser shot. *Denotes the location

urface normal, and the laser polarization was adjusted to be p-
olarized using a half-wave plate.

.4. Laser ablation of Au film

The experiment began by ablating the Au film which was pre-
oated on the MALDI matrix. The laser fluence was first adjusted
o ablate the bulk Au film, and the generated ions by the ablation
ere monitored by the mass spectrometer. At this ablation flu-

nce, Au cluster ions were produced in high abundance at the first

nd second laser shot, and these ions signal decayed rapidly with
he subsequent laser shots. The ablation resulted in a crater/hole
bout the size of the laser beam spot size on the target (∼200 �m).
fter a few laser shots, the Au ions were significantly reduced, and

he laser fluence was slightly reduced to acquire the MALDI mass
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pectra. Unless otherwise stated, the mass spectra for matrix and
nalytes were acquired after 5–10 initial laser shots, and from the
ccumulation of 30–100 single-shot ion signals. Each mass spec-
rum in the following section represents the ions produced from
fixed position, that is, from the same crater/hole formed by the

aser ablation.

. Results and discussion

Fig. 1a shows the scanning electron microscope (SEM) image of
he Au thin film ablated by the Nd:YAG laser after several laser shots.
ince the target was irradiated at ∼60◦ incident angle, the ablated
rater was of an elliptical shape with a major axis of ∼200 �m. A
lose-up inspection on the ablated region showed the formation
f gold nanoparticles with size ranging from <10 nm to ∼50 nm
Fig. 1b). Several processes could be conceivable for the formation
f the gold nanoparticles on the sample surface, e.g., the melting of
he Au film, and the re-deposition of the ablated Au clusters back
nto the surface. Some nanoparticles could also be embedded into
he matrix after ablation due to migration. Considerable heating
as also expected in the initial ablation laser shots.

The typical first laser shot mass spectrum is shown in Fig. 2a.

he first laser shot almost ablated the whole Au film on the laser
pot and the mass spectrum was dominated by intense Au clus-
er ion signals. Because the Au film was deposited on the matrix
urface, the laser ablation of Au film has little effect to assist the
esorption of the underneath matrix. Fig. 2b shows the mass spec-

ig. 4. Visible-MALDI mass spectra of bradykinin assisted by (a) gold, (b) plat-
num, and (c) silver nanoparticles formed by laser ablation on the metal films. The

atrix was super-DHB (9:1 mixture of 2,5-dihydroxybenzoic acid, and 2-hydroxy-
-methoxybenzoic acid).

b
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b
D
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ass Spectrometry 279 (2009) 41–46

rum of super-DHB (2,5-dihydroxybenzoic acid [DHB, 154 Da] and
-hydroxy-5-methoxybenzoic acid [HMB, 168 Da]) acquired after
0 initial laser shots. The desorbed ions consist of DHB+•, [DHB+H]+,
DHB+Na]+, [DHB−OH]+, HMB+•, and [HMB+H]+, which are the typ-
cal matrix related ions observed in UV-MALDI. Gold ions Au+ also
ppeared in the mass spectrum, but with relatively lower abun-
ance. Irradiating the matrix without Au coating, produced no
bservable matrix ions (Fig. 2c).

The mass spectra of analytes obtained by the visible laser excited
ALDI matrix are shown in Figs. 3 and 4. Fig. 3a–d shows the single

hot mass spectra that correspond to the successive laser shots. The
ass spectra are dominated by the Au cluster ions during first few

aser shots, and no analyte ion is observed (Fig. 3a–b). The m/z for
M+H]+ is denoted as * in the mass spectra. The analyte and the

atrix related ions became apparent after 5th laser shot and lasted
or more than 50 laser shots from a single spot. Since the initial
blation laser shots did not produce any analyte ions except the
uge abundance of Au clusters, these “initial ions” will be excluded

n the following analysis.
Fig. 4a shows the mass spectrum of the bradykinin (1060 Da)

cquired by accumulation of 26 single shot spectra from the same
aser spot. Protonated bradykinin ion ([M+H]+) was observed as the

ase peak with some contribution from metal ion adducts ([M+Na]
nd [M+Au]+). [DHB+Au]+ was, however, not observed.

Comparison was also made with the platinum and silver
anoparticles prepared with the same laser ablation method.

ig. 5. Visible laser MALDI-MS of angiotensin I assisted by Au nanoparticles formed
y laser ablation of (a) 5 nm, (b) 10 nm, and (c) 25 nm Au film. The matrix was super-
HB (9:1 mixture of 2,5-dihydroxybenzoic acid, and 2-hydroxy-5-methoxybenzoic
cid).
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isible MALDI mass spectra of bradykinin assisted by platinum
nd silver nanoparticles are shown, respectively, in Fig. 4b and
. Although analyte ion signal was also observed from platinum
anoparticles, the ion intensity was not as strong (Fig. 4b) as that
f Au nanoparticles at the same laser fluence. In the case of sil-
er in Fig. 4c, the mass spectrum was dominated by the silver ion
dducts of the matrix, [DHB+Ag]+, and the protonation of analyte
as largely suppressed. The abundance of [M+Ag]+ ion appeared to
e higher than [M+H]+.

The matrix-assisted visible laser desorption/ionization of
ngiotensin I from the Au coatings of different initial thickness are
hown in Fig. 5. The initial Au film thickness was found to affect
he optimization of laser fluence for the film ablation and the gen-
ration of analyte ions. The optimum initial thickness was in the
ange of 5–10 nm (Fig. 5a and b), and for thicker coating (>25 nm),
igher laser fluence was needed to produce the equivalent ablation
ffect as well as for the desorption/ionization of analytes. As shown
n Fig. 5c, the ion intensity was also reduced probably due to larger
verage size of the nanoparticles formed from the thicker Au film.

The thermal property of the Au-assisted visible laser MALDI
as examined using 4-chloro-benzylpyridinium chloride (4CBP) as

he thermometer molecule. The survival yield of the thermometer
olecule, S reflects the internal energy gained from the neighbor-

ng matrix molecules either in the solid phase or gas phase [31],
nd is given as: S = I(M+)/[I(M+) + I(F+)], where I(M+) and I(F+) are
he abundances of molecular ion (M+) and the fragment ion (F+)
f 4CBP, respectively. For comparison, the measurement was con-
ucted with three different laser wavelengths (355 nm, 532 nm
nd 1064 nm) and the thermometer molecule was mixed with the
atrix (super-DHB) at a molar ratio of ∼1/500. For the case of visi-

le (532 nm) and IR (1064 nm) lasers, the mixture was coated with
10 nm Au, and after 5–10 laser ablation shots, the laser fluence
as slightly reduced to acquire the mass spectra. For UV-MALDI,

he same sample (with Au coating) was irradiated with the UV laser
355 nm) at optimum laser fluence, without laser ablation.

The mass spectra and the survival yield of 4CBP acquired using
V, visible and IR lasers are shown in Fig. 6a–c, respectively. The
ighest survival yield for 4CBP was obtained with UV-MALDI as the
V laser excited the matrix electronically (Fig. 6a, survival yield
0.9). For the Au nanoparticles assisted MALDI using 532 nm visible

aser (Fig. 6b), the survival yield of 4CBP exceeded 0.8 at the typical
hreshold laser fluence, but is lower than that of the UV irradiation,
ndicating some heating effect produced by the gold nanoparticles.
n Fig. 6c, the mass spectrum was obtained with the IR laser of
064 nm wavelength which is away from the surface plasmon reso-
ance and is less energetic to induce sufficient electronic excitation.
lthough the matrix radical ions were also observed, it was of much

ower abundance and of poor shot-to-shot repeatability. The low
urvival yield (∼0.65) of 4CBP also indicates considerable heating
hen the IR laser was used. In sum, the results suggest that the exci-

ation of matrix molecules with the presence of gold nanoparticles
s rather wavelength dependent, and the heating effect produced
y the nanoparticles, could not solely contribute to the observed
ons.

In a separate experiment, we demonstrated that the Au nanopar-
icles prepared by the laser ablation method was also SERS-active
y performing the Raman spectroscopy on Rhodamine 6G. About
.5 �l of Rhodamine 6G (∼1 mM) was deposited on the glass sub-
trate and after dried, the sample was coated with ∼10 nm Au
sing sputtering deposition. The Au-coated Rhodamine 6G was
rradiated by one ablation laser shot with 532 nm laser in vac-
um. The Raman spectroscopy was conducted using micro-Raman
onochromator spectrometer (NRS-2100, Jasco, Japan), and the

xcitation source was a continuous-wave 488-nm argon laser. The
perating laser power was about 3 mW and the exposure time was

s

c
p
i

ig. 6. The MALDI mass spectra of thermometer molecule (4CBP) using (a) 355 nm
V laser, (b) 532 nm visible laser with the presence of Au nanoparticles, and (c)
064 nm IR laser with the presence of Au nanoparticles. F+ denotes to the fragment
on of 4CBP. S is survival yield of the thermometer molecule.

0 s. The Raman spectrum of Au coated Rhodamine 6G after laser
blation is shown in Fig. 7a. The prominent peaks are at 1195, 1365,
539, and 1651 cm−1. Raman spectra obtained from those without
aser ablation and without Au coating are shown, respectively, in
ig. 7b and c. Although SERS signal was also observed from the un-
blated Au coating (Fig. 7b), as the Au film may form nanostructure
n the surface rather than a homogeneous layer, the intensity is
uch weaker compared to that in Fig. 7a where Au nanoparticles
ere formed by the laser ablation.

Regarding the ionization mechanism for DHB, it is generally
elieved that in the case of UV excitation (e.g., using nitrogen laser
r frequency-tripled Nd:YAG laser), the main processes involve
ulti-photons photo-ionization, and/or the exciton pooling, in
hich two or more excited matrix molecules pool their energies

o form radical ions [16]. For DHB, the ionization potential (IP) is
8 eV and the energy for first excited state is 3.466 eV [32]. For the
isible laser (532 nm wavelength, 2.33 eV) employed in our exper-
ment, at least three or more photons are needed for multi-photon
onization, and two photons for excitation. Although the presence
f Au nanoparticles increases the thermal heating of the matrix
olecules, which could lead to the phase evaporation and molec-

lar desorption, it remains questionable if the thermal process is

ufficient for the excitation and ionization of the matrix molecules.

As the gold nanoparticles were also SERS-active, the chemi-
al and electromagnetic field enhancements, which are the two
rominent mechanisms for SERS, may also play considerable roles

n the excitation of the UV-absorbing DHB matrix by the visible
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ig. 7. The surface-enhanced Raman spectra of Rhodamine 6G obtained from the
amples (a) with Au nanoparticles formed by laser ablation, (b) with un-ablated Au
oating, (c) without Au coating.

aser. For example, as the gold nanoparticles couple the pho-
on to surface plasmon efficiently, the induced electromagnetic
eld enhancement could promote the non-linear optical processes

or the multiple photon excitation and photo-ionization of the
atrix molecules. The chemical enhancement, of which the optical

bsorption band was broadened or red-shifted due to the inter-
ction between absorbate molecules and the conduction electrons
n the metal surface, also allows the excitation of matrix molecules
y the visible laser. Besides nanoparticles, the inhomogeneous Au
lm remnants, which were in the form of nanostructure left on
he ablated crater, could also contribute to the similar assistance
ffects.

. Conclusion

We had demonstrated the visible laser MALDI using a frequency-
oubled Nd:YAG laser (532 nm wavelength), by coating the
V-absorbing matrix with Au thin film, followed by laser abla-

ion on the sample surface. The first few initial laser shots almost
ompletely ablated bulk Au thin film on the laser spot, and the
ubsequent laser shots result in the observation of analyte and

atrix-related ion signal that is similar to UV-MALDI from the

blated crater. The close-up inspection on the ablated region
howed the formation of gold nanoparticles with size ranging
rom <10 nm to ∼50 nm. These Au nanoparticles have high optical
bsorption to the visible light due to the surface plasmon resonance.

[
[

[
[

ass Spectrometry 279 (2009) 41–46

easurement with thermometer molecules showed that the heat-
ng effect, although also present with the visible laser excitation,
s not as high as that of IR laser (1064 nm). The observed matrix
adical ions also suggested that the ionization route for the matrix
olecules is via the photo-excitation and/or photo-ionization by

he visible laser, which is possible due to the electromagnetic field
nd the chemical enhancement effects in the vicinity of the gold
anoparticles and/or nanostructure left on the ablated crater. Gold
anoparticles or nanostructure-assisted visible laser MALDI may
nd application in selective ionization, in which only the analytes
hat are bound to the nanoparticles are ionized by the visible laser.
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