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bstract

Matrix-assisted laser desorption/ionization (MALDI) was performed using two-pulsed lasers with wavelengths in the infrared and ultraviolet
egions. A 2.94 �m pulsed optical parametric oscillator laser system and a 337 nm pulsed nitrogen laser irradiated the same spot on the sample
arget. Sinapinic acid (SA), 2,5-dihydroxybenzoic acid (DHB), �-cyano-4-hydroxycinnamic acid (CCA), and 4-nitroaniline (NA) were used as

atrices, and bovine insulin and cytochrome C were used as analytes. The laser energy was adjusted so that one-laser MALDI and LDI was at
minimum and the matrix and analyte ion signal was enhanced when the two lasers were fired together. Two-laser LDI was observed with SA,

HB, and NA matrices and two-laser MALDI was observed with SA and DHB. Plots of ion signal as a function of delay between the IR and UV

asers show two-laser signal from 0 ns up to a delay of 500 ns when the IR laser is fired before the UV laser. The results are interpreted in terms of
R laser heating of the target that leads to an enhancement in UV LDI and MALDI.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Two-pulse matrix-assisted laser desorption/ionization
MALDI) involves ion formation using two-laser pulses, both
f which are below the threshold fluence for analyte ion forma-
ion [1–4]. Two-pulse MALDI can be carried out using one laser
nd an optical delay line, two lasers of the same wavelength or
wo lasers of different wavelength. The first pulse irradiates a
pot on the sample and ionization proceeds after irradiation of
he same spot by a second pulse. Ion signal can be observed in
ome cases even if the lasers are delayed in time with respect
o each other. By measuring the ion signal, as a function of
he delay, information about the time behavior of MALDI
on formation can be obtained. Because matrix and analyte
on formation are closely related, two-pulse MALDI is often

tudied by monitoring both the matrix and analyte ion signal.

Initial two-pulse MALDI studies were performed with laser
ulses of the same ultraviolet (UV) wavelength [1–3]. The
rst such study used two 337 nm nitrogen lasers with 5 ns
ulse widths for two-laser MALDI [1]; the protein bovine
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nsulin in sinapinic acid (SA), 6-aza-2-thiothymine and 2,5-
ihydroxybenzoic acid (DHB) matrices and the oligonucleotide
ecathymidylic acid in 3-hydroxypicolinic acid matrix were
ested. Depending on the matrix, maximum analyte ion sig-
al was recorded at delays between 5 and 10 ns and decayed
o zero within 30 ns. Maximum analyte ion signal at non-zero
elay was explained by delayed production of the precursor ions
hat result in the production of analyte molecules. The role of
lectronically excited matrix was also considered. Two-pulse
ALDI MS with a single laser was carried out using a single

37 nm nitrogen laser with a 4 ns pulse width and an optical
elay line [3]. Exponential decay of analyte ion signal with a
ime constant of 4–5 ns was observed for DHB and SA matrix.
owever, with 9-anthracenecarboxylic (9-ACA) and �-cyano-
-hydroxycinnamic acid (CCA), a delay of 3.2 and 6.1 ns was
equired to achieve maximum signal. The difference among the
arious matrices was attributed to variations in the desorption
lume density affecting the rate of proton transfer reactions.

Faster processes can be studied using short pulse lasers. In

ne study a 30 ps pulse width 355 nm Nd:YAG laser with an
ptical delay line was used to investigate LDI of the DHB matrix
tself [2]. Matrix ion formation processes with a short and long
ime behavior were observed. With the fast process, matrix ion

mailto:kkmurray@lsu.edu
dx.doi.org/10.1016/j.ijms.2006.08.010
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ignal is observed at t = 0 and this signal decays rapidly to a local
inimum near 150 ps. The slower process leads to an increase

n matrix ion signal to a maximum at a delay of 2 ns, after which
he matrix ion signal drops to zero after a delay of 8 ns. The slow
rocess can be explained either by physical or chemical changes
n the DHB matrix after irradiation. The possibility of a delayed
as phase ion formation was also noted. Since both lasers were
irected at the same location on the sample target, irradiation
f desorbed sample material by the second laser pulse might
ave occurred several micrometers above the sample surface
iven an initial DHB neutral velocity of approximately 1000 m/s.
onization of the desorbed sample material is then determined
y the transfer rate of the solid into the gas phase.

Two-pulse MALDI MS has been performed with two lasers
ith two different wavelengths, one in the IR and one in the UV:
CO2 laser operating at 10.6 �m and a nitrogen laser operating
t 337 were used [4]. The CO2 laser pulse consisted of an initial
0 ns pulse with 40% of the laser energy followed by tail out to
00 ns. The protein bovine insulin in DHB matrix was analyzed.
o ion signal was observed until a delay of ∼700 ns and maxi-
um matrix and analyte ion signal was found at a delay of∼1 �s.
he ion signal decayed to zero after a delay of 200–400 �s. The
icrosecond delay in two-laser MALDI is consistent with heat-

ng, and possibly melting, of the matrix by infrared (IR) laser
eating followed by more efficient ionization by the UV laser.
aximum matrix and analyte ion signals were observed after all

he IR laser energy had been deposited in the target, coincident
ith the maximum target temperature according to a simple one-
imensional model for laser heating. The decay of the ion signal
as interpreted as a decrease in two-pulse ionization efficiency
ue to cooling of the target and formation of solid matrix.

A proportional dependence of ionization efficiency on sam-
le temperature has also been observed with static target studies
f UV MALDI. In one study, the threshold fluence for 337 nm
ALDI was recorded at temperatures between −100 and 20 ◦C;
ore efficient ionization (as indicated by low threshold fluence)
as found for matrix ions as the temperature increased [5].
nother study measured the effect of increasing the sample tem-
erature from room temperature to 160 ◦C on DHB matrix ion
roduction at 337 nm [6]. A general trend of increasing matrix
on signal was found up to 120 ◦C followed by a slight decrease
t higher temperatures.

In this study, two-pulse LDI was carried out using a 5 ns pulse
idth optical parametric oscillator (OPO) operating at 2.94 �m

nd a 4 ns pulse width nitrogen laser at 337 nm. Our goal was to
est the hypothesis that the IR laser heats the sample, followed by

ore efficient UV MALDI of the transiently heated sample. The
eptides gramicidin S and bradykinin and the proteins bovine
nsulin and cytrochrome C were tested in DHB, SA, CCA and 4-
itroaniline matrices. Plots of ion signal area versus delay were
ecorded for matrix and analyte ions.

. Experimental
.1. Mass spectrometry

The instrument used in this experiment was a linear time-
f-flight mass spectrometer operated under positive and static

1
9
m
s
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on extraction conditions [7]. Ions were accelerated with a total
inetic energy of 20 keV before entering a 1 m field free region
nd received 2 keV of post acceleration before impinging on
dual 25 mm microchannel plate detector. Mass spectra were

cquired using a digital oscilloscope and represent an average
f ten laser shots.

.2. Two-laser arrangement

The two-laser arrangement has been described previously [4].
n this study, the pulsed IR source was a tunable OPO (Mirage
000B, Continuum, Santa Clara, CA, USA) pumped by 1064 nm
undamental and 532 nm second harmonic of an Nd:YAG laser
Powerlite 8000, Continuum, Santa Clara, CA, USA). The OPO
utput is a 5 ns laser pulse tunable from 1.45 to 4.0 �m; a wave-
ength of 2.94 �m was used for all experiments. A 2.5 �m long
ass filter with 80% transmission (FXLP-0250, Janos Technolo-
ies, Keene, NH) was used to block the pump laser and other
avelengths. The IR laser was focused using a 254 mm CaF2

ens to a spot size of 200 �m × 300 �m determined using laser
urn paper and a measuring microscope. The laser beam profile
s Gaussian; no beam homogenization was performed. The IR
aser entered the ion source at a 45◦ angle through a sapphire
acuum window. The laser pulse energy was attenuated using a
ariable iris, which produced a laser fluence of 1000 J/m2 for all
xperiments except for DHB where a laser fluence of 2100 J/m2

as used. The laser energy was measured using a pyroelectric
oulemeter (ED-104AX, Gentec, Palo Alto, CA, USA).

A 4 ns pulse width, 337 nm nitrogen laser (VSL-337ND-S,
SI, Franklin, MA, USA) was used as the UV laser source.
ttenuation was achieved using a variable iris and a variable

ircular neutral density filter (50Q04AV.1, Newport, Irvine, CA,
SA) mounted on a rotating stage. The UV laser was focused
sing a 254 mm focal length fused-silica lens to a spot size of
00 �m × 200 �m determined with the laser burn paper and
easuring microscope. A laser fluence of 300 J/m2 was used

or all experiments except for 4-nitroaniline samples where a
0 J/m2 fluence was used. UV laser light entered the ion source
hrough a 45◦ quartz vacuum window, and the angle between
he UV and IR laser was 90◦.

The two-laser beams were focused to the same location on
he sample target and a CCD camera with a macro zoom lens
ere used to observe coarse beam overlap. The IR and UV laser
eams were adjusted until both burned the same spot on the laser
urn paper. Fine overlap was achieved by adjusting one beam
o maximize two-laser ion signal with 4-nitroaniline. Alignment
f the beams was carried out each day of experiments.

.3. Data acquisition

The automated method for data acquisition has been
escribed previously [4]. Data for integrated ion signal as a func-
ion of delay (�t) were obtained between −300 and 900 ns in

00 ns increments for bovine insulin in SA matrix and −70 to
50 ns in 10 ns increments for 4-nitroaniline. Shorter time incre-
ents were possible for matrix time plots due to the greater

ignal intensity and stability. A positive �t indicates that the IR
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Fig. 1. Mass spectra of bovine insulin in DHB matrix obtained with 2.94 �m
IR and 337 nm UV lasers at (a) �t = −100 ns and (b) �t = 200 ns. The UV
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s fired before the UV and a negative �t indicates UV firing
efore IR. The integration limits were 1 �s for bovine insulin
nd 60 ns for NA and were chosen to encompass the given peak
rom baseline to baseline. Three to five single shot spectra were
veraged. The sequence of data acquisition over the full range
f delay times was automatically repeated five times. Each data
oint resulted from an average of 15–25 laser shots. Roughly
wenty percent of the data points were removed as outliers in
ccordance with a standard t-test. The delay was calibrated daily
sing photodiodes (ET-2000, Electro-Optics Technology, Inc.,
raverse City, MI, USA) to measure the nitrogen laser light and

he 532 nm OPO pump laser light. The time jitter between the
wo pulses was 40 ns, which was limited by the nitrogen laser
lectronics.

.4. Sample preparation

Matrix and analyte crystalline sample films were prepared
s reported previously [4]. Peptides gramicidin S (G-5001,
igma, St. Louis, MO, USA) and bradykinin (B-3259, Sigma)
nd proteins bovine insulin (I-5500, Sigma) and cytochrome

(C-2506, Sigma) were used as analytes. MALDI matrices
ere 4-nitroaniline (72680, Fluka, Buchs, Switzerland), 2,5-
ihydroxybenzoic acid (G5254, Sigma), sinapinic acid (D7927,
igma), and �-cyano-4-hydroxycinnamic acid (C2020, Sigma).
ll reagents were used as purchased without further purification.
HB and NA were dissolved in methanol at a concentration
f 50 mg/mL; SA and CCA were dissolved in a 50/50 (v/v)
ethanol:acetonitrile mixture at a concentration of 50 mg/mL.
nalyte solutions were prepared by dissolving peptide and pro-

ein samples in 95/5 (v/v) methanol:1% trifluoroacetic acid
TFA, 04902-100, Fisher Scientific International, Pittsburgh,
A, USA) to a concentration of 500 �M. A 10 �L aliquot of
nalyte solution was mixed with a 10 �L aliquot of the matrix
olutions. The total volume of the mixture was deposited on the
ample target and dried with a heat gun for 15 s at a distance
f 10 cm from the sample target surface. The dried sample was
omogeneous and covered the entire area of the 8 mm diameter
ample target and was approximately 80 �m thick.

. Results and discussion

Two-laser LDI and MALDI was tested with four MALDI
atrices and the analytes gramicidin S, bradykinin, bovine

nsulin, and cytochrome C. Two-laser matrix and analyte ion
ignal was obtained with DHB and SA; no two-laser matrix or
nalyte ion signal was found for samples prepared with CCA
atrix. With the NA matrix, a high intensity matrix ion signal
as observed for a matrix fragment, but no two-laser analyte ion

ignal was observed. In general, analyte signal was lower and
ore difficult to reproduce for peptides compared to proteins.
Mass spectra for bovine insulin (Mr = 5733.5 Da) in DHB

atrix are shown in Fig. 1. The UV laser fluence is 55% of the

ne-laser threshold, and the IR laser fluence is at the one-laser
hreshold. At a delay of −100 ns (Fig. 1a; UV fired before IR),
atrix and analyte ion signal result from the IR laser only. At

elay times between 0 and several hundred nanoseconds, matrix

o
i
D
a

aser fluence is 55% of one-laser threshold and the IR laser fluence is 100%
f threshold. Negative delay times indicate the UV laser is firing before the IR
aser.

nd analyte ion signal are significantly larger. A typical two-laser
ass spectrum obtained at a delay of 200 ns is shown in Fig. 1b;

his mass spectrum is indicative of those obtained between 0
nd 400 ns. One-laser mass spectra similar to the two-laser mass
pectrum in Fig. 1b can be obtained if either the IR or the UV
aser fluence alone is increased above the one-laser threshold.

Fig. 2 shows the mass spectra of bovine insulin in SA matrix.
he UV laser is at threshold, and the IR laser fluence is at the

hreshold to produce matrix ions. No analyte ions were produced
t any IR laser fluence using SA matrix and one-laser ionization.
t a delay of −100 ns, matrix ion signal in Fig. 2a is from the
V and IR lasers, and analyte ion signal is from the UV laser
nly. Fig. 2b shows a mass spectrum obtained at 200 ns that
s indicative of the two-laser mass spectra obtained between 0
nd 400 ns. The SA two-laser mass spectrum is similar to the
HB two-laser mass spectrum, with the exception that the ana-

yte cluster signal is significantly lower and the resolving power
reater in the former case. A UV one-laser mass spectrum simi-
ar to Fig. 2b can be obtained if the UV laser fluence is increased,
ut, as indicated above, no IR one-laser mass spectrum could be

btained. The mass resolving power for SA in the one-laser case
s also a factor of two greater than for one-laser UV MALDI with
HB, suggesting that the resolution difference is not related to
two-laser process.
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ig. 2. Mass spectra of bovine insulin in SA matrix obtained with 2.94 �m IR
nd 337 nm UV lasers at (a) �t = −100 ns and (b) �t = 200 ns. The UV and IR
asers are at 100% of the one-laser threshold fluence.

In some cases, the two-laser signal was steady over time and
lots of integrated signal intensity as a function of time could
e obtained. In Fig. 3, the peak area for the [M + H]+ ion of
ovine insulin in SA matrix is plotted as a function of delay.
he non-zero baseline is due to detector noise and does not indi-

ate analyte ion signal at negative delay times. Two-laser analyte
on signal is observed at zero delay and continues at approxi-

ately the same intensity to 400 ns and then drops to baseline

ig. 3. Integrated singly protonated ion signal as a function of delay time for
ovine insulin in SA matrix from −300 to 900 ns in 100 ns increments. Error
ars represent one standard deviation.
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ig. 4. Mass spectra of cytochrome C in DHB matrix obtained with IR and UV
asers at (a) �t = 0 ns and (b) �t = 200 ns. The UV and IR lasers are at 100% of
ne-laser threshold fluence.

fter 700 ns. The higher baseline after 700 ns does not appear
o be associated with analyte ion signal and may be caused
y thermionic emission or gas phase UV ionization of neutrals
jected from the target by the IR laser. In contrast to SA, it was
ot possible to obtain reproducible delay plots for bovine insulin
n DHB matrix. The large variation in the DHB ion signal may
e due to the higher IR laser fluence that was required to obtain
wo-laser signal.

Two-laser ion signal was observed for cytochrome C
Mr = 12,384 Da) in DHB matrix as shown in Fig. 4. Results
re similar to bovine insulin in DHB matrix (Fig. 1). Fig. 4a was
btained by adjusting the delay such that the two-laser signal was
t a minimum yet the IR and UV laser fluence was sufficient to
chieve two-laser MALDI. At these fluences it was not possible
o entirely eliminate the one-laser signal. The mass spectrum in
ig. 4b was obtained at 200 ns and is indicative of the two-laser
ignal observed at positive delay times. One-laser IR and UV

ALDI spectra (similar to the mass spectrum in Fig. 4b) can be
btained at higher laser fluences.

The NA matrix was unique in that the one-laser and two-laser
atrix mass spectra were different. Fig. 5 shows mass spectra for

-nitroaniline (Mr = 138.1 Da). The UV laser fluence is 20% of

hreshold. No one-laser IR LDI signal was detected for NA at any
R laser fluence; therefore, the IR laser energy was attenuated
o the minimum energy necessary for two-laser LDI at 50 ns. At
delay of −10 ns, no matrix or analyte ion signal is observed
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Fig. 5. Mass spectra of 4-nitroaniline matrix obtained with (a) IR and UV lasers
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t �t = −10 ns, (b) IR and UV lasers at �t = 50 ns and (c) a UV laser alone. The
V laser fluence is 20% of threshold and the IR laser fluence is the minimum

equired to produce two-laser matrix ions.

Fig. 5a). At a delay of 50 ns, a mass spectrum is observed with
single peak corresponding to the protonated fragment of 4-

itroaniline after the loss of NO (Fig. 5b). No two-laser signal
as observed for analyte at any fluence. When the UV fluence

s increased to threshold, a different mass spectrum is obtained.
he one-laser UV LDI mass spectrum for NA is shown in Fig. 5c,
hich was obtained at the one-laser threshold fluence. The most

ntense peak is the protonated NO loss fragment, but there are
eaks corresponding to the NH2 loss fragment, the protonated
atrix and a fragment dimer at m/z 217. The [M − NO + H]+

ignal was intense and reproducible and was used to obtain the
elay plot shown in Fig. 6. The signal rises rapidly beginning at
ero delay to a maximum near 100 ns and then returns to baseline
fter approximately 500 ns.

In a previous study from this laboratory, it was postulated
hat the function of the IR laser in two-laser ionization is to heat
he sample and thereby increase the ionization efficiency of UV
esorption ionization. It is unlikely that excited electronic state
rocesses are important in two-laser IR/UV LDI as they are in
wo-laser and two-pulse UV/UV LDI [1–3]. It is possible that
he IR laser heats the sample to its melting point. The melting

oints for the solid matrices used in this study range from 421 to
37 K [8]. Temperatures of 600–800 K are normally sufficient
o produce alkali metal ions by thermionic emission [9]. The
resence of sodium positive ions in the IR LDI mass spectra at

t
t
b

ig. 6. Integrated ion signal for the NO loss fragment of 4-nitroaniline plotted
s a function of delay time from −70 to 950 ns in 10 ns increments. Error bars
epresent one standard deviation.

wo-laser ionization fluences suggests that the temperature fol-
owing IR irradiation is sufficient for matrix melting. The lack
f observed two-laser ionization with the CCA matrix may be
ue to the relatively low absorption of that matrix at 2.94 �m. A
hin film of CCA has an IR absorption peak at 3.02 �m and a rel-
tively low absorption at 2.94 �m [10]. In contrast, SA, NA and
HB have a comparatively larger absorption at that wavelength.
lthough the lack of absorption coefficients for crystalline solids
ata makes it difficult to make quantitative, rough estimates can
e made. The energy deposition per molecule can be estimated
sing the Beer–Lambert Law and assuming negligible light scat-
ering from the surface [11]

E

N
= 2.3(1 − R)

ε

NA
H

here R is the surface reflectance, ε the absorption coefficient, c
he molar concentration of matrix, NA the Avogadro’s number,
nd H is the fluence. Using an estimated absorption coefficient
11] of 20 and 40 M−1 cm−1 and a fluence of 2100 J/m2, a vol-
metric energy of approximately 10 kJ/mol (about 0.1 eV per
olecule) is obtained. The heat of fusion for benzoic acid is

8 kJ/mol [12] and this should be similar to that of the matrix
olecules. This calculation suggests that available energy is

lose to the matrix melting point and that small changes in
bsorption coefficient may affect the two-laser processes.

The time behavior of the two-laser LDI is consistent with the
ne-dimensional heating model presented in the previous two-
aser MALDI MS study that used a CO2 laser as the IR source
4]. That model predicts that the maximum target temperature
ill occur at the end of the IR laser pulse. In the CO2 laser study,

he full pulse is 900 ns, which coincides with the maximum in
he two-laser signal for both matrix and analyte. In the current
tudy, the IR laser pulse width is 5 ns and ion signal was observed
o be coincident with the end of the IR pulse within the 40 ns
itter in the delay measurement.
The drop in two-laser ion signal is interpreted as reflecting
he drop in the surface temperature after the IR laser heating. In
he previous study, the time for the return to baseline signal was
etween 100 and 300 �s; in the current study, the return to zero
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ccurs within 1 �s. This difference is most likely due to the slow
eating of the stainless steel substrate by the 10.6 �m laser as
ompared to the rapid heating of the matrix by the 2.9 �m laser.
he bulk metal will cool more slowly than the thin matrix film.
n alternate explanation for the rapid return to baseline is that

he UV laser is interacting with the expanding plume of material
esorbed by the IR laser. Given a 500 m/s plume velocity, the
V laser would be expected to interact with ablated material for
00 ns or more after the IR ablation [1]. As the plume moves
ut of the UV laser field of view, this plume irradiation will no
onger be possible. However, the flight times of the matrix and
nalyte ions formed by two-laser MALDI are constant to better
han 0.2%, suggesting that they are formed at the surface rather
han in the gas phase above the target. The anomalous two-laser

ass spectrum for NA might be better explained by its high
apor pressure compared to the other matrices [13] which could
ead to a dense plume after IR laser heating. A high collision
umber in this dense plume could explain the high degree of
ragmentation in the two-laser mass spectrum.

. Conclusion

Two-laser MALDI MS studies were performed using an OPO
aser operating at 2.94 �m for the IR source and a 337 nm nitro-
en laser for the UV source. Two-laser matrix and analyte signal
as found for DHB and SA matrices but not for CCA matrix.
wo-laser mass LDI signal was observed for NA matrix, but the

ass spectrum is not the same as the one-laser UV LDI mass

pectrum. The two-laser signal occurs when the IR and UV lasers
re fired simultaneously (with 40 ns jitter) and can be obtained
or delay times between the IR and UV laser of up to 500 ns.

[

[
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he results are interpreted as rapid heating and possibly melting
f the matrix followed by efficient UV MALDI from the heated
ample.
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