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Abstract

The application of a multi-frequency laser source for the use in matrix-assisted laser desorption ionization time-of-flight mass spectrometry
(MALDI-TOFMS) is described. An elliptically polarized beam of a Nd:YAG laser emitting at 355 nm (200 mJ) is focused into a Raman
shifter, filled with high pressure hydrogen. As a result, numerous Raman lasers (including vibrational and rotational Raman emissions for
hydrogen; 4155 and 587 cthshifts, respectively) were generated with a total power&00 mJ. Using this multi-frequency laser as an
ionization source, methionine enkephalin (MW 573.7), angiotensin | (MW 1296.5) and oxidized insulin chain B (MW 3495.9) were examined,
as model compounds usigcyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA) and activated charcoal as the matrix, respectively.
As a result, the S/N ratios were improved when the multi-frequency laser was used, compared to the single light source of the Nd:YAG laser
(355 nm), irrespective of the type of matrix used. This is because the multi-frequency laser provides multi-line for absorption, where the
traditional N, laser only provides single wavelength (at 337 nm) for absorption.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction steps. Initially, a solid solution is formed where the matrix
absorbs energy from the excitation laser. Following this, the
Matrix-assisted laser desorption ionization time-of-flight energy can be rapidly transferred from the matrix to the
mass spectrometry (MALDI-TOFMS) has become a very analyte, leading to its ionization. These ionization reactions
popular and powerful tool for the mass analysis of both bio- occurin the first tens of nanoseconds after irradiation, and the
logical[1-9] and small moleculeld 0-17]. In this technique,  matrix/analyte is desorbed. Thus, the selection of a suitable
the use of a matrix in laser desorption could circumvent matrix for the transfer of energy to specific analytes is very
some of the limitations, associated with the ionization of high important. A number of matrices have been examined at var-
molecular weight bio-molecules. Arequirement of the matrix ious wavelengths of different type of lasers, including nico-
is that, at a minimum, it should have a strong absorbancetinic acid for 266 nm[2,18], a-cyano-4-hydroxycinnamic
at the wavelength of an ionization laser. In this technique, acid/2,5-dihydroxybenzoic acid for 337 nfh9-21] or for
the analyte is uniformly dispersed throughout a solid or lig- 355 nm[17,22—23], graphite plate or rhodamine 6G/glycerol
uid matrix, deposited on the surface of a substrate, and afor 532 nm[24—26]and 3-hydroxypicolinic acid for 1064 nm
pulsed laser beam is then directly focused on the surface.[27-28]. Each of the above matrices has unique advantages
Although the mechanism of MALDI is not clearly under- and disadvantages with respect to energy transfer efficiency,
stood, the ionization process is thought to involve several sensitivity for mass detection, precision and simplicity of use.
For an actual analysis case, in fact, a “trial and error” step for
acquiring an adequate matrix is sometimes necessary, if the

Tomeniations: C_"lch'I “'Cy%”0‘4'htYdr°_Xy°_i””t?mi°t_ acig; MALDI __ wavelength of the laser, such as a nitrogen laser (337 nm) is
, matrix-assisted laser desorption lonization time-ot-tlig mass . . .
spectrometry: SA, sinapinic acid fixed, which is the most commonly used laser. .
* Corresponding author. Tel.: +886 2 8931 6955; fax: +886 2 2932 4249. The gene_ratlon of a multi-frequency laser source is nOt.
E-mail address: chenglin@cc.ntnu.edu.tw (C.-H. Lin). a new technique. Imasaka and co-workers demonstrated this
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technique for several applicatiof29—35]. In general, hydro- 2. Materials and methods

gen is frequently used as the Raman medium because of

its excellent Raman efficiency, but other Raman media can2.1. Reagents

also be used, such as,@nd N but the conversion effi-

ciency is poor. The exciting source (i.e. fundamental beam)  Methionine enkephalin (MW 573.7), angiotensin | (MW
for a Raman scattering experiment can be any type of high 1296.5), oxidized insulin chain B (MW 3495.9), cytochrome
power laser, such as a Nd:YAG laser, Ti:sapphire laser, opti- C, sinapinic acid and-cyano-4-hydroxycinnamic acid were
cal parametric oscillators (OPO) laser or two-color dye lasers. purchased from Sigma—Aldrich (St. Louis, MO, USA). Glyc-
Even though, to the best of our knowledge, no reports have erol and activated charcoal were obtained from Yakuri Pure
appeared on the use of a multi-frequency laser in MALDI- Chemicals (Osaka, Japan) and Saimakyu’s Pure Chemicals
TOFMS. Therefore, we propose herein, for the first time, the (Osaka Japan), respectively. Acetonitrile, methanol and tri-
use of a multi-frequency laser source in MALDI-TOFMS. fluoroacetic acid were purchased from Acros (NJ, USA).
The wide spectral region of this multi-frequency laser emis- Hydrogen gas was supplied by Echo Chemical Co. Ltd.
sion may be used in conjunction with almost any type of (Taipei, Taiwan).

matrix, such asx-cyano-4-hydroxycinnamic acid (CHCA),

sinapinic acid (SA; two common matrices used in commer- 2.2. Multi-frequency laser system

cial instruments, equipped with gMser emitting at 337 nm;

absorbance range: UV) and activated charcoal (absorbance Fig. 1shows the experimental apparatus used in this study.
range: UV—vis—IR) used in this study. This possibility was A Raman shifter (50-cm in length/1-in. in diameter/two arms
examined and some results obtained are reported herein. €quipped with 1-cm thick quartz window) was used for the
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Fig. 1. The experimental apparatus used for the generation and detection of multi-frequency laser emission.
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generation of the multi-frequency laser when high pressure 3.33 and 0.47 mL water, respectively, to give stock solu-
hydrogen was used as the Raman medium. The 355nmtions (600uM each). After this, a 0.1 mL aliquot of each
(200mJ, 10Hz) radiation, generated from a Nd:YAG laser stock solution was mixed with 0.9 mL water to give three
(Spectraphysics GCR-170, Mountain View, CA, USA) was standard solutions (each 1.0mL, ©®). Cytochrome C
used as the fundamental beam. In this technique, the bean(5.0 mg) was dissolved in 0.6 mL of water and the following
is passed through a quarter-wave plate (CASIX, WPL1212- preparation was the same as described above. The remain-
1/4\-355) to rotate the beam polarization for the generation der of the stock solutions were stored in the freezer for
of the first-Stokes beam by the effect of “stimulated Raman future use.

scattering”. The elliptically polarized beam is focused on

the Raman shifter by a quartz lens (focus length, 50 cm).

The angle of the quarter-wave plate can be rotated, so as3. Results and discussion

to change the beam polarization from circular to elliptical

to acquire the generation of higher-order Stokes and anti-  Fig. 2shows the spectrum of multi-frequency laser emis-
Stokes beams; the rotational Raman shift frequency of which sjons generated by a Nd:YAG laser when 355nm radia-
is 587 cnmL. In order to improve the conversion efficiency, tion was used as the fundamental beam. Numerous high-
the beam is passed through the Raman shifter twice. Theorder vibrational (4155cm shifts) as well as rotational
spectrum of the output beam was collected by a monochro- (587 cnt? shifts) lines are observed:; the pressure of hydro-
mator (ARC, Acton Research Corporation; Model SP-500, gen was 5atm. Among these vibrational lines (fromgAd
1200 grooves/mm grating) equipped with a photomultiplier V3), spreads of numerous rotational lines are observed. The
(Hamamatsu, R928). The output signal was measured by adetectable lines can cover from 242.6 to 865.9 nm with differ-
boxcar integrator (SRS 250, Stanford Research Systems, Inc.ent intensities. The spectral intensity decreased in the long-
CA, USA). The analog signal was converted to a digital sig- wavelength region since the grating used was a UV-blaze; the
nal by an A/D converter (ADAM-4012 module, Advantech spectral response of the photomultiplier used in this study
Co., Ltd., Taiwan), and then recorded with a data acquisition decreased at wavelengths beyond 900 nm. Nevertheless, the
system connected to a personal computer.

2.3. MALDI-TOFMS apparatus Multi-frequency Laser Emission ®
532 nm

The linear type of time-of-flight mass spectrometer
(TOFMS) used in these experiments was a modified
Wiley—McLaren design by the R.M. Jordan Corporation ®
(Grass Valley, CA, USA). The flight distance was 1.1 m; a 4- 355 nm .
in. turbo (flight tube) and a 6-in. diffusion (ionization region)
pump was used to maintain a vacuum betex 10~/ Torr , U' { l , J
during the experiments. A stainless steel target was used as< SEELLN i
the MALDI substrate and the samples were deposited directly 300 400 500 600 700 800
on it. The instrument was equipped with a CCD camera, dis- Wavclengeh ()
playing the sample image on a monitor, thus permitting the
laser to be focused on a specific spot within the area of the
target. The power of the multi-frequency laser was measured
by a power meter and can be adjusted by an Iris diaphragm or v
attenuation filters. The lasers were then focused by a quartz \
lens on the target. The focus lens was located on a translation
stage; the focus length of each laser is different, so that the
focusing zone can be optimized by moving the stage. The ions Ay || A j/
formed by MALDI were produced in a field-free region and
then directly migrated toward the detector, where a 25 mm VS l
triple microchannel plate (MCP) was used for ion detection. AV3 L Vs
Data were recorded using a LeCroy 9350A digital oscillo- !/ 1{. Lokl l v \
scope (500 MHz) and processed by a personal computer. All g0 300 400 500 600 700
spectra were obtained as 200-shot averages. Wavelength (nm)

587 el |—

Laser Intensity (V

2.4. Sample preparation Fig. 2. Spectrum of multi-frequency laser emission:(Blatm). Inset, spec-
trum obtained when a second harmonic generation (532 nm) of the Nd:YAG
. . — . - laserwas used. R, rotational lines; V, vibrational lines; AV, anti-Stokes vibra-

Angiotensin |, methionine enkephalin and oxidized tionallines; AR, anti-Stokes rotational lines. The subscriptindicates the order
insulin chain B (1.0 mg of each) were dissolved in 1.28, ofthe vibrational or rotational line.
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total energy of these emissions €100 mJ. Since a high  the other case, a multi-frequency laser also can be used as
power laser (greater than 1 mJ) is not necessary for MALDI, a single beam after prism separation, or as multiple lines by
all of the multi-frequency lines can be used after attenuation, band-pass filters, depending on the wavelengths needed. Fur-
or they can be separated to a single beam by a prism, suchthermore, when a second harmonic generation (532 nm) of
as a pellin broca prism. In the former case, the focal lengths the Nd:YAG laser was used, the wavelength covering range
of these lines are different, so that the focus points are mul- can be up to the infrared region (data not shown). This would
tiple. Since these lines are very close (separated from eachoe useful if an IR-excited matrix were to be necessary for a
other by only 587 cm?), the focus points should be over- specific analyte. In either of the cases mentioned above, using
lapped because of the beam waists and the confocal lengthshis approach for finding a suitable exciting wavelength to a
of these lines can be as much as several micrometers. A focugparticular matrix, searching for an appropriate matrix to a
lens (focus length: 20 cm at 500 nm), equipped on a trans-fixed wavelength of laser is no longer necessary. In order to
lation stage, was used to select the most favorable focusinginvestigate the effects when different hydrogen pressures are
zone. Meanwhile, the intensity of the detected ions was mon- used, under exactly the same experimental conditions, var-
itored by moving the translation stage from front to back. In ious hydrogen pressures (1-10 atm) were examined. When
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Fig. 3. Frames A-D show MALDI-TOFMS results. lonization source: frames A and B, the third harmonic generation of Nd:YAG laser (355 nm); frames C
and D, multi-frequency laser. Matrix (frames A and C), CHCA 10 mg/mL in a mixed solution (water/acetonitrile =50/50, v/v, with 1% trifluoroacetic acid);
analytes: a mixture of methionine enkephalin (15 pmol), angiotensin | (0.01 pmol) and oxidized insulin chain B (8 pmol). Matrix (frames C and D), activated
charcoal/glycerol; analytes: a mixtue of methionine enkephalin (40 pmol), angiotensin | (0.05 pmol) and oxidized insulin chain B (30 pmol), respectively.
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the hydrogen pressure was adjusted to 1 atm, only afew lines  Fig. 3shows the MALDI-TOFMS spectra when the three
are observed around the fundamental beam because the effismaller peptides was selected as the test sample (frames A
ciency of Raman scattering is dependent on the density ofand B: laser, 355 nm/matrixes, CHCA and activated char-
the medium. When the density of medium is increased (up to coal, respectively; frames C and D: laser, multi-frequency
10 atm), numerous lines appear. However, at higher hydro-laser/matrixes, CHCA and activated charcoal, respectively).
gen pressures, the vibrational emissions are more effectiveHerein, the concentration of CHCA was 10mg/mL in a
than rotational emissions. In addition, when the quarter-wave mixed solution (water/acetonitrile = 50/50, v/v; with 1% tri-
plate was rotated at various angles, the beam pattern wouldfluoroacetic acid). To maintain the ion intensity at the same
be altered but the total intensity remained unchanged (datascale, the concentrations of analytes used are different since
not shown). We selected a pressure of 5atm as optimal invarious ion intensities are produced when CHCA and the
subsequent experiments. The inset shows the result obtainednulti-frequency lasers were used. Compared to a single beam
when the fundamental beam was changed to 532 nm, multi-(355 nm), the S/N ratios are improved. This is because the
frequency lasers was observed, and the range can cover fronmulti-frequency laser can provides a greater opportunity for

250 to 800 nm. absorption to occuFig. 3B and D shows a similar experiment
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Fig. 4. Frames A-D show MALDI-TOFMS results. lonization source: frames A and B, the third harmonic generation of Nd: YAG laser (355 nm); frames C and
D, multi-frequency laser. Matrix (frames A and C), SA 10 mg/mL in a mixed solution (water/acetonitrile =50/50, v/v, with 1% trifluoroacetic acid); analyte:
cytochrome C (5 pmol). Matrix (frames C and D), activated charcoal/glycerol; analyte: cytochrome C (5 pmol).
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in which a mixture of activated charcoal/glycerol was used [2] M. Karas, F. Hillenkamp, Anal. Chem. 60 (1988) 2299.
to examine the analytes (methionine enkephalin, 40 pmol; [3] R.C. Beavis, B.T. Chait, Rapid Commun. Mass Spectrom. 3 (1989)
angiotensin |, 0.05 pmol; oxidized insulin chain B, 30 pmol). 233. , .
Activated charcoal absorbs both in the UV and NIR regions [4] R.C. Beavis, B.T. Chat, Anal. Chem. 62 (1990) 1836.
. . 9 .7 [5] K.KK. Mock, M. Davey, J.S. Cottrell, Biochem. Biophys. Res. Com-
Because of this, the use of a multi-frequency laser as the ion- ~ ~ myn, 177 (1991) 644.
ization source is preferable to that of a single laser. As aresult, [6] B. Spengler, M. Karas, U. Bahr, F. Hillenkamp, J. Phys. Chem. 91
this method also permits a better S/N ratio for the mass spec-  (1987) 6502. _
tra. These data demonstrate that the use of a multi-frequency [/ S: Zhao, V.S. Somayajula, A.G. Sharkey, D.M. Hercules, F.
. Hillenkamp, M. Karas, A. Ingendoh, Anal. Chem. 63 (1991)
laser can be very useful when for CHCA or activated char-
coal is used as the matrix. The detection limit (S/N=3) of (g] B. stahl, M. Steup, M. Karas, F. Hillenkamp, Anal. Chem. 63 (1991)
methionine enkephalin, angiotensin | and oxidized insulin 1463.
chain B were 200, 5 and 15 pM, respectively. In order to com- [9] B. Spengler, R.J. Cotter, Anal. Chem. 62 (1990) 793.
pare the ionization efficiency on larger protein, cytochrome [10] Z: Guo, Q. Zhang, H. Zou, B. Guo, J. Ni, Anal. Chem. 74 (2002)
C (5 pmol) was selected as a model compound. The MALDI- 1637,
) T ) . [11] J.E. Dally, J. Gorniak, R. Bowie, C.M. Bentzley, Anal. Chem. 75
TOFMS spectra (as shownlig. 4) and similar experiments (2003) 5046.
were carried out (frames A and B: laser, 355 nm/matrixes, SA [12] J. Sunner, D. Edward, Y.-C. Chen, Anal. Chem. 67 (1995) 4335.
and activated charcoal, respectively; frames C and D: laser,[13] Y.-C. Chen, J. Shiea, J. Sunner, J. Chromatogr. A 826 (1998) 77.
multi-frequency laser/matrixes, SA and activated charcoal, [14] H-J- Kim, J K. Lee, S.J. Park, H.W. Ro, D.Y. Yoo, D.Y. Yoon, Anal.
tively). As it can be seen again, the S/N ratios were Chem. 72 (2000) 5673.
_respec Y): . gain, . 15] Y.-C. Chen, M.-C. Sun, Rapid Commun. Mass Spectrom. 15 (2001)
improved when the multi-frequency laser was used, irrespec- = 2521
tive of the type of matrix. The detection limit (S/N=3) of [16] T.T. Hoang, Y. Chen, SW. May, R.F. Browner, Anal. Chem. 76

cytochrome C was 0.4M. (2004) 2062.
[17] I.LP. Smirnov, X. Zhu, T. Taylor, Y. Huang, P. Ross, l.A.

Papayanopoulos, S.A. Martin, D.J. Pappin, Anal. Chem. 76 (2004)
2958.
[18] T.B. Farmer, R.M. Caprioli, J. Mass Spectrom. 33 (1998) 697.

. . L . [19] Y.-S. Lin, Y.-C. Chen, Anal. Chem. 74 (2002) 5793.
This work describes the successful application of a multi- [20] X. Yang, H. Wu, T. Kobayashi, R.J. Solaro, R.B. van Breemen, Anal,

frequency laser for use in MALDI-TOFMS. Compare to a Chem. 76 (2004) 1532.

single beam (355 nm) or a nitrogen laser (337 nm), the multi- [21] M. Mank, B. Stahl, G. Boehm, Anal. Chem. 76 (2004) 2938.
frequency laser provides a greater opportunity for absorption[22] A. Pashkova, E. Moskovets, B.L. Karger, Anal. Chem. 76 (2004)
to occur. Although the utility of the multi-frequency laser was : . .

. . . . . [23] .M. Kaufman, A.J. Jaber, M.J. Stump, W.J. Simonsick Jr., C.L.
investigated using CHCA and activated charcoal as mgtrlces, Wilkins, Int. J. Mass Spectrom. 234 (2004) 153,

the performance could be extended to any type of matrix for a 24 3. kim, K. Paek, W. Kang, Bull. Korean Chem. Soc. 23 (2002)
specific analyte. The method is a rapid, simple and economic  315.

technique, and also suggests that such a type of laser ha5] W. Kang, J. Kim, K.P.K.S. Shin, Rapid Commun. Mass Spectrom.
great potential for use as a new light source in the field of _ 15 (2001) 941.

MALDI-TOFMS, not only for ionization needs but for other [26] ZDé(S)é.COFnen' M.A. Duncan, 1.J. Amster, Anal. Chem. 65 (1993)

4. Conclusions

purposes, such as mechanism studies. [27] M. Schurenberg, K. Dreisewerd, F. Hillenkamp, Anal. Chem. 71
(1999) 221.
[28] V.V. Golovlev, S.H. Lee, S.L. Allman, N.l. Taranenko, N.R. Isola,
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