A Novel Strategy for MALDI-TOF MS
Analysis of Small Molecules

Shu Zhang,® Jian’an Liu,*® Yi Chen,® Shaoxiang Xiong,*
Guanghui Wang,? Jun Chen,® and Guogiang Yang®"

 Institute of Chemistry, Chinese Academy of Sciences, Beijing 100190, China
® Beijing National Laboratory for Molecular Science, Beijing 100190, China

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS)
does not work efficiently on small molecules (usually with molecular weight below 500 Da)
because of the interference of matrix-related peaks in low m/z region. The previous methods
developed for this problem focused on reducing the peaks caused by the traditional matrices.
Here, we report a novel strategy to analyze small molecules in a high and interference-free
mass range by using metal-phthalocyanines (MPcs) as matrices which should be capable of
forming matrix-analyte adducts. The mass of the target analyte was calculated by subtracting
the mass of MPc from the mass of the MPc-analyte adduct. MPcs were also detectable and
could serve as internal standards. Various MPcs with aromatic or aliphatic groups and
different metal centers were then synthesized and explored. Aluminum-phthalocyanines
(AlPcs), gallium-phthalocyanines (GaPcs), and indium-phthalocyanines (InPcs) were efficient
matrices to form MPc-analyte adducts in either the positive or negative ion mode. The
detection limits varied from 17 to 75 fmol, depending on analyte types. The mechanism of
adducts formation was also proposed. Collectively, our strategy provides a novel and efficient
way to analyze small molecules by MALDI-TOF MS. (] Am Soc Mass Spectrom 2010, 21,
154-160) © 2010 American Society for Mass Spectrometry

atrix-assisted laser desorption/ionization time-
Mof—ﬂight mass spectrometry (MALDI-TOF MS)

[1, 2] is limited for the detection of small
molecules (usually with molar mass below 500 Da)
because of the interference peaks caused by matrix. To
solve this problem, several methods have been re-
ported, of which the most attractive is the matrix-free
laser desorption/ionization [3-13]. Siuzdak et al. [3]
designed a porous silicon surface; the explorations were
extended to not only the new types of silicon materials
(e.g., silicon nanocavity [6] and silicon nanowires [7]),
but also non-silicon substances such as porous alumi-
num [8] and zinc oxide nanoparticles [9]. Surface-
enhanced laser desorption/ionization (SELDI) introduced
by Hutchens and Yip [10] is also a matrix-free method for
biological samples analysis [11, 12]. This technique is
combined with porous silicon surface through modifying
the surface to make it capture analytes [13, 14].

Use of matrix additivies [15-18] is capable of reducing
background peaks in low m/z region as well. Guo et al.
[15] added a surfactant of cetrimonium bromide to a
conventional matrix of a-cyano-4-hydroxycinnamic acid
(CHCA) to suppress substantially the matrix-induced
background.
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Some researchers explored new matrices, such as
carbon nanotubes [19], graphite [20, 21], ionic liquid [22,
23], and also some high-mass molecules. Ayorinde et al.
[24] have reported the use of meso-tetrakis (pentafluoro-
phenyl) porphyrin (F20TPP) as a matrix in MALDI-TOF
MS analysis of some commercial nonylphenol ethoxylates
and the fatty acids of saponified vegetable oil.

The strategy involved in these discussed methods lies
in reducing the interference in the low mass region, which
is difficult to completely realize. These methods also have
other shortcomings, such as irreproducibility of silicon
surface, significant reduction addition of CTAB, and con-
tamination of ion source from carbon nanotubes.

Herein, we developed a novel strategy, which is
completely different from the approaches discussed
above, to analyze small molecules by MALDI-TOF
MS. The traditional stainless-steel plate was used,
and no additives were used to suppress the matrix
effect in this method. Small analytes were detected in
the form of matrix-analyte adduct in a higher mass
region by using metal-phthalocyanines (MPcs) as
matrices, which resulted in the elimination of the
interference peaks in low mass region derived from
traditional matrices. Unlike porphyrin matrix [24],
the MPcs matrices not only absorb laser energy but
also can form MPc-analyte adducts.

Several key factors affecting the formation of MPc-
analyte adducts, such as matrix/analyte molar ratio,
central metal ions, and substituent groups of MPcs, as

Published online October 6, 2009
Received April 27, 2009

Revised September 22, 2009
Accepted September 26, 2009



J Am Soc Mass Spectrom 2010, 21, 154-160

well as samples’ pK,, are discussed in detail. This new
method has been successfully applied to the analyses of
various types of small molecules, including peptides,
fatty acids, and phenol.

Experimental
Materials

Gibberellic acid (GA;) was purchased from Acros (Fair
Lawn, New Jersey, USA). 2,5-Dihydroxy benzoic acid,
quercetin, and luteolin were from Sigma (St. Louis, MO,
USA). Salicylic acid, a-cyano-4-hydroxycinnmaic acid,
palmitic acid, vitamin C, 3-nitrophthalonitrile, 1,2,3,4-
tetrahydro-9-acridanone, and other chemicals were
from Aldrich (Milwaukee, WI, USA).

MPcs Synthesis

The MPcs (Scheme 1) used in this paper were synthe-
sized from the respective chlorides following previ-
ously reported methods with some modifications [25-
27]. The synthetic process was laid out with M(aPc)s as
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Scheme 1. The structures of the metal-phthalocyanine compounds.
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an example. Briefly, 3-nitrophthalonitrile (1.73 g or 10
mmol) was treated with 2-methyl-1-propanol in the pres-
ence of anhydrous K,CO; to form a-(2-methylpropyloxy)
phthalonitrile. After cyclization of the substituted phtha-
lonitrile using lithium in n-butanol, a metal-free phthalo-
cyanine (Pc) was obtained and further reacted with AlCl,,
GaCl; or InCl; in N,N-dimethylformamide to form
M(aPc)s. The resulting M(aPc)s (chlorides) were char-
acterized by MALDI-TOF MS, UV-Vis and NMR (data
not shown).

UV-Vis Absorption Measurement

MPcs were separately dissolved in tetrahydrofuran
(THF) at a final concentration of 1 uM. With pure THF
as a reference, their UV absorption spectra were re-
corded on a double beam UV-Vis spectrophotometer,
model TU-1900 from Purkinje General Instrument Co.
Ltd. (Beijing, China) by scanning from 200 to 500 nm at
room temperature.

Mass Spectrometry

All mass spectrometry experiments were performed on
an Autoflex Il MALDI-TOF mass spectrometer (Bruker
Daltonics, Bremen, Germany) equipped with a 355-nm
nitrogen laser. Before the experiment, the instrument was
calibrated using an external standard calibration mixture
composed of angiotensin I, angiotensin II, Substance P,
bombesin, adrenocorticotropic hormone clip 1-17, and
clip 18-39, and somatostatin 28 from the Bruker Daltonics.

Samples and MPcs were dissolved in THF separately
and mixed. The mixture was spotted on the SCOUT
MTP 384 MALDI target plate. Mass spectra were ac-
quired in reflectron mode with an acceleration voltage
of 19 kV and laser frequency of 10 Hz. The laser power
was set at 40% to 90% of the maximum. Usually 30-200
laser shots were accumulated for each spectrum.

Results and Discussion

The Application of MPcs as Matrices Enhanced
Efficiently the Detection of Small Molecules by
MALDI-MS

MPcs are an important type of industrial materials
widely used in printing, dye industry and especially the
CD-manufacturing processes. With a conjugated  sys-
tem, they have a Soret absorption band between 290
and 450 nm attributed to the 4a,,—6e, w7 orbit
transition. Our experiments showed that they absorb
laser energy at 355 nm from the MALDI-TOF mass
spectrometer and can be desorpted /ionized without the
use of traditional matrix.

In our experiments, MPcs were not only used as
matrix to absorb laser energy, but also brought small
analytes to a higher mass region through conjugation
reaction. Figure 1a shows the mass spectra of citric acid
in positive mode when using CHCA (upper line) and
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Figure1. Comparison of MALDI mass spectra using AlPc matrix
and CHCA matrix in analysis of (a) citric acid in positive mode
and (b) stearic acid in negative mode.

Al(pPc) (lower line) as a matrix, respectively. Citric acid
was hardly detected using CHCA because of the high-
abundance background signals from CHCA in low
mass range. When Al(pPc) was used, the peak of
matrix-analyte adduct, in the form of [Al(pPc)(citric
acid)]*, was detected with high intensity and good reso-
lution in higher mass region. In addition, we observed the
[Al(pPc)]" ion. More data are shown in Table 1.

In the negative-ion mode (Figure 1b), stearic acid
was used to compare the MALDI-mass spectra ac-
quired, while CHCA (upper line) or Al(pPc) (lower line)
was used as a matrix. The spectrum was noisy in the
low mass range when CHCA was employed as the
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matrix. CHCA-related peaks, such as the ions of 188.0
(M — HJ"), 399.1 ([2M — 2H + Na]"), were very intense.
On the other hand, a very clean spectrum was obtained
when Al(pPc) matrix was used. The stearic acid was
detected in the form of [Al(pPc)(stearic acid — H)]” with
high intensity. In addition, the peak of [Al(pPc)]” was
also obvious, albeit with relatively weak signal.

This method was applied to the detection of gib-
berellic acid (GA;), an important phytohormone. Due to
its low molecular weight, GA; is difficult to be analyzed
by MALDI-TOF MS. Until now, no one has reported the
analysis of GA; using conjugation reaction by
MALDI-MS technique. Excitingly, our new method can
clearly detect GA; with good signal in the negative-ion
mode. Other small molecules, such as amino acids,
small peptides, fatty acids, flavones, and so on, were
successfully detected (data shown in Table 2). We
conclude that MPcs can be widely employed as matri-
ces to analyze various types of small molecules by
MALDI-MS.

Analyte Mass Calculation

The molar mass of small molecules can be easily calcu-
lated from MPc-analyte adduct. In the positive mode,
the mass of the analyte is equal to the adduct mass
subtracted by the mass of the MPc. For example, in Figure
la (lower line) the mass of citric acid is 1323.5132 —
1131.4860 = 192.0272, which agrees very well with the
theoretical value of 192.0270. When the [MPc] " signal
was intense enough, it offered the opportunity as a
reference ion for the internal calibration. Table 1 lists the
accurate masses and mass measurement errors of a
group of analytes after calibration with [MPc]" ions. In
the negative-ion mode (Figure 1b lower line), the com-
plex exists in the form of [Al(pPc)(stearic acid — H)]".
Thus, the mass of stearic acid is 1414.8 — 11315 + 1.0 =
284.3, which is again consistent with the theoretical
value.

Matrix/Analyte Molar Ratio Affects the Formation
of MPc—Analyte Adducts

In traditional MALDI-TOF MS analysis, the normal
molar ratio of matrix to sample varies from 1500:1 to

Table 1. Results of small molecules analyzed by MALDI-TOF using Al(pPc) as matrix in positive-ion mode with analyte/matrix

molar ratio of 5:1

Analyte or HA Molecular formula MiaippcieHal” MyaP M’ a° Error/ppm
a-Cyano-4-hydroxycinnmaic acid C,oH;NO4 1320.5295 189.0435 189.0426 5
2, 5-Dihydroxy benzoic acid C,HgO0, 1285.5131 154.0271 154.0266 3
Salicylic acid C,Hg04 1269.5170 138.0310 138.0317 -5
Citric acid CgHsO, 1323.5132 192.0272 192.0270 1
Gibberellic acid C.oH2,06 1477.6291 346.1431 346.1416 4
1,2,3,4-Tetrahydro-9-acridanone C,5H,5NO 1330.5847 199.0987 199.0997 -5

ZM[N(DPC)'HA] = mass of [Al(pPc)eHA]".

HA = Miaippejerial = Miaipren = Miaippejeria) — 1131.4860.
°M’ya = theoretical mass of HA.
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Table 2. Results of small molecules analyzed by MALDI-TOF MS using Al(pPc) as matrix in negative-ion mode with analyte/matrix

molar ratio of 5:1

Analyte or HA Molecular formula Miaippeyear” My AP M'yA
a-Cyano-4-hydroxycinnmaic acid C,oH;NO4 1319.5 189.0 189.0
2,5-Dihydroxy benzoic acid C,HsO 1284.5 154.0 154.0
Salicylic acid C,Hs04 1268.5 138.0 138.0
Citric acid CeHgO, 1322.5 192.0 192.0
Vitamin C CeHgOg 1306.5 176.0 176.0
Vitamin pp CeHsNO, 1253.5 123.0 123.0
Gibberellic acid C19H2,0¢ 1476.6 346.1 346.1
Cholic acid C,4H4005 1538.8 408.3 408.3
Phe CoH,,NO, 1295.6 165.1 165.1
Lys CeH,4N,0, 1276.6 146.1 146.1
Cys C.H,NO,S 1251.5 121.0 121.0
Phe-Phe CigH20N,04 1442.6 3121 3121
Asp-Phe C;3H.6N,05 1410.6 280.1 280.1
Luteolin Ci5H1006 1416.5 286.0 286.0
Quercetin CisH1005 1432.5 302.0 302.0
Palmitic acid C;6H320, 1386.7 256.2 256.2
Stearic acid C,gH360, 1414.8 284.3 284.3
4,4'-(3,6-Diethynyl-9H-fluorene-9,9-diyl)diphenol C,oH,50, 1528.6 398.1 398.1
4-tert-Butylphenol CioH440 1280.6 150.1 150.1
2-Methyl-1,3,4,10-trtrahydro-9(2H)-acridinone C.4H,5sNO 1343.6 213.1 213.1
1,2,3,4-Tetrahydro-9-acridanone C,3H,3NO 1329.6 199.1 199.1
Norharmane C,,HgN, 1298.6 168.1 168.1

ZM[A|(ppc).A] = mass of [Al(pPc)eA] .

HA = Miaippciea; = Miaipeey + M = Miaippojea) = 11315 + 1.0 = Miaippojea) — 1130.5.

°M’ya = theoretical mass of HA.

3000:1 depending on the species and molecular weight
of samples [28]. To obtain a clean spectrum with good
signal intensity, MPc/sample molar ratio used in our
experiment was in the range of 10:1 to 1:10. When the
ratio was higher than 10:1, the peak intensity of MPc
was very strong, which makes it difficult to detect the
MPc-analyte complex in the positive mode. When
lower than 1:10, large amount of analyte crystals hin-
dered the effective absorption of laser energy and
desorption/ionization of the complex.

Different Metal Centers and Substituent Groups
Affect Substantially the Formation of the
MPc—Analyte Adducts

Central metal ions of MPcs had crucial influences on the
formation of matrix—analyte adducts. In this study, only
the trivalent metal ions from the Group Illa gave rise to
desirable adduct signals. A metal ion with high valence
like Sn*" or Ti*" (Scheme 1, Compounds 9-11) can hardly
yield target ions but many signals of by-products, mainly
due to their oxidative properties. The metal ion with a
lower valence, such as Zn** or Mg*" (Scheme 1, Com-
pounds 7 and 8), also resulted in no target signals,
probably because MPc with a divalent metal ion cannot
offer extra charges to form stable analyte-matrix
adducts.

Figure 2 shows that the signal intensity of analyte-
Al(pPc) adducts is much stronger than those of other
two metal ions in Group Illa, with an order of APP* >
Ga®" > In>". This is consistent with the ion sizes and

their abilities to form a complex. The valence electron
structures of central metal elements are 3s23p1,
3d'4s%4p', and 4d'°5s*5p' for Al, Ga, and In, respec-
tively. After orbital hybridization, the central ions can
coordinate with four equivalent nitrogen atoms of a
phthalocyanine molecule to give square planar com-
plexes. However, if analytes act as ligands, the square
planar complexes will be converted to octahedron

Peak Height of
MPc-Analyte

&
T T
] == cﬁ. = \e 2
b \o\:"g = e . 59""9

Figure 2. Comparison of peak heights of MPc-analyte adduct by
using M(pPc) and M(aPc) as matrices; salicylic, and citric acid
were employed as testing samples. The peak height was normal-
ized by /NP, where § is the measured peak height, N is the
accumulation times and P is the laser power setting.
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(a) Proposed reactions occurring between MPc matrix and analyte HA; (b) The most

probable ionization routes for the octahedron complex [MPc-A-HA].

structures. As a consequence, both square and octahe-
dron complexes may coexist through the reactions
(shown in Scheme 2a). Scheme 2a illustrates the main
reactions possibly occurring between MPc and analyte,
in which HA represents the analyte. Scheme 2b shows
the octahedron complex structure and the most proba-
ble ionization routes for [MPc-A-HA].

Different substituting groups on the Pc ring, which
was originally introduced to improve its solubility [29,
30], also affect the formation of MPc-analyte adducts. In
this study, MPc with phenyl and alkyl groups, M(pPc)
and M(aPc), were used to test the influences. Figure 2
shows that peak intensity of M(pPc)-analytes is much
higher than that of M(aPc)-analytes. Furthermore, the
signals of salicylic acid complexes are higher than those
of citric acid. These results suggest there might be a 7
interaction between analyte and MPc, which can stabi-
lize the matrix-analyte adducts.

The Influence of Sample pK, on the Formation of
MPc—Analyte Adducts

Besides the MPc matrix, the sample pK, also affects the
interaction between analytes and MPcs. Six small mol-
ecules with different pK, values [31-35] were mixed at
an equimolar ratio and analyzed. The resulted mass
spectrum (Figure 3) showed only five target peaks. The
expected complex peak of indole was not found
because it did not conjugate with MPc. The matrix-
analyte peak intensity increased with the increase of
the samples’ acidity or with the decrease of their pK,
values. It implies that electrostatic interaction plays
an important role in the formation of the analyte—
matrix adducts.

The Detection Limit of the MALDI-MS While
MPcs Were Used as Matrices

The detection limit was evaluated with GA; as the
representative analyte. It was 75 fmol when GA; was
analyzed by MALDI-TOF MS in negative mode using
Al(pPc) as a matrix at the sample/matrix molar ratio of
5:1. When CHCA was used as the testing analyte, the
detection limit was lowered to 17 fmol. The main reason
lies in that CHCA (pK, = 1.2) [17] is more acidic than
GA; (pK, = 3.8) [36], thus it can form much stronger
complex than GA; at even a much lower concentration.
Moreover, CHCA bears a phenyl ring, able to form a
more stable complex with Al(pPc) through 7 inter-
action. Therefore, small molecules with aromatic
group (s) and lower pK, will commonly produce better
detection limit when using Al(pPc) or Al(aPc) as a matrix.

Conclusions

In summary, we report a novel strategy to detect small
molecules (<500 Da) by MALDI-TOF MS using MPcs as
matrices. This new type of matrix is multifunctional; it
not only absorbs laser energy but also forms MPc—
analyte adduct, which can be easily detected during
MALDI-MS analysis. Moreover, MPcs are also able to
serve as the internal standards and thus have the potential
for elemental composition determination based on accu-
rate mass measurement. The molar ratio of matrix/
sample, the metal center and substituent group of MPcs,
the pK, value of samples affect substantially the analyte
signal intensity. With this new strategy, a variety of
small molecules, including amino acids, peptides, fatty
acids, etc., were successfully detected. Because of its



J Am Soc Mass Spectrom 2010, 21, 154-160

(@
2000+ 1268.5
1600
12004 (d)
= o) 1386.7
800+ 1280.6 | (€)
1414.8
400 ;'"(c}
1298.6
0 T T T T T l{ T T T T v 1
1000 1100 1200 1300 1400 1500 1600
(a) miz
1600+ (a)
1269.5
1200-
= 800+
(b) (d)
[Al(pPo)* 12816 1387.7
4004 1131.5 M
1@ e
| 1}}299.6 1415.8
0 T T :i T 7 Jltll'r T lll T T T 1
1000 1100 1200 1300 1400 1500 1600

(b)

mz

Figure 3. Mass spectra of mixed analytes measured in (a) nega-
tive and (b) positive ion modes with Al(pPc) as matrix. Peak
identities: (a) Salicylic acid (pK, = 2.97); (b) 4-tert-Butylphenol
(pK, = 10.39); (c¢) Norharmane (pK, = 14.9); (d) Palmitic acid
(pK, = 9.7); (e) Stearic acid (pK, = 10.15); (f) Indole (pK, = 16.2,
no peak detected).

high specificity and sensitivity, this method is being
applied to the detection of gibberellins (GAs) in plant
crude extract. We believe that soon this strategy will
become an efficient tool for the facile and direct analysis
of small molecules in complex biological matrices.
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