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Matrix-assisted laser desorption/ionisation (MALDI) mass spectrometry was investigated for the

simultaneous detection of several metabolites, as applicable to global metabolite analysis (metabo-

lomics). The commonly employed organic matrices a-cyano-4-hydroxycinnamic acid and 3,5-

dihydroxybenzoic acid, in both the crystalline and ionic liquid forms, were investigated. The

employment of a low matrix-to-analyte molar ratio suppressed matrix peaks and was effective in

detecting all the metabolites with a unique mass in a 30-metabolite synthetic cocktail, albeit to

varying degrees. These matrix-suppressed laser desorption/ionisation (MSLDI) analyses were per-

formed in the positive ion mode, and metabolites were detected as the protonated [MRH]R, sodiated

[MRNa]R or potassiated [MRK]R species. The spectral signals were dominated by basic metabolites.

It was possible to detect components of a synthetic cocktail when it was spiked quantitatively into a

microbial extract, demonstrating the feasibility of using the technique for detecting metabolite

signals in a complex biological matrix. However, analyte suppression effects were noted when the

relative proportion of one analyte was allowed to increasingly dominate the others in a mixture. The

implications of the findingswith respect to applications inmetabolomic investigations are discussed.
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Profiling of the transcriptomic, proteomic and metabolomic

expression forms an integral part of functional genomic

investigations, and is increasingly becoming relevant in

understanding the behaviour of biological systems. While

transcriptomic and proteomic analyses have been actively

pursued to enhance our understanding of gene functions,1–4

only relatively recently have metabolome analyses emerged

as a complementary route in functional genomics and

systems biology.5–7 Consequently, there is considerable

interest in developing approaches for analysing metabo-

lomes, including methods based on hyphenated techniques

using separations based on chromatography (GC, LC) or

electrophoresis (CE) followed bymass spectrometry, 2D-thin

layer chromatography, NMR spectroscopy and vibrational

spectroscopic techniques including Fourier transform infra-

red (FT-IR) and Raman.7–9

Matrix-assisted laser desorption/ionisation (MALDI)

time-of-flight mass spectrometry (ToFMS) is a very popular

technique for the analysis of biopolymers, such as peptides,

proteins and oligonucleotides. The key factor in its success is

the ‘soft’ ionisation characteristic of MALDI combined with

the huge mass range of ToFMS that enables even large

biomolecules to be detected, predominantly as singly

charged species. Although not as popular, its application

has also been extended to the analysis of lower molecular

weight compounds.10 Given the soft ionisation characteristic,

the propensity to generate singly charged species, better

tolerance than electrospray ionisation (ESI)-MS to interfer-

ence from salts and buffers, and simplicity of sample

preparation, MALDI-MS is ideally suited for simultaneous,

rapid, high-throughput analyses of metabolites in mixtures,

such as would be encountered in metabolomic investiga-

tions.

Metabolome analyses involve measurements (ideally

quantitative) of the metabolite complement (the low

molecular weight components and intermediates of meta-

bolism) of a cell, tissue or organ in a particular physiological

state.5,8,11 Metabolomics, metabonomics, metabolite profil-

ing, metabolic fingerprinting and metabolic footprinting are

some of the terminologies in current use, depending on the

type of analysis and the area of application.8,12 Fingerprint-

ing (in which changes in intracellular components are

captured) and footprinting13 (where changes in extracellular

components secreted into the immediate environment of

organisms, cells or tissues are monitored) ideally involve

minimal separation or sample clean-up operations, enabling

simple protocols to be developed. Such analyses are useful in

instances where high-throughput measurements need to be

made. These include, but are not limited to, the screening of

samples/mutants for more elaborate investigations and

identification/monitoring of biomarkers representative of

specific physiological or disease states. MALDI-MS is ideally
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suited to such analyses if prominent changes can be captured

in a reproducible manner. It can also be applied in

conjunction with separation and sample clean-up techniques

when more comprehensive information is required. The

requirement in all these cases, especially with fingerprinting

or footprinting, is to obtain consistent signals for many

metabolites simultaneously, ideally in a quantitativemanner.

Despite the popular perception of the unreliability of the

MALDI technique for quantitative determinations, the

quantitative analysis of individual small molecular weight

components have been demonstrated.14–17

Conventional MALDI-MS with organic matrices (like

a-cyano-4-hydroxycinnamic acid, HCCA) result in peaks

from matrix ions and their adducts in the low mass range

where low molecular weight (<1000Da) compounds give

signals. In order to counteract these interferences, several

strategies have been adopted, including the use of high

molecular weight compounds as matrices,18 derivatisation of

analytes,19 and employment of post-source decay to reduce

interferences from matrix ions.20 In addition, laser deso-

rption/ionisation on inorganic matrices such as porous

silicon21–23 have also been developed. However, employing a

lower than conventional matrix-to-analyte molar ratio has

been shown to be an effective means of suppressing matrix

signals, while still utilising matrix properties for effective

desorption and ionisation.15,24 In traditional MALDI-MS,

matrix excess conditions with matrix-to-analyte molar ratios

above 1000:1 are required to detect large molecular weight

biopolymers such as proteins effectively. However, for the

analyses of low molecular weight compounds, matrix-to-

analyte molar ratios of 100:1 and 10:1 have been successfully

employed.15,25 In addition, it has also been shown that ionic

liquid-basedmatrices in the samemolar ratios are effective in

obtaining reproducible signals fromMALDI-MS of lowmass

compounds.17

While the detection of low molecular weight compounds

has been demonstrated, this has typically involved the

detection of one or two analytes. In metabolomics the

challenge is to be able to detect simultaneously many

analytes in a complex milieu in a quantitative manner, with

hopefully simple protocols. In this study we investigated the

employment of a low matrix-to-analyte molar ratio, and the

use of ionic liquid-based matrices, for the simultaneous

detection of several analytes, and discuss the suitability of

these approaches for metabolomic investigations.

EXPERIMENTAL

Materials
Two metabolite cocktail stock solutions, each containing

30 metabolites, were used in the study. Cocktail A consisted

of the amino acids (in L-form) alanine, arginine, aspar-

agine, cysteine, glutamine, glycine, histidine, isoleucine,

leucine, lysine, methionine, phenylalanine, proline, serine,

threonine, valine (all at 30mM), aspartic acid, glutamic

acid, tryptophan (all at 3mM), tyrosine (0.3mM), the organic

acids fumaric (3mM), citric, malic, lactic, pyruvic, succinic,

oxaloacetic (all at 30mM), and the metabolites 4-aminobu-

tyric acid, putrescine andD-glucose (all at 30mM). Cocktail B

consisted of the above 30 metabolites at an equimolar

concentration of 0.1mM each. All the metabolites were

obtained from Sigma-Aldrich (Dorset, UK).

Escherichia coli (MG1655) cells were grown in Lauria-

Bertini broth in shake flasks (378C incubation, orbital shaker

at 200 rpm) to an optical density (at 600 nm) of 3. Intracellular

extracts of the cell were prepared by rapidly plunging the cell

culture (0.4ml) in 0.6mL of cold methanol (stored at �808C)
to rapidly quench metabolism. The cells were harvested by

centrifugation, washed and sonicated after re-suspension in

60% aqueous methanol. The sonicated cells were centrifuged

and the supernatant used as a biological matrix to assess the

feasibility of detecting metabolites in this mixture of

biological origin. An appropriate dilution of cocktail A

was spiked into the microbial extract so that the final

concentrations of the spiked metabolites in the mixture

before spotting were 0.03mM each. DHB-pyridine was used

as the matrix at matrix-to-total analyte molar ratios (M:AT)

ranging from 40:1 to 0.01:1 (measured relative to the spiked

analyte concentrations).

In order to study ion suppression effects, two additional

metabolic cocktails consisting of the 20 amino acids listed

above, one excluding serine and the other excluding only

histidine, were prepared. The cocktails were serially spiked

with increasing concentrations of these two amino acids such

that the final concentration of each of the spiked metabolites

before spotting ranged from 10mM to 1mM, while main-

taining the concentration of all the other metabolites at

50mM. The matrix used was DHB-pyridine, and the

preparations were made such that M:AT was maintained

between 0.4:1 and 1.7:1 (i.e., matrix-reduced conditions

prevailed).

Sample preparation and mass spectrometry
a-Cyano-4-hydroxycinnamic acid (HCCA) and 3,5-

dihydroxybenzoic acid (DHB) were used as the solid organic

matrices in the study. Ionic liquid-based organic matrices

(ILMs) HCCA-pyridine and DHB-pyridine (both at 1:1 molar

ratio) were prepared as detailed elsewhere;17 briefly, an

equimolar mixture of HCCA (or DHB) and pyridine in

aqueous acetonitrile (1:1 containing 0.1% trifluoracetic acid,

TFA) was mixed and sonicated for 3–4min to give the

respective ILMs. Stock solutions of the matrices (30mM)

were prepared and appropriately diluted in aqueous

acetonitrile to give M:AT ratios of 40:1, 4:1, 0.4:1 (1:2.5)

and 0.04:1 (1:25) in the mixed solutions. The metabolite

cocktail (A or B) was diluted to appropriate concentrations in

the matrix solution. Then, 1mL of a mixed solution was

spotted onto a stainless steel MALDI-MS target plate, air

dried (dried-droplet method) and analysed using a Voyager

DE-STR (Applied Biosystems, Framingham, MA, USA)

MALDI-ToF mass spectrometer, in the positive ion mode.

Each spectrum consisted of an average of three acquisitions

from the same sample, with 100 shots/acquisition. For all

measurements, the reflectron mode in the range m/z 10–500

was employed, typically with an acceleration voltage

of 20 kV, a grid ratio of 76% and a delay time of 325 ns.

The mass spectral data were imported into MATLAB (The

Math Works, Natick, MA, USA) and processed for analysis.

Typically, the data were normalised to total ion counts, peak

areas were calculated based on Simpson’s method26 and
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expressed as a percent of the total of all peak areas; peaks at

the relevant m/z corresponding to those of the protonated

[MþH]þ, sodiated [MþNa]þ, or potassiated [MþK]þ forms,

in the range m/z 50–250, were analysed.

RESULTS AND DISCUSSION

Matrix type and the influence
of matrix-to-analyte molar ratios
Matrix signals dominate the MALDI mass spectra in the low

mass range (m/z 500) under matrix-excess conditions

(matrix-to-analyte molar ratios >1000:1) that are typically

employed in MALDI-MS of macromolecules. However, it is

known15,25 that reducing the matrix-to-analyte molar ratio to

100:1 or 10:1 can improve the detection of low molecular

weight (<500Da) species due to matrix suppression

effects.24,27 It is also known that analyte suppression effects

operate when two or more analytes are present.24,28 We

examined the signals under low matrix-to-analyte molar

ratios with the objective of analysing metabolite mixtures, as

would be applicable in metabolomics. In addition, room

temperature ionic liquids29 have been suggested as matrices

for effective MALDI-MS, owing to their higher stability

under vacuum conditions and to the homogeneity of sample

distribution in such matrices. Subsequently, ILMs based on

traditional matrices such as HCCA and DHB have been

shown to be useful for the analysis of low molecular weight

compounds.17 Therefore, the popular MALDI matrices,

crystalline HCCA and DHB and their ionic liquid forms,

HCCA-pyridine and DHB-pyridine, were examined.

The average spectra of five replicates for the analysis of an

equimolar mixture of 30 metabolites using the four matrices

are shown in Fig. 1. Cocktail B, diluted to give a final

concentration of 0.03mM of each metabolite before spotting,

was used; this is equivalent to a mixture containing 30pmol

of each metabolite on the target plate. The analysis was

performed under a matrix-reduced condition, where the

M:AT molar ratio was 0.4:1 and the corresponding matrix-to-

maximum analyte molar ratio (M:AM) was 10:1. We term the

MALDI-MS analysis under such matrix-reduced conditions

as matrix-suppressed laser desorption/ionisation mass spec-

trometry (MSLDI-MS). Under these conditions, the analyte

signals (labeled 1 to 5 in Fig. 1) dominate the spectral

response compared to the matrix peaks (indicated by

asterisks), for all four matrices. A striking feature of the

observed analyte peaks is the heterogeneity in their

relative detectability, despite the presence of the analytes

in the mixture at equimolar levels. This is not unexpected as

the analytes differ in their chemical nature and ionisability

and can be expected to have different mass spectral

responses.

Although the spectra observed using the crystalline HCCA

and DHB matrices (under matrix-reduced conditions) show

dominant analyte peaks with few or no dominant matrix

peaks, several less dominant analyte peaks have interfering

contributions from matrix ions. This makes it difficult to

interpret the spectrum when using such matrices. The

problem is to some extent minimised with the application of

room temperature ionic liquids, where the basic component

(pyridine in this case) minimises the observation of matrix

ions, resulting in ‘cleaner’ spectra. While HCCA and DHB

are crystalline, HCCA-pyridine is solid and DHB-pyridine is

liquid under the analytical conditions. As has been noted

earlier,17,29 such a characteristic is helpful in enhancing

signal response due to a more homogeneous distribution of

analytes. However, the laser power required for the detection

of the analytes was higher for analysis with the ionic liquid-

based matrices compared with the solid matrices, consistent

with earlier observations.17 Due to the low concentrations

employed, the dried matrix-sample spots tended to con-

centrate on tiny areas in the well. Therefore, manually

controlled accumulation was resorted to. Nevertheless, it is

noteworthy that signal responses were observed for most

metabolites even when the matrix concentration was lower

than the total analyte concentration.

Analysis of individual analytes using ILMs has been found

to be optimal at matrix-to-analyte molar ratios of 1:1 to 10:1,17
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Figure 1. Matrix-suppressed laser desorption/ionisation

(MSLDI) mass spectra of an equimolar mixture of 30 meta-

bolites (refer to the text for details) in the positive ion mode.

The spectra shown were obtained using the matrices HCCA,

DHB and the ionic liquid matrices HCCA-pyridine and

DHB-pyridine, under matrix-reduced conditions such that

the matrix-to-total analyte molar ratio M:AT was 0.4:1 and

the corresponding matrix-to-maximum analyte molar ratio

(M:AM) was 10:1. The average of five replicate spectra is

shown for each matrix, and five representative ions observed

are labeled for ease of comparison: (1) putrescine [PutþH]þ;
(2) proline [ProþH]þ; (3) glutamine [GlnþH]þ or lysine

[LysþH]þ; (4) histidine [HisþH]þ; and (5) arginine [ArgþH]þ.
The matrix peaks are indicated by asterisks.
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an order of magnitude lower than those employed for the

corresponding solid matrix.15,25 We studied different matrix-

to-analyte molar ratios, including conditions where analyte

concentrations are relatively high and the matrix suppres-

sion effect is expected to be operable, i.e., M:AT of 40:1 to

0.01:1, corresponding to a M:AM of 1000:1 to 0.25:1. The

influence of the matrix-to-analyte molar ratio under low

matrix and low analyte conditions is demonstrated in Fig. 2

for the ionic liquid matrix DHB-pyridine. The metabolite

mixture used was cocktail B (an equimolar mixture of

analytes), diluted to give a final concentration of 0.03mM of

each metabolite before spotting. Matrix peaks, which

dominated the spectrum when a M:AT of 40:1 (analyte less

condition) was used, are suppressed and the analyte peaks

dominate the spectrum when a low M:AT of 0.4:1 (matrix

reduced condition) was employed.

In the positive ion mode the analyte spectral information

was dominated by the basic amino acid arginine, followed by

other basic metabolites. The relative signal strength of the

protonated ions in MALDI-MS has been correlated with

analyte basicity.28 The observed analyte signals for the

metabolites in the mixture also correlated with their gas-

phase basicities (data not shown). Prominent signals were

detected (in decreasing order of prominence) at m/z values

corresponding to the protonated forms of arginine, histidine,

putrescine, glutamine, lysine, 4-aminobutyric acid, proline,

and to sodium or potassium ion adducts of tryptophan and

of malic, succinic, glutamic, aspartic, and oxaloacetic acids.

Although the total analyte concentration is relatively high

under matrix-reduced conditions, it is possible that domi-

nant analytes with high gas-phase basicities (like arginine in

this study) dictate proton transfer from the matrix. They

abstract most of the available protons, leaving few protons

for the less basic analytes. At progressively matrix-reduced

conditions only the dominant analyte signals are observed. It

has been noted24 that a component that yields a sufficiently

stable [MþH]þ ion can effectively abstract most of the

available charge at the expense of the other coupled species

(matrix and analytes) provided that enough of the relevant

compound is present and is homogeneously distributed. As a

result, although the M:AT ratio at which signal response is

high appears to be under matrix-reduced conditions, the

effective M:AT may well be closer to a ratio of 1:1.

The overall signal responses for the 30 metabolites in the

mixture were studied for the four matrices. The responses in

terms of signal-to-noise (S/N) and the number of species

detected (both parameters calculated for peaks whose peak

areas contribute >1% of the total) are shown in Fig. 2(d), for

the ionic liquid matrix DHB-pyridine at the four M:AT ratios

40:1, 0.4:1 and 0.01:1 and 0:1. It is clear from Fig. 2(d) that the

highest signal response is observed for the matrix-reduced

condition (i.e., when M:AT is 0.4:1). Some analyte signals are

observed even when no matrix is used (M:AT¼ 0:1).

However, the response in this case is much weaker than

when the matrix is used. Even here the response was

dominated by the basic metabolites, arginine and histidine. It

is possible that the UV-absorbing aromatic amino acids

tyrosine, tryptophan and phenyalanine present in the

mixture may assist in desorption/ionisation of the basic

arginine and histidine, even though they themselves showed

little or no signal response. Nevertheless, the presence of

matrix enhances analyte signals, albeit at a specific

concentration. Analyte fragmentation is expected when little

(M:AT¼ 0.01:1) or no matrix is used. The mass spectra

obtained under these conditions indeed showed additional

peaks, but it is difficult to confirm if these were a result of

fragmentation. However, at an M:AT ratio of 0.4:1, the

[MþH]þ (or [MþNa]þ, [MþK]þ) signals significantly domi-

nated the spectral response compared to those of the

(possible) fragments.

In order to simulate a real-life sample in which the

concentrations of metabolites vary, cocktail A (in which the

concentrations of fumaric, glutamic, and aspartic acids, and

of tryptophan, were an order of magnitude less than the

Figure 2. Positive ion MALDI and MSLDI mass spectra of a

cocktail of 30 metabolites (refer to the text for details) under

(a) analyte-less conditions (M:AT¼ 40:1; M:AM¼ 1000:1) and

matrix-reduced conditions (b) M:AT¼ 0.4:1; M:AM¼ 10:1 and

(c) M:AT¼ 0.01:1; M:AM¼ 0.25:1. The matrix used was the

ionic liquid-basedDHB-pyridine. Matrix peaks are indicated by

asterisks and analyte peaks as ‘A’. Notice the suppression of

the matrix peaks under the matrix-reduced condition (hence

the term matrix-suppressed laser desorption/ionisation).

(d) Influence of M:AT ratio on the overall signal response

for the ionic liquid-based matrix DHB-pyridine. The signal-

to-noise (S/N) and the number of species detected (relative to

the maximum) are shown. Peaks observed at the relevantm/z

values and contributing a value greater than 1% of the total

peak area were considered in the calculation. Mean values of

five replicates with standard error bars are shown.
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others, and that of tyrosine was two orders less) was studied

in comparison to that of cocktail B (all metabolites at

equimolar concentrations). The relative change between the

two spectra, obtained using the liquid matrix DHB-pyridine

at a M:AT ratio of 0.4:1, is shown in Fig. 3(a). Although

changes in signals corresponding to four of the five low-level

metabolites, namely aspartic acid, glutamic acid, tyrosine

and tryptophan, are observable, the most noticeable

difference is that of tryptophan. Signals corresponding to

some of the other metabolites, notably threonine [ThrþK]þ,
citrate [citþK]þ and oxaloacetate [OAAþNa]þ, also

appeared to be enhanced in cocktail B as compared with

the spectra of cocktail A.

Overall, excluding the four metabolite pairs that have the

same nominal mass (i.e., putrescine/pyruvate, glycine/

lysine, oxaloacetic acid/asparagine and leucine/isoleucine),

for which an unambiguous peak assignment is difficult, it is

possible to observe a spectral response for most of the other

metabolites, albeit to varying degrees. The ionic liquidmatrix

(DHB-pyridine) appears to be a useful matrix for the

detection of most metabolites in the mixture. It has also

been noted to be effective in detecting most of the amino

acids used in the mixture when they were analysed

individually.17

The applicability of the technique to a real biological

sample was also tested by attempting to monitor the

metabolites in the synthetic cocktail after spiking it in a

microbial extract, a matrix that would be encountered when

assessing the intracellular metabolite levels. The spectrum of

the unspiked extract, and the difference spectrum between

the spiked and the unspiked samples, are shown in Figs. 3(b)

and 3(c), respectively. The matrix used was DHB-pyridine

and the microbial extract was spiked with cocktail B. Since

the native levels of the metabolites in the microbial extract

are unknown, different matrix concentrations were assessed.

The result shown is for a matrix concentration that yielded

the highest S/N, and corresponds to a matrix-to-total spiked

analyte molar ratio of 4:1; the corresponding result for the

unspiked sample used the same matrix concentration. The

spectrum of the unspiked microbial extract has contributions

at m/z values corresponding to those in the spiked cocktail.

For example, the peaks marked 4 and 6 in Fig. 3(b)

correspond to those of protonated histidine and arginine.

As can be seen from Fig. 3(c), the prominent metabolites in

the spiked cocktail are recovered in the difference spectrum,

demonstrating that it is possible to detect multiple metabo-

lites in a complex biological matrix typical of those applicable

in metabolomic investigations.

Ion suppression and response
to changes in analyte concentrations
In reality, intracellular metabolite concentrations vary over

several orders of magnitude. In addition to being able to

detect multiple metabolites in a mixture, it is imperative that

the response from the metabolites is consistent and is not

significantly influenced by changes in the concentrations of

other components in the mixture. To test this aspect, a

mixture of 19 metabolites (all but one of the amino acids) was

spiked with the missing amino acid, serially increasing the

concentration of the spiked amino acid while keeping the

concentrations of the others unchanged at 0.05mM each.

Histidine, which gives a good response, and serine with a

relatively poor response, were chosen as the amino acids to

be spiked. The result is demonstrated in Fig. 4 for serine

spikes; the protonated serine peak in the mixture increases in

proportion to the change in the concentration of the

metabolite up to a certain concentration, but remains

unchanged above this concentration. It is also clear that

ionisation of other amino acids is suppressed with increasing

concentrations of serine.

This is illustrated more clearly in Fig. 5, where the

difference in response between the control (unspiked) and

spiked mixture (both serine and histidine) is plotted for all

the components. Negative values suggest suppression, while

positive values imply enhancement in signal compared to the

control. It is clear from Fig. 5 that, for both serine and

histidine spikes, the other analyte peaks are suppressed as

the concentration of the spiked amino acid is increased. Also,
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Figure 3. (a) Relative change in the MSLDI mass spectral

response to changes in the concentration of metabolites in a

30-metabolite cocktail. The normalised responses at the m/z

values corresponding to those of the metabolites in the cock-

tail were used in the calculation. A and B indicate responses

for cocktails A and B, respectively. Relative change was

calculated by subtracting the responses for A from B and

dividing by those of A. (b) A typical MSLDI positive ion mass

spectrum of E. coli cell extract, using DHB-pyridine. (c) The

mean difference spectrum (C–D) of theE. coli cell extract and

the extract spiked with cocktail B. C denotes the average

spectrum of the extract spiked with cocktail B, and D that of

the raw cell extract. Prominent metabolites recovered

are labeled: (1) putrescine [PutþH]þ; (2) proline [ProþH]þ;
(3) glutamine [GlnþH]þ or lysine [LysþH]þ; (4) histidine

[HisþH]þ; (5) glutamate [GluþNa]þ; (6) arginine [ArgþH]þ;
(7) histidine [HisþNa]þ; and (8) tryptophan [TrpþK]þ.
DHB-pyridine was the matrix used at a M:AT ratio of 4:1.
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for both amino acids at high concentrations the proportion-

ality between response and concentration disappears. Whilst

histidine spikes at all concentrations result in complete

suppression of response of the other amino acids, serine

spikes at a low concentration result in signal enhancement

for some of the amino acid signals, such as those for arginine,

histidine, proline, etc. It is possible that the difference in the

ease of ionisation between serine and histidine is reflected in

the observations made at the lower concentrations of the

spiked amino acid. The M:AT ratios for the corresponding

spikes were as follows: 1:2.5 (0.4:1) for the 10mM spike, 1:3.3

(0.3:1) for the 100mM and 10mM spikes, 1:5 (0.2:1) for the

500mM spike and 1:0.6 (1.7:1) for the 1mM spike. Thus in all

cases matrix-reduced conditions were maintained.

The results discussed above thus clearly demonstrate

analyte suppression effects, even with a relatively poorly

ionisable analyte (serine), suggesting that the concentration

of the analytes present in themixture is a key component that

influences the resulting spectrum. It has been proposed that

ionisation in MALDI is often thermodynamically controlled

and influenced by secondary ion-molecule reactions in the

plume.24 It has also been suggested that, following the

generation of primary ions, secondary ion-molecule reac-

tions in the ensuing desorption plume expansion convert the

primary ions into the most thermodynamically favourable

secondary ion products that are those detected.30 Matrix

suppression effects (MSEs) occur when enough analyte is

present to react with all the primary ions. This is observed

when matrix-reduced conditions are employed, as demon-

strated in the current study. In an analogous manner, it has

also been noted that analyte-analyte and matrix-analyte

reactions leading to analyte suppression effects (ASEs) are

operational in MALDI.28,30 It has been hypothesised that

ASEs are a function of the total matrix/analyte ratio and of

the ratios between analytes.31 The extent of the suppression is

also a function of the nature of the analytes. Model

predictions31 suggest that, at increasingly higher concentra-

tions of the less reactive analyte in a mixture, larger

deviations in concentration dependence of the analyte signal

can be expected. Accordingly, serine (or histidine), that

would be less efficient in reacting with the matrix for proton

abstraction and hence ionisation than arginine (a dominant

component of the mixture), shows deviations in concentra-

tion dependence of its [MþH]þ ion signal beyond a certain

concentration. At lower serine concentrations there is even

apparent enhancement in the signal response for most

metabolites, suggesting the possible existence of secondary

ion-molecule reactions.

As has been noted here and by other investigators,31 it

appears that the concentrations of the components of the

mixture have to be similar to obtain detectable signals for all

(or most of) the analytes. As long as the analytes in the

mixture are of similar concentrations their detection can be

predicted, in simplistic terms, according to their ionisability

Figure 5. Typical variation in signal response for the

20 metabolites when the mixture containing them is spiked

with serially increasing concentrations of serine (a) and

histidine (b). The signal response is the difference between

control (19 amino acid mixture without the spiked amino acid)

and the spiked responses.
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Figure 4. Influence of the concentration of one metabolite

on the detection of others. A cocktail of 20 amino acids

minus serine was spiked with varying concentrations of serine

(10mM (a), 100mM (b), 500mM (c), 1mM (d), and 10mM (e)).

The resulting MSLDI mass spectra in the positive ion mode

using DHB-pyridinematrix, in the relevant rangem/z 0–250, is

shown on the left, and an expanded view for m/z 100–120

around the protonated serine peak at m/z 106 (indicated by a

box for clarification) is shown on the right. The serine peak is

highlighted by an asterisk, and prominent peaks attributable to

other metabolites are highlighted as ‘A’. Note the changes in

the analyte peaksmarked ‘A’ and the serine peak as the serine

concentration in the mixture is increased.
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based on their gas-phase basicities or proton affinities, even

in mixtures. Clearly, a better understanding of ionisation

when analysing mixtures is required. This would enable the

development of strategies for the prediction of signal

response in mixtures containing components that have a

range of concentration, as would be ideally desired in

metabolomic investigations.

CONCLUSIONS

The application of low matrix-to-analyte molar ratios (lower

than previously published, i.e., matrix reduced conditions),

in combination with use of ionic liquid-based matrices,

enabled the detection of several metabolites in a synthetic

mixture in the positive ion mode; the most basic metabolites

dominated the spectral response. While both solid and ionic

liquid matrices gave detectable responses for the analytes,

DHB-pyridine gave cleaner spectra, possibly a result of more

homogeneous sample distribution in this ionic liquid matrix.

The possibility of detecting multiple metabolites in a

biological matrix was also demonstrated by spiking a

metabolite mixture of known composition into a microbial

extract and detecting the prominent metabolite signals.

However, in another experiment the signal responses for the

analytes were inconsistent when the concentration of one

analyte was varied while keeping the others the same,

suggesting the operation of analyte suppression effects. In

metabolomic applications where multiple metabolites need

to be monitored, but where the concentration of the analytes

of interest do not vary considerably, matrix-suppressed laser

desorption/ionisation mass spectrometry (MSLDI-MS)

offers a rapid and high-throughput option for analysis.

However, in cases where the concentrations of the analytes of

interest vary over orders of magnitude, it may be difficult to

interpret the spectral information in absolute quantitative

terms, and chromatographic separation prior to MSLDI-MS

would be advantageous. Further understanding of the

ionisation process of small chemically diverse molecules

would be required to derive rules for systematic interpreta-

tions or develop strategies for efficient analysis.
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