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ABSTRACT: Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF-MS) has successfully been
used for the analysis of high molecular weight compounds, such as
proteins and nucleic acids. By contrast, analysis of low molecular
weight compounds with this technique has been less successful due
to interference from matrix peaks which have a similar mass to the
target analyte(s). Recently, a variety of modified matrices and
matrix additives have been used to overcome these limitations. An
increased interest in lipid analysis arose from the feasibility of
correlating these components with many diseases, e.g. athero-
sclerosis and metabolic dysfunctions. Lipids have a wide range of
chemical properties making their analysis difficult with traditional
methods. MALDI-TOF-MS shows excellent potential for sensitive
and rapid analysis of lipids, and therefore this study focuses on
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computational-analytical optimization of the analysis of five lipids (4 phospholipids and 1 acylglycerol) in complex mixtures using
MALDI-TOF-MS with fractional factorial design (FFD) and Pareto optimality. Five different experimental factors were
investigated using FFD which reduced the number of experiments performed by identifying 720 key experiments from a total of
8064 possible analyses. Factors investigated included the following: matrices, matrix preparations, matrix additives, additive
concentrations, and deposition methods. This led to a significant reduction in time and cost of sample analysis with near optimal
conditions. We discovered that the key factors used to produce high quality spectra were the matrix and use of appropriate matrix

additives.

Lipids, among other cellular components such as proteins,

carbohydrates, and nucleic acids, are the most fundamental
components found in bacterial cells.' These cellular compo-
nents have many important functions such as storing energy
and cell signaling, as well as comprising the lipid bilayer needed
to protect the organism from its environment.” The structures
of these cellular components are varied due to different
combinations of building blocks that they are composed of, and
these different polar head groups and acyl chains allow
differentiation between bacterial species.3 Moreover, one
important property of lipids is that they are hydrophobic;
hence, they are usually dissolved in organic solvents such as
chloroform, dichloromethane, and hexane rather than aqueous
solutions.”

Development in lipid research has accelerated due to the
availability of modern analytical technologies such as electro-
spray ionization (ESI) coupled with mass spectrometry (MS),
often with prior lengthy separation using liquid chromatog-
raphy.” Lipidomics involves the analysis of lipids and aims to
explore their roles in health and disease. This field has gained
an increased interest over the past decade by academics and
clinical researchers in different fields as a vital means for
studyin% many medical conditions® including biomarkers for
cancer””” and microbiological diseases such as anthrax.”
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Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) has also been used by
researchers in the field of lipidomics'®"" due to its high
sensitivity, ease of automation, and rapid analysis. This
technique is a powerful tool for analyzing microorganisms
and biomolecules such as lipids,”'>™'® carbohydrates,'” and
proteins,'*™*' since it provides useful information about
different molecular species and their molecular masses (m/z).
The importance of understanding the usual distribution of
lipids in samples of interest is fundamental for the development
of treatments and understanding of the disease'®** of interest.
MALDI-TOE-MS offers the opportunity to analyze lipid
mixtures making this technology attractive to researchers
interested in understanding underlying healthy and disease
states using their chosen biological systems. Moreover, one of
the most fundamental advantages of using this technique is that
it is a soft ionization method leading to the production of little
or no ion fragmentation depending on the matrix used. Many
lipidomic studies have utilized additives which are mixed with
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the matrix solution when analyzing lipids using MALDI-TOEF-
MS. Examples of these additives include (among others) the
following: lithium chloride,'#**™** potassium chloride,”**”
sodium acetate,”* ™" and calcium chloride.”’ The purpose of
using some of these salts is sometimes to simplify the spectra
and reduce the background noise. Furthermore, additives allow
adducts of interest to be favored and the concentrations of
other adducts to be reduced.

The aim of this study was to optimize experimental
conditions for the detection of a mixture of five different lipids
via MALDI-TOF-MS using combinations of five different
experimental conditions: matrices, matrix additives, additive
concentrations, and deposition methods as well as matrix
preparation methods. This was followed by the use of robust
chemometrics to simplify the huge number of possible
experiments with a view to using these optimum conditions
to analyze lipids extracted from bacteria.

B EXPERIMENTAL METHODS

Analytical Measurements. Details of the sources of all
chemicals used in this analysis are provided in the Supporting
Information.

Lipid Mixture. Five different lipids were used in this study:
1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (PG), L-
a-phosphatidylethanolamine dioleoyl (PE), 1,2-distearoyl-sn-
glycero-3-phospho-(1'-rac-glycerol) (PG), 1,2-di(13Z-docose-
noyl)-sn-glycero-3-phosphocholine (PC), and 1,2-diacyl-3-O-
(a-p-galactosyl1-6)-f-p-galactosyl-sn-glycerol (DGDG), pur-
chased from Avanti Polar Lipids Inc. (Delfzyl, The Nether-
lands). These were named as follows: lipid B, lipid C, lipid E,
lipid F, and lipid G, respectively. Each lipid was dissolved in
(1:6) MeOH:CHCl; (v/v). This was followed by mixing the
lipids together to form an equimolar lipid mixture, with each
lipid within the mixture at an equal concentration (1.08 mM).

Spotting of Lipid Mixtures for MALDI-TOF-MS. Details
of the matrices and matrix additives along with the preparation
of matrices and matrix additives are provided in the SI (see
Tables S-1 and S-2). Three analytical replicates for each
experiment (matrix, matrix additive, additive concentration,
matrix preparation method, and sample deposition method)
were prepared for MALDI-TOF-MS analysis.

Three different deposition methods™ were used while
ensuring the same amount of analyte is used for MALDI-
TOF-MS analysis: (i) the dried droplet method (mix method),
where the analyte and the matrix are first mixed at equal
volumes (1 uL each) followed by spotting 2 L of the resultant
mixture onto a MALDI plate and allowing the mixture to dry;
(ii) the thin layer method (underlay method), where 1 uL of
the matrix was applied onto a MALDI plate and was allowed to
dry, and then 1 uL of the analyte was added to the matrix and
allowed to dry; and (iii) the overlay method, in which 1 uL of
the analyte was applied onto a MALDI plate and allowed to
dry, and then 1 uL of the matrix was spotted and the mixture
was allowed to dry.

Preparation of Lipid Extracts from Bacterial Samples
and Human Serum. Gram-positive (Bacillus cereus, Bacillus
subtilis) and Gram-negative (Escherichia coli, Pseudomonas
aeruginosa) bacteria were grown in LB media for 10 h at 37
°C. Lipids were extracted from quenched bacterial samples as
described in the SI, and the procedure used for lipid extraction
from pooled human serum (Sigma-Aldrich, Dorset, United
Kingdom) is also described in the SI. For MALDI-TOF-MS
analysis of the bacterial lipid extracts, the samples were
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reconstituted in 100 uL of 80:20 (v/v) methanol:HPLC
water. The extracted lipid pellet from pooled human serum was
reconstituted in 100 uL of HPLC grade water on the day of
analysis where MALDI protocol was followed for sample
preparation.

B MALDI-TOF-MS

The SI also contains information on the operation of the
MALDI-TOF-MS mass spectrometer. All 720 experiments (run
in 3 replicates) were performed over a period of four months
using the same conditions: matrix, matrix additives, additives
concentration, deposition method, and matrix preparation
method. This was carried out to enable reproducibility testing
for lipid experiments by ensuring that no degradation has taken
place.

B DATA ANALYSIS

Fractional Factorial Design (FFD). Five factors were
tested in this study (matrix type, matrix preparation, type of
matrix additive, additive concentration, and sample deposition
method) to detect lipids using MALDI-TOF-MS. Considering
all the parameters under study, the full factorial design or the
total number of unique experiments that could be generated is

[(8 matrices) X (11 matrixadditives) X (6 matrix preparation methods)
X (S additive concentrations) X (3 deposition methods)]
+ [(8 matrices) X (6 matrix preparation methods)

X (3 deposition methods)] = 8064 experiments

«,

The product on the left-hand side of the “+” sign
corresponds to samples where a matrix additive was used
(ie, S, 10, 20, 40, 80 mM), whereas the product on the right-
hand side of the “+” sign corresponds to samples where no
matrix additive was used (i.e., 0 mM).

This is a large number of experiments to perform in the
laboratory, and an exhaustive analysis of the search space would
be unnecessarily laborious, time-consuming, and expensive.
Moreover, many experiments are probably redundant in terms
of indicating which combinations of mixtures enhance the
MALDI-TOF-MS signal, as these conditions will have multiple
interacting factors. Therefore, in order to determine which
experiments were to be carried out, a fractional factorial design
(FFD) was used to filter the search space. FFD is based on a
principle known as sparsity-of-effects (SOE).>® This principle
assumes that the main effects with low-order interactions
dominate a system. FFD selects only a subset (fraction) from a
full experimental run. This significantly low fraction of
experiments is expected to be sufficient to understand the
underlying problem.”*

FFD was computed using MATLAB (The MathWorks, Inc.,
Natick, Massachusetts, USA) version 2012b. The FFD
algorithm returned 720 (Table S-3) suggested experiments
(less than 10% of the full design) to be performed. Each of
these 720 MALDI experiments was then assessed in the
laboratory.

Data Preprocessing. MATLAB was used for preprocessing
and data analysis, and details of these operations are provided
in the SL

Optimization Function for the Experimental Objec-
tives. Despite the complexity of MALDI data, even more so in
lipidomics, various aspects need to be considered. Therefore,
four different multiple objectives were measured to evaluate the
quality of each proposed experimental solution (combination of
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Figure 1. 3D scores plot of MALDI-TOF-MS data using multiple objectives measured for all 2160 spectra. The different characteristics (shapes and
colors) represent different experimental conditions. The size of the shapes is proportional to the quality of the spectra; i.e. the bigger, the better. A
key was not used to represent the different characteristics as 720 experiments conditions making this impossible. The purple arrow at the top of the
3D score plot indicates the top solution, and the bottom arrow indicates one of the worse solutions. These two solutions (indicated with arrows)

were used on real biological samples (Figure S-8).

factors under study). These measurements synthesize highly
desirable objectives that are in general difficult to achieve in
MALDI experiments, namely: (i) high reproducibility, (ii) high
signal-to-noise ratio, (iii) high peak intensity of each lipid under
study, and (iv) detection of all lipids included in the mixture,
since the correct identification of all lipids present in the sample
is a fundamental requirement for systematically searching for
the simplest possible global optimal solution. Figure S-1 depicts
the four objectives simultaneously measured and optimized in
this study.

Also provided in the SI are the following computations for
the four objective functions:

e Objective function 1 — used to estimate highly
reproducible spectra

® Objective function 2 — used to assess signal-to-noise ratio

o Objective function 3 — number of lipids detected

e Objective function 4 — estimation of the high peak
intensity of each lipid

Pareto Optimality. The Pareto optimality (PO) principle
was first introduced by Smilde et al.*> Pareto optimality is
defined by experiments having better results for some
objectives in conjunction with possibly not as good results
for other objectives. The aim of PO was to identify the samples
(spectra) or points for which no other sample is better than
them for at least one of the objectives measured.

As there are four objectives to be satisfied in this research
(reproducibility, high signal-to-noise ratio, high peak intensity,
and the number of lipids detected), we used the PO approach
to identify relevant solutions. In PO, a solution is achieved
when each objective, in our case four main objectives (note that
peak intensity is subdivided into five objective functions one of

6303

each lipid under study), is optimized to the extent that it is
acceptable to the decision maker and without other objectives
suffering as a result of this process if further optimization were
to take place.” In PO, a solution is considered valid and said to
be “in the Pareto front” if no other solution dominates that
solution in all objectives being measured. Otherwise, the
solution is said to be dominated, is not in the Pareto front, and
is rejected. As at the end of the process there may be many
solutions in the Pareto front, the decision of which solution is
the best depends on the user’s expectations and requirements
for each objective measured (Figure S-2 illustrates Pareto
optimality). The objective function used for computation of PO
is then given by the following multiobjective function.

cov(ep, es)

Jvar(egyvar(e)

cov(en, &)

var(eg)var(er)

Rep(e) = %[

__ X signal
- Y noise c \ ]

Jvar(e)var(ers)

count of different lipids
positively detected

fmulti—objective

= snr +rep + #1ipids detectea T Mtiipign
+ ntyipiac + Mbipiae + Mbiipiar
+ Miipiac

Lipid B(intensity) = peak@688 +
peak@710 + peak@726

O
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Figure 2. Typical and best MALDI-TOF-MS spectrum of a lipid mixture, detected m/z from 650 to 1000. Fourteen lipid peaks are highlighted in the
spectrum showing the main lipids and lipid-adducts that were detected using the top conditions, where lipid (B) is PG, (C) is PE, (E) is PG, (F) is

PC, and (G) is DGDG.

B RESULTS AND DISCUSSION

Systematic Matrix Optimization. There has been wide
interest in addressing questions related to the role of lipids and
their biological function due to their importance in cells,”’
usin§ modern analytical techniques such as MALDI-TOF-
MS,”® since MALDI-TOF-MS is a very powerful technique for
lipid analysis. For this purpose a mixture of S lipids was selected
due to their importance in bacterial cell membranes, and these
included the following: 1,2-dimyristoyl-sn-glycero-3-phospho-
(1"-rac-glycerol) PG (lipid B), L-a-phosphatidylethanolamine
dioleoyl PE (lipid C), 1,2-distearoyl-sn-glycero-3-phospho-(1'-
rac-glycerol) (lipid E), 1,2-di(13Z-docosenoyl)-sn-glycero-3-
phosphocholine PC (lipid F), and 1,2-diacyl-3-O-(a-p-
galactosyl1-6)-f3-p-galactosyl-sn-glycerol (lipid G). Our central
focus was to optimize MALDI-TOF-MS for lipids using
different factors: matrix, matrix preparation, matrix additive,
additive concentration, and deposition method. Therefore,
different experimental combinations resulted in different lipid
preparations spotted directly onto the wells of the MALDI
plates and MALDI-TOF-MS measurements taken, producing
corresponding mass spectra.

MALDI-TOF-MS data are quite often challenging to
interpret due to the complexity of the spectra acquired. The
complexity of the data is due to the presence of different ion
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species formed from the lipid molecule including: [M + H]*,
[M + Na]*, [M + K]%, and [M — H]™ (ref 8). Hence, a
selection of eight different commonly used matrices, including
THAP,>*° 2,5 DHB,** DHAP,**' CMBT,” ATT,**
HABA,* INN,* and PNA,"” was used to facilitate the analysis
of the lipid mixtures. This selection of matrices was based on a
literature survey conducted to establish which matrices have
been reported to work well for lipid analysis using MALDI-
TOF-MS. Some of these matrices were shown to increase
background noise and others to decrease it. These findings
were also reported previously in the literature.""**

Fractional Factorial Design Used To Identify Opti-
mum Conditions for MALDI-TOF-MS. The significance of
different factors (matrix, matrix preparation, matrix additive,
additive concentration, and deposition method) was assessed
using 18 peaks, which were directly assigned to the
corresponding lipids in the mixture. Table S-4 shows the
assignment of these peaks. These 18 peaks were extracted from
the results of the 720 experimental protocols selected by FFD.
Figure 1 illustrates the 3D scores plot of MALDI-TOF-MS data
using multiple objectives measured for 720 X 3 = 2160 spectra
generated in this study. The different characteristics (shapes
and colors) shown in this 3D plot represent different matrices.
For instance, the red and blue squares represent 6-aza-2-
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thiothymine (ATT) and 2,6-dihydroxyacetophenone (DHAP),
respectively. Moreover, the size of the shapes is proportional to
the quality of the spectra according to eq 1 (the bigger, the
better).

Referring to Figure 1, a red square at the top of the 3D scores
plot is clearly seen. This square represents the overall best
experiment from the 720 experiments carried out, and its
corresponding spectrum is shown in Figure 2. This optimized
experimental setup was further used to analyze lipid extracts
from four different bacterial biological samples encompassing
both Gram-positive and Gram-negative bacteria (B. cereus, B.
subtilis, E. coli, P. aeruginosa) as well as human serum. The
spectra for these five real-world samples are shown in Figure S-
8A-E, and it is clear that this solution yields high quality spectra.

By contrast, the experiments that failed to detect the five
lipids are shown toward the bottom of the plot in Figure 1. In
this figure, a significant number of experiments are concen-
trated at the top of the 3D plot. The highlight of these
experiments (circled in Figure 1) showed that ATT, DHB, and
THAP matrices were found in this region. Hence, these
matrices are the most compatible with the lipids analyzed.
Experiments shown to be less suitable for the analysis of the
lipid mixture also yielded very poor quality spectra when used
to analyze lipid extracts from bacteria and serum as shown in
Figure S-8F-J.

MALDI-TOF-MS Spectra of a Lipid Mixture. In this
study, it was shown that with MALDI-TOF-MS, it is possible to
analyze lipids in a mixture, but their detectability changed
signiﬁcantly‘?’1 when changing the type of matrix, matrix
additives, and the concentration of some matrix additives.
Comparing the matrices that were mentioned in the previous
section, it can be noted that ATT was the most compatible for
the analysis of the five lipids in a mixture since it was the
softest*’ and produced good shot-to-shot and sample-to-sample
reproducibility,” in turn causing a substantially lower amount
of fragmentation, reducing the background noise, and
increasing both the signal-to-noise ratio and reproducibility,
which produced an overall optimum experiment. These
observations were also reported by Stiibiger et al."”> Moreover,
it can be argued that other matrices, such as PNA and CMBT,
could be used as alternatives in some cases as some of the lipids
were detectable, and matrices such as DHAP were not used for
further lipid analysis as poor spectra were produced regardless
of whether matrix additives were used or not.*’ However,
reproducibility with PNA was low, and hence it was decided
that ATT was to be used in future lipid studies.

Figure 2 shows the positive ion MALDI-TOF-MS spectrum
of the overall optimum experiment when using the following
combination: mix deposition method, ATT as a matrix,
H,0:ACN (50:50) matrix preparation vehicle. The m/z
range was from 600 to 1000, and the peaks that corresponded
to each lipid in the mixture were assigned and summarized in
the table shown within Figure 2. The green, purple, and red
symbols in the spectrum and table correspond to HY, Na*
adduct, and K* adduct of each lipid, respectively. These adducts
are usually detected when conducting such experiments. The
spectrum corresponds to the precursor ions [M + H]* (m/z
688), [M + Na]* (m/z 710), and [M + K]* (m/z 726) for lipid
B, and the protonated peak represents the most intense peak
for lipid B. Moreover, the peaks at m/z 744, 766, and 782
correspond to lipid C and also represent [M + H]", [M + Na]*,
and [M + KJ*, respectively, and this time the sodium adduct
peak dominates. These observations were also noticed with
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lipids E, F, and G, with the exception of the [M + K]* peak not
being detected for lipid E. The ability to identify protonated
molecules simplifies the interpretation of spectra.’

On the other hand, some poor complex MALDI-TOF-MS
spectra were produced, which may be due to the immiscibility
of the matrix solution and the lipid mixture, making
crystallization inhomogeneous,” or due to failure of one or
more of the four different multiple objectives measured. Figure
S-3B shows an example of a poor spectrum produced for the
lipid mixture when using the following combination: underlay
deposition method, PNA dissolved in chloroform, MeOH, and
H,0 with 80 mM lithium nitrate as a matrix additive.
Furthermore, the spectrum slightly improved and was less
complex when the concentration of the additive was reduced to
40 mM. From this observation, it can be seen in Figure S-3C
that some of the lipids were detected using MALDI-TOF-MS,
such as peaks at m/z 750, 904, and 943 which correspond to
[M + Li]* for lipids C, F, and G, respectively, with the
exception of lipids B and E, which were not detected. As
discussed above, the positions of experiments within the 3D
scores plot (Figure 1) are vital; hence, the position of the
experimental condition in Figure S-3A was interesting. For
example, when 40 mM lithium nitrate was used (Figure S-3C)
compared with the position of the same experiment carried out
using 80 mM lithium nitrate (Figure S-3B) instead, 40 mM
lithium nitrate had a higher position than that of 80 mM
lithium nitrate. Surprisingly, when the matrix PNA was added
to the lipid mixture alone without the matrix additive (Figure S-
3D), the spectrum was less complex as the protonated peak was
easily detected.

Additives To Reduce the Complexity of Data. A
number of research groups have used matrix additives for the
analysis of a variety biological compounds. These additives
include the following: ammonium acetate*”** and citrate® for
analyzing Iphosphopeptides and proteins; lithium and cesium
chlorides®" for analyzing polymers; and tetraamine spermine’”
and polyamine®” for the analysis of oligonucleotides. Interest in
using additives has increased due to the quality of MALDI-
TOF-MS spectra produced upon their addition.*”** Hence, this
study included the addition of matrix additives to reduce the
complexity of MALDI-TOF-MS spectra generated with some
of the matrices used in lipid analysis.

The matrix additives used in this study contained different
cations including Na*, Li*, K*, and Ca®*, which participated in
the formation of adducts with the lipids. Lipid detection was
affected significantly by the addition of some additives including
sodium nitrate, sodium acetate, and diammonium citrate, more
so than others such as EDTA ammonium.”” The best
conditions for the experiments showed that the use of matrix
additives is not always necessary as all five lipid peaks were
detected with the only difference being the intensity of the
adducts. Moreover, there appeared to be no obvious effect on
the spectra when using different concentrations of some of the
matrix additives especially when using concentrations between
10 and 40 mM (Figure S-4).

On the other hand, these matrix additives were found to be
useful in reducing the complexity of the data with some
matrices, such as dithranol. Figure 3A and B show the spectra
of the lipid mixture before and after the addition of sodium
nitrate (10 mM), respectively. These spectra reiterated that the
use of additives can indeed generate spectra with more useful
information. Figure 3A shows that the spectrum generated from
the analysis of the lipid mixture without the addition of an
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Figure 3. MALDI-TOF-MS spectra for the lipid mixture using
dithranol as a matrix (A) without a matrix additive and (B) with 10
mM of sodium nitrate. The experiment resulted in an improved
spectrum when sodium nitrate was added to the matrix solution.

additive was extremely complex, and the peaks were not
detectable. However, Figure 3B shows that some of the lipid
peaks were detectable such as sodiated peaks at 710, 766, 823,
920, and 959 m/z corresponding to lipids B, C, E, F, and G,
respectively. By contrast, these peaks were undetectable in
Figure 3A when the additive was not added.

Three different anions were the center points for lipid
analysis when choosing the additives; these anions included the
following: nitrates, acetates, and chlorides. We have observed

that the addition of sodium nitrate/acetate led to an increase in
the abundance of Na* adducts in comparison to K" adducts,
and the protonated peaks were also detected (data not shown).
Moreover, the addition of potassium nitrate led to an increase
in the intensity of K* adducts relative to Na* adducts. In
addition, when lithium nitrate was added to some of the matrix
solutions, such as PNA, this led to reduction in spectral
complexity and ease of the identification of some peaks.
However, high concentrations of matrix additives resulted in
poor spectra as no or few lipids were detected. Moreover, the
addition of ammonium chloride to matrix solutions resulted
sometimes in a decrease in abundance of Na* and K adducts,
in line with a previous study carried out by Griffiths et al.”” In
addition, ammonium adducts were not observed in this set of
experiments. The use of calcium chloride resulted in poor
spectral quality compared to other additives as Ca** adducts
cannot be detected either in a singly and doubly charged state.

Table 1A shows different experiments, which consisted of a
combination of different factors. The green boxes represent the
combination of factors that allow the detection of lipid peaks.
In contrast, the red boxes represent the experiments that
combined factors, which failed to detect lipid peaks. For
example ATT, DHB, and THAP are useful to analyze lipid
samples with or without matrix additives, whereas some of the
matrices such as CMPT and dithranol are not able to detect
some of the lipid peaks without matrix additives. CMPT can
detect some of the lipids in the presence of an additive such as
40 mM of sodium acetate; however, the spectra generated
remain poor (Figure S-5). Referring to Table 1A it can be seen
that some of the combinations enable the detection of lipids.
However, in-depth analysis reveals that the intensities of each
lipid vary from one experiment to another and these are shown
in Table S-S. This table shows the individual and average
combined FX (fouiobjective) Values for each objective for each

Table 1. (A) Examples of Experiments Carried out Using Different Factors” and (B) the First Overall Optimum Experiment

That Was Selected Using Pareto Optimality”

A Matrix
Matrix Prep. Matrix Additive Conc. FX

atrix Dep- BICIE\F|G value

ATT H,0/ACN None None Mix 4277

ATT Chloroform/MeOH/H,O | Sodium nitrate 10 mM Mix 3.109

DHB ACN/H,O/isopropanol Sodium nitrate 40 mM Underlay 3.972

DHB MeOH/H,O0 Sodium acetate 5 Mm Underlay 3.852

DHB EtOH/H,0 Sodium nitrate 5 mM Mix 3.829

DHB EtOH/H,0 Sodium dodecyl sulfate 10 mM Mix 3.787

DHB ACN/H,0O/isopropanol Sodium dodecyl sulfate | 5 mM Mix 3.782

THAP MeOH/H,0 Sodium nitrate 10 mM Mix 3.831

THAP Chloroform/MeOH/H,O | None None Mix 3.602
Dithranol | MeOH/H,O None None Overlay m@

Dithranol | MeOH/H,O Sodium nitrate 10 mM Overlay 2.775

CMPT | H,O/ACN Sodium dodecyl sulfate 40 mM Overlay 2.567

HABA EtOH/H,O None None Mix 1.267

DHAP H,O/ACN Potassium acetate 10 mM Overlay 2.430

B . Matrix Matrix . O FX | @) FX
. Matrix pre. additive additive conc. Matrix Dep. value value
Matrix
ATT (H,O+ACN) None None Mix 4.27 4.95

“The green boxes show the best combination of factors for lipid peak detections, whereas the red boxes show the combination of factors that failed
to detect lipid peaks. The (1) represented by the blue column shows the FX score value computed for the multiple objectives. The (2) represented
by the yellow column shows the FX score value for the repeated experiment carried out for validation and is also the computed score for the multiple

objectives.

6306

DOI: 10.1021/acs.analchem.6b00512
Anal. Chem. 2016, 88, 6301—-6308


http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00512/suppl_file/ac6b00512_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.6b00512/suppl_file/ac6b00512_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.6b00512

Analytical Chemistry

experiment. Although most of the experiments generated a
signal, it can be noted that some of the objectives have higher
scores than others as is to be perhaps expected.

Our observations in Figure S-6 indicate that the choice of
matrix and matrix additive are the best predictors of peak
intensities from the five experimental parameters (factors) that
were investigated in this study, whereas other factors, such as
the concentration of the additive, the deposition method, and
occasionally the matrix preparation method, are less important
in the detection of the lipid peaks using MALDI-TOF-MS
analysis. We also note that of the top solutions (Table 1A) the
sodium cation as an additive dominates these irrespective of
whether the counteranion is nitrate, acetate, or sulfate. We
therefore believe that the cation is the dominant factor in aiding
ionization and detection of these lipid species.

Pareto Optimality. The aim of this method was to identify
the optimal experimental settings based on at least one of the
objectives which were used for the optimization process. Table
1B shows the overall optimum experiment that was identified
using Pareto optimality. In this table, the column (1) which is
represented by a blue color shows the FX score value which is
the computed score for the multiple objectives. FX score values
were generated by measuring the overall objective contribu-
tions. As with other methods, this method also needed to be
validated. The validation was carried out in different ways.

(i) Using the top experiment seen in the 3D plot (Figure 1),
which is represented by a red square, this was shown to be
reproducible as this square represents an average of three
experiments with the same overall optimum conditions which
have shown good reproducibility and high signal-to-noise ratio
(see Figure S-7);

(i) The lipid mixture without the additive produced the
spectrum shown in Figure 3A which was in position 258 of 260
samples based on the Pareto optimality; on the other hand, this
spectrum was improved upon the addition of the additive to the
matrix and is shown in Figure 3B, leading to a change in the
position of the sample to position 177; and

(ili) The first overall optimum experiments were repeated
again (Table 1B), and column (2) which is represented by a
yellow color shows the FX score values for the repeated
experiment carried out for validation. The results achieved had
a better score than the maximum value, which indicates that
these newly tested conditions can be used for subsequent
experiments.

B CONCLUSION

In this study, we have presented evidence for the feasibility of
translating complex data generated from lipid analysis using
MALDI-TOF-MS to more simplified spectra which yields
useful information about the lipids being analyzed. Reprodu-
cibility and robustness were achieved when using fractional
factorial design and Pareto optimality combined with MALDI-
TOEF-MS analysis, which had the desired effect of significantly
reducing the experimental search space. Indeed, the use of FFD
showed that the choice of matrix, matrix preparation, choice of
matrix additive, additive concentration, and deposition method
for MALDI-TOE-MS analysis could be optimized for lipid
detection in a mixture. This resulted in the number of possible
experimental conditions being reduced from 8064 to 720.
This study showed that for lipid analysis using MALDI-TOF-
MS, the key factors in obtaining quality spectra are the choice
of matrix and matrix additives. For the analysis of the five target
lipid species analyzed, the overall optimum conditions were
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achieved when using the mix deposition method, ATT as a
matrix, H,O:ACN (50:50, v/v) matrix preparation without the
addition of a matrix additive. Hence, this would suggest that if
the correct matrix is used for MALDI-TOF-MS analysis of
lipids, a matrix additive is often not required. However, this
should not be generalized as the matrix dithranol required the
addition of an additive and gave acceptable results for lipid
detection.

Although this study showed the utility of MALDI-TOF-MS
in the analysis of lipid mixtures, applying this technique for the
analysis of low molecular weight compounds suffers from
several limitations including the observed interference of matrix
peaks with low molecular weight analyte peaks and the
presence of analyte isobaric peaks, as well as the complexity
of spectra arising from unfractionated biological samples. These
limitations can still be overcome when suitable technologies
used to resolve analytes are applied in conjunction with mass
spectrometry. These technologies include liquid chromatog-
raphy”* and ion mobility,”> with each having its own specific
applications.

In conclusion, we have shown that using FFD and PO, it is
possible to optimize the detection of lipids in an artificial
mixture containing five lipid species, and future analyses will
concentrate on applying these conditions to biological systems.
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