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ABSTRACT 17 

Lipids are one of the cell components therefore it is important to be able to accurately assess 18 

them. One of the analytical techniques used to study lipid profiles is matrix-assisted laser 19 

desorption/ionization time-of-flight mass spectrometry (MALDI TOF MS). The present study 20 

attempted to select optimal conditions for sample preparation and MALDI MS analysis of 21 

bacterial lipidome in both positive and negative ion modes using different extraction protocols 22 

- Folch, Matyash and Bligh & Dyer, solvents used to apply samples, and matrices such as 9-23 

aminoacridine (9-AA), α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid 24 

(DHB), 2-mercaptobenzothiazole (MBT) and 2,4,6-trihydroxyacetophenone (THAP). The 25 

obtained results allowed concluding that DHB or CHCA matrices are suitable for lipid 26 

analysis in the positive mode, and in the negative mode THAP or 9-AA. The most appropriate 27 

protocol for extracting lipids from bacterial cells was the Bligh & Dyer method in both 28 

ionization modes. The use of the solvent TA30, which was a mixture of acetonitrile and 0.1% 29 

trifluoroacetic acid in water, provided on the spectra a significant number of signals from 30 

lipids in all groups analyzed, such as fatty acyls, glycerolipids and glycerophospholipids. 31 

 32 
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 35 

1. INTRODUCTION 36 

Lipids are cellular components which play an important role in the metabolism of living 37 

organisms. They are the building blocks of cell membranes and perform valid cellular 38 

functions such as subcellular compartmentalization, signaling and energy storage [1]. 39 

According to the classification recommended by the International Lipid Classification and 40 

Nomenclature Committee (ILCNC), lipids are divided into eight groups: (a) fatty acids, (b) 41 

glycerolipids, (c) glycerophospholipids, (d) sphingolipids, (e) sterol lipids, (f) prenol lipids, 42 
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(g) saccharolipids and (h) polyketides [2]. Recognizing changes in lipid composition can 43 

provide important information about cellular homeostasis, disease pathogenesis [3], and in the 44 

case of microorganisms such as bacteria, allow their identification [4],[5]. 45 

Most omics analyses are based on the use of mass spectrometry (MS) techniques, 46 

particularly soft ionization methods such as electrospray ionization (ESI), atmospheric 47 

pressure chemical ionization (APCI) or matrix-assisted laser desorption/ionization (MALDI) 48 

[6]. MALDI is an analytical technique that is commonly used in proteomic analysis, however, 49 

due to its advantages such as soft and efficient ionization with relatively low fragmentation, 50 

high tolerance to buffer salts and detergents, uncomplicated spectra because most ions are 51 

singly charged, high detection sensitivity over a wide mass range, rapid analysis, and 52 

relatively simple instrumentation [7] is also increasingly being used for lipid analysis [8]. 53 

Prior to measurement with the MALDI technique, the sample is mixed with a low-molecular-54 

weight organic acid called a matrix, which is used to assist in the ionization process [9]. 55 

Therefore, crucial to the success of the experiment is the selection of the right matrix, since 56 

different matrices have different ionization properties and are variously suitable for the 57 

ionization of certain classes of substances [10]. Due to the matrix-derived chemical 58 

background present in the spectra, some researchers are focusing on the development of 59 

matrix-free methods based on different types of nanoparticles and nanostructures, also for 60 

applications in lipid analysis [11]. The compounds most commonly used as matrices in lipid 61 

analysis are: α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), 62 

9-aminoacridine (9-AA), 2-mercaptobenzothiazole (MBT) and 2,4,6-trihydroxyacetophenone 63 

(THAP) [6].  64 

The second key aspect of lipid research is the preparation of samples for analysis. Liquid-65 

liquid extraction methods such as the protocols developed by Folch, Bligh & Dyer or Matyash 66 

are commonly used to extract lipids from biological material [12]. There are many papers on 67 

lipid analysis using MALDI MS [13],[14],[15], comparing available matrices [16] or 68 

extraction protocols [12], but there is a paucity of articles containing an experimentally 69 

selected set of parameters to effectively analyze bacterial lipid profiles. 70 

The premise of this work was to test different lipid extraction protocols, matrices, and 71 

solvents to optimize sample preparation for the analysis of bacterial lipids from Gram-72 

negative and positive strains using the MALDI MS technique in both positive and negative 73 

ion modes.  74 

 75 

2. MATERIALS AND METHODS 76 

2.1. Reagents and materials 77 

All MALDI matrices used in this study were of the highest commercially available purity: 78 

α-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid (DHB) were 79 

purchased from Bruker Daltonik GmbH, 2′,4′,6′-trihydroxyacetophenone monohydrate 80 

(THAP) was purchased from Sigma-Aldrich, 9-aminoacridine (9-AA) and 2-81 

mercaptobenzothiazole (MBT) were purchased from Tokyo Chemical Industry. Further 82 

details on the matrices can be found in the Supplementary Material, labeled SM1. Cesium 83 

triiodide used for calibration of mass spectra was of 99.9% purity (Sigma-Aldrich). 84 

Trifluoroacetic acid (analytical standard), methanol, ethanol, chloroform, methyl-tert-butyl 85 
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ether and tetrahydrofuran (HPLC grade), acetonitrile and water (LC-MS grade) were 86 

purchased from Sigma-Aldrich. 87 

 88 

2.2. Bacterial cultures 89 

The studies used bacterial strains isolated from the urine of patients diagnosed with 90 

prostate cancer. Urine samples were collected from prostate cancer patients and immediately 91 

frozen at -80°C. In order to isolate bacteria, urine was inoculated directly onto various culture 92 

media (Tryptic Soy Agar, Schaedler Agar, CLED Agar) and incubated overnight at 37°C [17]. 93 

Grown bacterial colonies were identified by the MALDI technique using a Bruker microflex 94 

mass spectrometer with Biotyper database (Bruker Daltonics, Bremen, Germany). In this 95 

study, 4 different bacterial isolates were selected: Staphylococcus epidermidis, Enterococcus 96 

faecalis (Gram-positive strains), and Escherichia coli, Proteus mirabilis (Gram-negative 97 

strains). Before lipid extraction, all strains were incubated for 24 hours on a universal 98 

medium, Tryptic Soy Agar (Sigma Aldrich, Steinheim, Germany). 99 

 100 

2.3. Lipid extraction 101 

Lipids were extracted from fresh bacterial cultures using three extraction methods: 102 

Folch extraction method [18]: 1 µl of bacterial biomass was suspended in 0.4 mL of 103 

methanol. 0.8 mL of chloroform (TCM) was added to the samples and placed in an ultrasonic 104 

bath for 10 minutes. Phase separation was induced by adding 0.3 mL of H2O and vortexing 105 

for 10 minutes. The samples were centrifuged at 2,000 rcf for 10 minutes. The organic phase 106 

(bottom) was collected into a separate centrifuge tube, and 1 mL of chloroform/methanol 107 

mixture (2/1; vol/vol) was added to the upper phase. The samples were vortexed again, 108 

centrifuged and the bottom phase was collected. Combined organic phases were dried in a 109 

benchtop vacuum concentrator (CentriVap, Labconco). 110 

Bligh & Dyer extraction method [19]: 1 µl of bacterial biomass was suspended in 0.5 mL 111 

of methanol. 0.5 mL of TCM was added to the samples and placed in an ultrasonic bath for 10 112 

minutes. 0.45 mL of water was added to the samples and votexed for 10 minutes. The samples 113 

were then centrifuged at 2,000 rcf for 10 minutes. The organic (lower) phase was collected in 114 

a separate centrifuge tube, and 1 mL of chloroform/methanol mixture (1/1; vol/vol) was added 115 

to the upper phase. The samples were vortexed again, centrifuged and the bottom phase was 116 

collected. Combined organic phases were dried in a benchtop vacuum concentrator 117 

(CentriVap, Labconco). 118 

Matyash extraction method [20]: 1 µl of bacterial biomass was suspended in 0.3 mL of 119 

methanol. 1.0 mL of methyl-tert-butyl ether (MTBE) was added to the samples and placed in 120 

an ultrasonic bath for 10 minutes. For phase separation, 0.25 mL of water was added to the 121 

samples and stirred for 10 minutes. The samples were then centrifuged at 2,000 rcf for 10 122 

minutes. The organic layer (upper) was collected in a separate centrifuge tube, and 1 mL 123 

MTBE/methanol mixture (10/3; vol/vol) was added to the lower phase. The samples were 124 

vortexed again, centrifuged, and the upper layer was collected. Combined organic phases 125 

were dried in a benchtop vacuum concentrator (CentriVap, Labconco). 126 

 127 

2.4. Matrix and sample preparation 128 
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TA30 solvent is a mixture of acetonitrile and 0.1% trifluoroacetic acid in water in the ratio 129 

of 30 to 70 (v/v). The CHCA matrix was prepared as a saturated solution in TA30. 20 mg of 130 

DHB was dissolved in 1 mL TA30. A 10 mg/mL solution was prepared for 9-AA matrix in a 131 

9 to 1 mixture of methanol and water, for MBT in a 1:1:1 ethanol:tetrahydrofuran:water 132 

mixture. For the THAP matrix, a 14 mg/mL solution was prepared in a 7 to 3 mixture of 133 

acetonitrile and water. Lipid samples extracted from bacteria were dissolved in 200 μL of 134 

chloroform (trichloromethane, TCM) or TA30. The calibrant was prepared by dissolving 10 135 

mg of CsI in 1 mL of methanol and adding 1 mL of a 20 mg/mL solution of DHB in 136 

methanol. 137 

 138 

2.5. MALDI mass spectrometry analysis 139 

Analysis was carried out using the Bruker ultrafleXtreme time-of-flight mass spectrometer 140 

(Bruker Daltonics, Bremen, Germany) equipped with a SmartBeam II laser operating at 355 141 

nm and a frequency of 2 kHz. Data processing was performed using FlexControl and 142 

FlexAnalysis 3.3 software (Bruker Daltonics, Bremen, Germany). A 0.5 μL sample was 143 

spotted onto the MTP 384 target plate ground steel (Bruker Daltonics, Bremen, Germany), 144 

and after drying, 0.5 μL of matrix was applied. Each sample was measured in triplicate. At 145 

each point, 2000 (4×500) laser shots were made with default random walk applied. 146 

Measurement range was m/z 100 to 2000. Suppression was turned on typically for ions of m/z 147 

lower than 95. Mass calibration was performed using external standard (cesium triiodide, 148 

CsI3) [21] with a cubic enhanced calibration strategy. For positive ion mode reflector voltages 149 

were 26.64 and 13.59 kV, while the first accelerating voltage was 25.07 kV, and the value for 150 

the second ion source voltage was 22.41 kV. For negative ion mode the reflector voltages 151 

were 21.30 and 10.82 kV, while the first accelerating voltage was 20.07 kV, and the value for 152 

the second ion source voltage was 17.97 kV. The value of detector gain for the reflector was 153 

4× (2010 V). The value of the global attenuator offset was 30%, attenuator offset - 27%, 154 

attenuator range - 23%, focus offset - 0%, focus range - 100% and focus position - 36%. The 155 

centroid peak detection algorithm was used to create a list of m/z values. Signals selected for 156 

putative identification had S/N values ≥ 3, and propositions for lipids were based on the mass 157 

error, which was Δ ± 0.01 m/z. The LIPID MAPS Structure Database with "Bulk" Structure 158 

Searches tool was used to identify lipids [22]. Microsoft Excel 2010 program was used to 159 

create the bar charts. The spectra of the matrices and calibrant in the positive mode are 160 

presented in Supplementary Materials SM2, and in the negative mode in Supplementary 161 

Materials SM3. 162 

 163 

3. RESULTS AND DISCUSSION 164 

The goal of the study was to find the optimal sample preparation and MALDI MS 165 

measurement conditions for lipids isolated from bacterial cells. Four bacteria were selected 166 

for this purpose: two gram-positive: Staphylococcus epidermidis and Enterococcus faecalis, 167 

and two gram-negative: Escherichia coli and Proteus mirabilis. Lipids were extracted from 168 

the bacteria using the Folch [18], Matyash [20] and Bligh & Dyer [19] methods described in 169 

paragraph 2.3. Two-phase extraction protocols were used in the experiment, providing purer 170 

lipid mixtures compared to single-phase extractions [23]. The dried lipid fraction was 171 

redissolved in TCM or TA30 solution and applied onto the MALDI target along with one of 172 
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the 5 matrices. Three measurements were taken for each sample, and the results were 173 

averaged. To identify lipids on individual spectra, the LIPID MAPS Structure Database with 174 

"Bulk" Structure Searches online tool was used, which contains 47834 unique lipid structures, 175 

but molecules belonging to the prenol lipids, saccharolipids and polyketides groups are not 176 

available in this search tool [24]. Sphingolipids and sterol lipids were not taken into account 177 

in the search for structures due to the lack of their presence in the cells of the analyzed 178 

bacteria [25],[26]. 179 

 180 

3.1. Positive ion mode 181 

In the matrix-assisted laser desorption/ionization mass spectrometry technique with a 182 

time-of-flight (TOF) analyzer, the positive ion mode with a reflectron is commonly used to 183 

analyze low-molecular-weight compounds, including lipids [6]. It was therefore decided to 184 

check the effect of the matrix and the solvent used to redissolve the sample on the obtained 185 

results. Most lipid-derived signals were obtained for the DHB matrix for all variants of the 186 

extraction methods and solvents used, except for the Matyash method and TA30, where the 187 

largest mean number of lipids was identified for the CHCA matrix (Figure 1A). The highest 188 

mean number of m/z values assigned to lipids (521) was obtained for Folch extracts dissolved 189 

in TA30 using DHB the matrix, and the lowest (107 signals) for Bligh & Dyer extracts 190 

dissolved in chloroform using MBT matrix. 2,5-Dihydroxybenzoic acid is the most 191 

commonly recommended matrix for the analysis of lipids in the positive ion mode [27,28]. 192 

Therefore it is not surprising that the largest number of lipid-derived signals were obtained 193 

using this matrix. However, there are differences between the spectra recorded for different 194 

extracts and solvents using the DHB matrix (Supplementary materials SM4). The mean 195 

number of lipids associated with the signals is usually lower when chloroform is used as the 196 

solvent (Figure 1).  197 

For MALDI MS analysis, the sample drying prerequisite necessitates careful 198 

consideration of analyte solubility, as well as its co-crystallization potential with the matrix 199 

[29]. Solvents that facilitate broad solute dissolution and exhibit rapid evaporation rates, such 200 

as chloroform, emerge as logical choices for lipid sample preparation. Nonetheless, the 201 

method by which the sample is deposited onto the MALDI steel target cannot be overlooked. 202 

Due to its reduced contact angle, chloroform disperses across the target, occupying a more 203 

expansive area. This dispersion can compromise the sensitivity of the MS analysis, especially 204 

when contrasted with samples dissolved in a water and acetonitrile mixture, which 205 

concentrate over a limited target zone [30]. Additionally, TA30 encompasses water—a protic 206 

solvent—and trifluoroacetic acid, which is capable of donating protons (H
+
), thereby 207 

enhancing analyte ionization in the positive ion mode. This assertion is corroborated by the 208 

heightened signal count in the spectra procured using TA30 as the solvent, compared to those 209 

using TCM, with the exception of extracts derived via the Matyash method (refer to 210 

Supplementary Material SM4). 211 

Figure 1 shows large differences in the ability to ionize lipids for individual matrices. 212 

Also, the spectra made for the same extract using various matrices present a miscellaneous set 213 

of signals (Figure 2). There are some differences between the number of lipids found for 214 

gram-positive bacteria (S. epidemidis and E. faecalis) and gram-negative bacteria (E. coli and 215 

P. mirabilis) (Supplementary materials SM5). For both types of bacteria, the DHB matrix and 216 



6 
 

TA30 as a solvent turned out to be the best choice. However, in the case of gram-positive 217 

bacteria, the Folch method was a better extraction protocol, and Bligh & Dyer method for 218 

gram-negative bacteria. This may be related to the structure of the bacterial cell wall, which is 219 

thicker in gram-positive bacteria, and thus the extraction of lipids is more difficult. A higher 220 

proportion of chloroform in the Folch extraction protocol may have a beneficial effect on the 221 

efficiency of lipid extraction from gram-positive bacteria. In the case of studies focused on a 222 

specific group of lipids, the appropriate isolation protocol and selected matrix should be 223 

followed [12]. Target analysis of mass spectra towards fatty acyls (Figure 1B) showed that 224 

most lipids from this group are visible in the spectra of Matyash and Bligh & Dyer extracts 225 

dissolved in TA30 using the CHCA matrix. A similar result was found for extracts from each 226 

of the analyzed bacteria. This result was unexpected because this matrix is not usually 227 

recommended for the analysis of this group of lipids [16],[31]. However, the authors of the 228 

papers refer in their considerations only to free fatty acids, which are the most important but 229 

not the only group of fatty acyls. The high number of fatty acyls detected in the extracts made 230 

by the Matyash and Bligh-Dyer methods is understandable given that these two protocols are 231 

recommended for the analysis of this group of lipids [12]. 232 

Another analyzed group are glycerolipids, among which the largest subgroup are 233 

triacylglycerols (TAG) and diacylglycerols (DAG). Triacylglycerols are a storage material in 234 

eukaryotic organisms, while their role in prokaryotes has not been fully understood [32], but 235 

they were detected using MALDI MS in lipid extracts of lactic acid bacteria [33]. For 236 

glycerolipids, the most signals were noted in the spectra of Bligh & Dyer and Folch extracts 237 

redissolved in TA30 using the DHB matrix (Figure 1C), however, their number is low (about 238 

40). This may be due to fragmentation taking place in the ion source, whereby TAG and DAG 239 

fragments may be visible in the spectrum as free fatty acids [16]. 2,5-dihydroxybenzoic acid, 240 

for which the largest number of signals related to glycerolipids were obtained, is the matrix 241 

recommended for their analysis in the positive mode [6], however, it is worth paying attention 242 

to the MBT matrix, which in some cases (Folch-TCM and Matyash-TA30) proved to be as 243 

effective as DHB in ionizing this group of lipids. Mono-, di- and triacylglycerols dissolve 244 

well in apolar solvents, which include both chloroform used in the Folch and Bligh-Dyer 245 

methods and MTBE used in the Matyash protocol, but glycosylglycerols, which are another 246 

important subgroup, were more often extracted using the Folch and Bligh-Dyer techniques 247 

[34], which may explain the differences in the number of assigned signals between the 248 

methods. 249 

In the case of glycerophospholipids, again the highest number of signals was obtained for 250 

the DHB matrix for the extracts made by Folch and Bligh & Dyer protocols redissolved in 251 

TA30 solution (Figure 1D). Glycerophospholipids are the main building component of cell 252 

membranes [35], therefore it is not surprising that they accounted for nearly half of all 253 

detected lipids in MALDI MS spectra. Some authors point out that glycerophospholipids are 254 

relatively easily extracted with the protocols used in this study, while lipids belonging to other 255 

classes are lost during extraction. This would explain the significant difference in the number 256 

of glycerophospholipids detected compared to other lipids [31]. In the positive ion mode, 257 

phospholipids can appear in the spectra as both proton and sodium or potassium adducts, and 258 

DHB is referred to as the first choice matrix for their analysis, providing optimal results in 259 

terms of achievable sensitivity [36]. According to some authors, most glycerophospholipids 260 
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can be extracted by each of the three protocols with similar yields [12], but this does not 261 

explain the lower number of identified glycerophospholipids when extracted using the 262 

Matyash method in our study. The reason for this noticeable difference may be the lower 263 

recovery for the Matyash method [37]. 264 

The percentage of individual classes of lipids is very similar for different extracts and 265 

solvents (Figure 3A-E). However, the differences are evident between the matrices used. The 266 

highest percentage of fatty acyls (about 40% of all lipids) was obtained for the 9-AA matrix 267 

(Figure 3A), for glycerolipids the highest share (from 13 to 30%) was recorded for MBT 268 

(Figure 3D), and for glycerophospholipids the highest percentage (about 60%) was recorded 269 

for DHB (Figure 3C) and THAP (Figure 3E). The Venn diagram in Figure 3F shows the 270 

average numbers of unique and common lipids between the three extraction methods for 271 

TA30 solvent and DHB matrix. The most common lipids were recorded for the Folch and 272 

Bligh-Dyer methods. This may be due to the similarity of these two methods of lipid 273 

extraction, where the same reagents are used only in different proportions. A similar effect of 274 

the extraction method on the lipid profiles was observed for human urine extracts [38]. The 275 

markedly lower number of lipids identified in extracts made by the Matyash method seen in 276 

Figures 3F and 1A is probably due to lower recoveries compared to other extraction methods 277 

[37]. Figure 3G presents the Venn diagram for the three matrices with the highest number of 278 

lipid-derived signals for the extract made by the Bligh-Dyer method dissolved in TA30. A 279 

large number of common lipids between DHB and CHCA matrices, as well as DHB and 280 

THAP, are noticeable. However, the vast majority of the identified lipids are unique to each 281 

matrix, suggesting that several matrices should be used to study the entire bacterial lipidome 282 

with MALDI TOF MS. A figure containing MALDI MS spectra in positive mode for lipid 283 

extracts from P. mirabilis, S. epidermidis and E. faecalis is presented in Supplementary 284 

Materials SM6. 285 

 286 
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 287 
Figure 1. Average number of lipids detected on MALDI MS spectra taken in positive ion 288 

mode for different extraction methods, solvents and matrices used, for: all lipid classes (A), 289 

fatty acyls (B), glycerolipids (C) and glycerophospholipids (D) for all analyzed lipid extracts 290 

from bacteria. 291 

 292 
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 293 
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Figure 2. MALDI mass spectra of lipid extract from E. coli obtained by Folch method, 294 

redissolved in TA30 in positive ion mode using 9-AA (A), CHCA (B), DHB (C), MBT (D) or 295 
THAP (E) matrix. 296 

 297 

 298 
Figure 3. Percentage of individual lipid classes in MALDI MS spectra obtained with the 299 
following matrices: 9-AA (A), CHCA (B), DHB (C), MBT (D), THAP (E), and Venn 300 
diagrams showing average numbers of unique and common lipids between the three 301 

extraction methods for TA30 and DHB (F) or the three best matrices for Bligh-Dyer and 302 
TA30 (G) in positive ion mode. 303 

 304 

3.2. Negative ion mode 305 

Some classes of lipids ionize more easily in the negative mode [39]. To check which 306 

matrix and solvent are most suitable for the analysis of bacterial lipid profiles in the negative 307 

ion mode in MALDI TOF MS, similar tests were performed as for the positive ion mode. For 308 

the four extract-solvent variants, i.e. Folch-TCM; Matyash-TCM and Bligh & Dyer TCM and 309 

TA30, the highest mean number of lipid-derived signals was obtained for the THAP matrix 310 

(Figure 4A). The second, and in two cases, the first (Folch-TA30 and Matyash-TA30) having 311 

the most lipid signals in the negative mode, was the 9-AA matrix. However, it should be 312 
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noted that even for the highest lipid count recorded for the Bligh & Dyer extract dissolved in 313 

TA30 using the THAP matrix (264 signals), it is half the best result in the positive ion mode. 314 

This result is consistent with other studies [38],[40], as most types of lipids are easier to 315 

ionize in the positive than negative mode [41]. This result is consistent with other studies, as 316 

most types of lipids are easier to ionize in the positive than negative mode. In the negative 317 

mode, the lowest average number of m/z values assigned to lipids (62 signals) was obtained 318 

for the Matyash extract dissolved in TA30 using MBT matrix. The greater number of signals 319 

assigned to lipids in the spectra using THAP was surprising. Although this matrix is 320 

recommended by some authors for the analysis of lipids, in the positive mode [42], and for the 321 

negative mode, the commonly recognized matrix is 9-AA [16],[43]. 322 

Mass spectra for different extracts and different solvents made using the THAP matrix 323 

presented in Supplementary materials SM7 are quite similar due to the intense signal at m/z 324 

333, only changing the range from 400 to 1500 Da allowed to see many signals with lower 325 

intensities (Supplementary materials SM8). In the negative ion mode, there are no significant 326 

differences between the spectra recorded for different solvents. 327 

Figure 4 shows the differences in lipid ionization capacity for individual matrices in the 328 

negative mode. Also, the spectra taken for the same extract using different matrices show 329 

different sets of signals (Figure 5). As in the case of the positive test, when examining a 330 

specific group of lipids, one should follow the appropriate isolation protocol and the selected 331 

matrix [12]. The results divided into gram type of bacteria are consistent with the results for 332 

all analyzed lipid extracts, however, the average number of lipids detected for gram-positive 333 

bacteria is lower than for gram-negative bacteria (Supplementary materials SM9). Similarly to 334 

what was described for the positive MS mode, this may be related to the thickness of the cell 335 

wall, which affects the extraction efficiency. 336 

The putative identification of fatty acyls gave the best result for the 9-AA matrix for all 337 

samples, and the highest number of lipids was identified in the spectra of the Bligh and Dyer 338 

extract after re-dissolving in TA30 solution (Figure 4B). 9-Aminoacridine is a moderately 339 

strong base with a pKa ≈ 10, so 9-AA readily accepts protons leading to the formation of [M-340 

H]
-
 ions [44], especially for acidic compounds such as fatty acids [45]. In addition, the use of 341 

9-AA as a matrix gives a small background in the low m/z region, thus enabling the analysis 342 

of low molecular weight compounds, which is why this matrix is often recommended for fatty 343 

acid analysis using the MALDI MS method [6]. The Bligh & Dyer method is one of the two 344 

techniques recommended for the extraction of fatty acyls [12], but the results obtained for the 345 

other extract-solvent systems are very similar. 346 

For glycerolipids, the highest average number of lipid-derived signals was obtained for the 347 

Folch extract using the 9-AA matrix and the Bligh & Dyer extract using the THAP matrix 348 

(Figure 4C). In both cases, chloroform was used as the solvent. In the case of glycerolipids, 349 

better results were obtained for TCM than for TA30, but the differences between the number 350 

of lipids obtained using 9-AA and THAP matrices for individual extracts and solvents are not 351 

large and amount to ±10. As described in section 3.1, all three protocols are suitable for the 352 

extraction of mono-, di- and triglycerols, however, using the methods of Folch and Bligh-353 

Dyer, it is possible to isolate other subgroups of lipids belonging to the glycerolipids [34]. 354 

The last analyzed group, are glycerophospholipids, which are the main component of 355 

bacterial cell membranes [35]. Within the lipidomic landscape under investigation, a 356 
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particular class of lipids warrants distinct attention: cardiolipins. These phospholipids, 357 

characterized by their unique dimeric structure, occupy a crucial role in the structural and 358 

functional dynamics of bacterial membranes. Notably, their presence is not limited to one 359 

bacterial type; they have been identified in the membranes of both gram-negative [46] and 360 

gram-positive bacteria [47], underscoring their ubiquitous nature and functional importance 361 

across diverse bacterial taxa. Our analytical approach, utilizing advanced mass spectrometry 362 

techniques, predominantly revealed the presence of cardiolipins in the negative ion mode, as 363 

depicted in Figure 5. Such an observation aligns with the properties of cardiolipins, which 364 

facilitate their detection in this specific mode. A comprehensive elucidation of the 365 

methodologies, spectral data, and intricate interpretations related to cardiolipins and affiliated 366 

lipids is available in Supplementary Material SM10. Glycerophospholipids account for more 367 

than half of all identified lipids in negative ion mode. For all analyzed samples the highest 368 

average number of assigned glycerophospholipids was achieved using the THAP matrix, but 369 

the most signals were noted in the spectra of Matyash extract redissolved in TCM and Bligh 370 

& Dyer redissolved in TA30 (Figure 4D). 2,4,6-Trihydroxyacetophenone is the matrix 371 

recommended by Stübiger and Belgacem for the MALDI MS analysis of 372 

glycerophospholipids [42], however in their studies it was used in the positive mode. 373 

Comparable results were observed for all the extract-solvent systems, which is consistent with 374 

the literature data that glycerophospholipids are extracted with similar efficiency for each of 375 

the extraction methods [12]. 376 

The percentages of the analyzed lipid groups in the total number of lipids identified in the 377 

individual spectra are shown in Figure 6A-E. The results are similar to the results from the 378 

positive mode, except for the CHCA matrix (Figure 6B), for which a significant 379 

predominance of the share of fatty acyls was observed (52-66% of all lipids). The highest 380 

percentage of fatty acyls was recorded for the MBT matrix and ranged from 52% to even 74% 381 

(Figure 6D). As in the case of the positive mode, also in the negative mode, the largest share 382 

of glycerolipids was obtained using the MBT matrix, but their share decreased to about 12% 383 

of all lipids. The percentage of glycerophospholipids above 60% was visible in the MALDI 384 

MS spectra made using the THAP matrix (Figure 6E). The average number of common 385 

signals for the 3 extraction methods using TA30 as a solvent and THAP as a matrix (Figure 386 

6F) is lower compared to the positive mode, but consistent considering the smaller number of 387 

signals in the spectra. There is a very amall average number of common signals for the three 388 

matrices with the most numerous lipid-derived signal groups for the Bligh & Dyer extract and 389 

the use of TA30 as solvent, as shown in the Venn diagram in Figure 6G. This gives 390 

information about the high variability of lipid profiles using different extraction protocols and 391 

matrices. A figure containing MALDI MS spectra in negative mode for lipid extracts from P. 392 

mirabilis, S. epidermidis and E. faecalis is presented in Supplementary Materials SM10. 393 

 394 



13 
 

 395 
Figure 4. Average number of lipids detected on MALDI MS spectra taken in negative ion 396 

mode for different extraction methods, solvents and matrices used, for: all lipid classes (A), 397 

fatty acyls (B), glycerolipids (C) and glycerophospholipids (D) for all analyzed lipid extracts 398 

from bacteria. 399 

 400 
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 401 
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Figure 5. MALDI mass spectra of lipid extract from E. coli obtained by Bligh & Dyer 402 

method, redissolved in TA30 in negative ion mode using 9-AA (A), CHCA (B), DHB (C), 403 
MBT (D) or THAP (E) matrix. 404 

 405 

 406 
Figure 6. Percentage of individual lipid classes in MALDI MS spectra obtained with the 407 
following matrices: 9-AA (A), CHCA (B), DHB (C), MBT (D), THAP (E), and Venn 408 
diagrams showing average numbers of unique and common lipids between the three 409 

extraction methods for TA30 and THAP (F) or the three best matrices for Bligh-Dyer and 410 
TA30 (G) in negative ion mode. 411 

 412 

4. CONCLUSION 413 

MALDI TOF MS analyzes of lipid extracts from E. coli, P. mirabilis, S. epidermidis and 414 

E. faecalis were performed in both positive and negative ion modes. Extracts were made by 415 

Folch, Matyash and Bligh & Dyer protocols and then dissolved in chloroform or a mixture of 416 

acetonitrile and 0.1% trifluoroacetic acid in water (TA30). Five matrices were used in the 417 

measurements: α-cyano-4-hydroxycinnamic acid (CHCA), 2,5-dihydroxybenzoic acid (DHB), 418 

9-aminoacridine (9-AA), 2-mercaptobenzothiazole (MBT) and 2,4,6- trihydroxyacetophenone 419 

(THAP).  420 
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 The obtained MS spectra allow the assignment of lipids to the signals, and this enables 421 

the determination which extraction protocol, solvent and matrix are most suitable for the 422 

analysis of bacterial lipids by MALDI MS. In the positive ion mode, the DHB or CHCA 423 

matrix is most suitable, for both non-targeted and targeted analysis. In the negative mode, the 424 

highest average numbers of lipid signals are obtained for THAP and 9-AA matrices. The most 425 

appropriate extraction protocol is Bligh & Dyer, and the solvent TA30 enables the detection 426 

of a significant number of lipids in each of the analyzed groups in both ionization modes, such 427 

as fatty acyls, glycerolipids and glycerophospholipids. 428 

 429 

AUTHOR CONTRIBUTIONS 430 

Conceptualization, A.A; methodology, A.A., E.S., M.Z.; resources, A.A., E.S., W.M.; formal 431 

analysis, A.A., E.S., P.F.; writing-original draft preparation, A.A. and E.S.; writing-review 432 

and editing, A.A., M.Z., D.G., P.P.; visualization, A.A.; project administration, P.P. and D.G.; 433 

funding acquisition, D.G. All authors have read and agreed to the published version of the 434 

manuscript. 435 

 436 

FUNDING 437 

This research was funded by National Science Centre, Poland, grant number 438 

2020/39/B/NZ7/02733 (Opus-20). 439 

 440 

ACKNOWLEDGMENTS 441 

A.A. is a member of Emerging Field ―Cells as Experimental platforms and bioFACTories 442 

(CExFact)‖ and E.S., M.Z., P.P. are members of Toruń Center of Excellence ―Towards 443 

Personalized Medicine‖ operating under Excellence Initiative-Research University. The 444 

authors also thank Michał Marut for linguistic proofreading of the manuscript 445 

 446 

CONFLICTS OF INTEREST 447 

The authors declare no conflict of interest. 448 

 449 

REFERENCES 450 

1.  Saini RK, Prasad P, Shang X, Keum Y-S (2021) Advances in lipid extraction methods – 451 

a review. Int J Mol Sci 22:13643. https://doi.org/10.3390/ijms222413643 452 

2.  Fahy E, Subramaniam S, Brown HA, et al (2005) A comprehensive classification system 453 
for lipids. J Lipid Res 46:839–861. https://doi.org/10.1194/jlr.E400004-JLR200 454 

3.  Lee GK, Lee HS, Park YS, et al (2012) Lipid MALDI profile classifies non-small cell 455 
lung cancers according to the histologic type. Lung Cancer 76:197–203. 456 

https://doi.org/10.1016/j.lungcan.2011.10.016 457 

4.  Lellman SE, Cramer R (2020) Bacterial identification by lipid profiling using liquid 458 

atmospheric pressure matrix-assisted laser desorption/ionization mass spectrometry. Clin 459 
Chem Lab Med 58:930–938. https://doi.org/10.1515/cclm-2019-0908 460 

5.  Solntceva V, Kostrzewa M, Larrouy-Maumus G (2021) Detection of species-specific 461 

lipids by routine maldi tof mass spectrometry to unlock the challenges of microbial 462 



17 
 

identification and antimicrobial susceptibility testing. Front Cell Infect Microbiol 463 

10:621452. https://doi.org/10.3389/fcimb.2020.621452 464 

6.  Engel KM, Prabutzki P, Leopold J, et al (2022) A new update of MALDI-TOF mass 465 
spectrometry in lipid research. Prog Lipid Res 86:101145. 466 

https://doi.org/10.1016/j.plipres.2021.101145 467 

7.  Hillenkamp F, Peter-Katalinic J (2013) MALDI MS: a practical guide to 468 
instrumentation, methods and applications, 2nd Ed. Wiley Blackwell 469 

8.  Jurowski K, Kochan K, Walczak J, et al (2017) Analytical techniques in lipidomics: 470 
state of the art. Crit Rev Anal Chem 47:418–437. 471 

https://doi.org/10.1080/10408347.2017.1310613 472 

9.  Karas M, Bachmann D, Bahr U, Hillenkamp F (1987) Matrix-assisted ultraviolet laser 473 
desorption of non-volatile compounds. Int J Mass Spectrom Ion Processes 78:53–68. 474 

https://doi.org/10.1016/0168-1176(87)87041-6 475 

10.  Calvano CD, Monopoli A, Cataldi TRI, Palmisano F (2018) MALDI matrices for low 476 
molecular weight compounds: an endless story? Anal Bioanal Chem 410:4015–4038. 477 

https://doi.org/10.1007/s00216-018-1014-x 478 

11.  Müller WH, De Pauw E, Far J, et al (2021) Imaging lipids in biological samples with 479 
surface-assisted laser desorption/ionization mass spectrometry: A concise review of the 480 

last decade. Prog Lipid Res 83:101114. https://doi.org/10.1016/j.plipres.2021.101114 481 

12.  Aldana J, Romero-Otero A, Cala MP (2020) Exploring the lipidome: current lipid 482 

extraction techniques for mass spectrometry analysis. Metabolites 10:231. 483 
https://doi.org/10.3390/metabo10060231 484 

13.  Fuchs B, Schiller J (2009) Application of MALDI-TOF mass spectrometry in 485 
lipidomics. Eur J Lipid Sci Technol 111:83–98. https://doi.org/10.1002/ejlt.200800223 486 

14.  Gidden J, Denson J, Liyanage R, et al (2009) Lipid compositions in Escherichia coli and 487 
Bacillus subtilis during growth as determined by MALDI-TOF and TOF/TOF mass 488 
spectrometry. Int J Mass Spectrom 283:178–184. 489 

https://doi.org/10.1016/j.ijms.2009.03.005 490 

15.  Gonzalo X, Broda A, Drobniewski F, Larrouy-Maumus G (2021) Performance of lipid 491 

fingerprint-based MALDI-ToF for the diagnosis of mycobacterial infections. Clin 492 
Microbiol Infect 27:912.e1-912.e5. https://doi.org/10.1016/j.cmi.2020.08.027 493 

16.  Leopold J, Popkova Y, Engel K, Schiller J (2018) Recent developments of useful 494 

MALDI matrices for the mass spectrometric characterization of lipids. Biomolecules 495 

8:173. https://doi.org/10.3390/biom8040173 496 

17.  Maślak E, Miśta W, Złoch M, et al (2022) A new approach to imaging and rapid 497 
microbiome identification for prostate cancer patients undergoing radiotherapy. 498 

Biomedicines 10:1806. https://doi.org/10.3390/biomedicines10081806 499 



18 
 

18.  Folch J, Lees M, Stanley GHS (1957) A simple method for the isolation and purification 500 

of total lipides from animal tissues. J Biol Chem 226:497–509. 501 
https://doi.org/10.1016/S0021-9258(18)64849-5 502 

19.  Bligh EG, Dyer WJ (1959) A rapid method of total lipid extraction and purification. Can 503 

J Biochem Physiol 37:911–917. https://doi.org/10.1139/o59-099 504 

20.  Matyash V, Liebisch G, Kurzchalia TV, et al (2008) Lipid extraction by methyl-tert-505 
butyl ether for high-throughput lipidomics. J Lipid Res 49:1137–1146. 506 
https://doi.org/10.1194/jlr.D700041-JLR200 507 

21.  Lou X, van Dongen JLJ, Meijer EW (2010) Generation of CsI cluster ions for mass 508 

calibration in matrix-assisted laser desorption/ionization mass spectrometry. J Am Soc 509 
Mass Spectrom 21:1223–1226. https://doi.org/10.1016/j.jasms.2010.02.029 510 

22.  Sud M, Fahy E, Cotter D, et al (2007) LMSD: LIPID MAPS structure database. Nucleic 511 

Acids Res 35:D527–D532. https://doi.org/10.1093/nar/gkl838 512 

23.  Höring M, Stieglmeier C, Schnabel K, et al (2022) Benchmarking one-phase lipid 513 
extractions for plasma lipidomics. Anal Chem 94:12292–12296. 514 

https://doi.org/10.1021/acs.analchem.2c02117 515 

24.  Liebisch G, Vizcaíno JA, Köfeler H, et al (2013) Shorthand notation for lipid structures 516 
derived from mass spectrometry. J Lipid Res 54:1523–1530. 517 

https://doi.org/10.1194/jlr.M033506 518 

25.  Olsen I, Jantzen E (2001) Sphingolipids in bacteria and fungi. Anaerobe 7:103–112. 519 

https://doi.org/10.1006/anae.2001.0376 520 

26.  Wei JH, Yin X, Welander PV (2016) Sterol synthesis in diverse bacteria. Front 521 

Microbiol 7:990. https://doi.org/10.3389/fmicb.2016.00990 522 

27.  Schiller J, Süß R, Fuchs B, et al (2007) The suitability of different DHB isomers as 523 

matrices for the MALDI-TOF MS analysis of phospholipids: which isomer for what 524 
purpose? Eur Biophys J 36:517–527. https://doi.org/10.1007/s00249-006-0090-6 525 

28.  Wei Y, Zhang Y, Lin Y, et al (2015) A uniform 2,5-dihydroxybenzoic acid layer as a 526 

matrix for MALDI-FTICR MS-based lipidomics. Analyst 140:1298–1305. 527 
https://doi.org/10.1039/C4AN01964D 528 

29.  Wang Z, Zhang Q, Shen H, et al (2021) Optimized MALDI-TOF MS strategy for 529 
characterizing polymers. Front Chem 9:698297. 530 
https://doi.org/10.3389/fchem.2021.698297 531 

30.  Zhang X, Shi L, Shu S, et al (2007) An improved method of sample preparation on 532 
AnchorChip

TM
 targets for MALDI-MS and MS/MS and its application in the liver 533 

proteome project. Proteomics 7:2340–2349. https://doi.org/10.1002/pmic.200600184 534 

31.  Fuchs B, Süß R, Schiller J (2010) An update of MALDI-TOF mass spectrometry in lipid 535 

research. Prog Lipid Res 49:450–475. https://doi.org/10.1016/j.plipres.2010.07.001 536 



19 
 

32.  Alvarez H, Steinbüchel A (2002) Triacylglycerols in prokaryotic microorganisms. Appl 537 

Microbiol Biotechnol 60:367–376. https://doi.org/10.1007/s00253-002-1135-0 538 

33.  Walczak-Skierska J, Złoch M, Pauter K, et al (2020) Lipidomic analysis of lactic acid 539 
bacteria strains by matrix-assisted laser desorption/ionization time-of-flight mass 540 

spectrometry. J Dairy Sci 103:11062–11078. https://doi.org/10.3168/jds.2020-18753 541 

34.  Zheng G, Li W (2017) Profiling membrane glycerolipids during γ-ray-induced 542 
membrane injury. BMC Plant Biol 17:203. https://doi.org/10.1186/s12870-017-1153-9 543 

35.  Sohlenkamp C, Geiger O (2016) Bacterial membrane lipids: diversity in structures and 544 
pathways. FEMS Microbiol Rev 40:133–159. https://doi.org/10.1093/femsre/fuv008 545 

36.  Harvey DJ (1995) Matrix-assisted laser desorption/ionization mass spectrometry of 546 
phospholipids. J Mass Spectrom 30:1333–1346. https://doi.org/10.1002/jms.1190300918 547 

37.  Wong MWK, Braidy N, Pickford R, et al (2019) Comparison of single phase and 548 
biphasic extraction protocols for lipidomic studies using human plasma. Front Neurol 549 
10:879. https://doi.org/10.3389/fneur.2019.00879 550 

38.  Tipthara P, Thongboonkerd V (2016) Differential human urinary lipid profiles using 551 

various lipid-extraction protocols: MALDI-TOF and LIFT-TOF/TOF analyses. Sci Rep 552 
6:33756. https://doi.org/10.1038/srep33756 553 

39.  N. Jackson S, Barbacci D, Egan T, et al (2014) MALDI-ion mobility mass spectrometry 554 

of lipids in negative ion mode. Anal Methods 6:5001–5007. 555 
https://doi.org/10.1039/C4AY00320A 556 

40.  Petković M, Schiller J, Müller M, et al (2001) Detection of individual phospholipids in 557 
lipid mixtures by matrix-assisted laser desorption/ionization time-of-flight mass 558 

spectrometry: phosphatidylcholine prevents the detection of further species. Anal 559 
Biochem 289:202–216. https://doi.org/10.1006/abio.2000.4926 560 

41.  Schiller J, Süß R, Arnhold J, et al (2004) Matrix-assisted laser desorption and ionization 561 
time-of-flight (MALDI-TOF) mass spectrometry in lipid and phospholipid research. 562 
Prog Lipid Res 43:449–488. https://doi.org/10.1016/j.plipres.2004.08.001 563 

42.  Stübiger G, Belgacem O (2007) Analysis of lipids using 2,4,6-trihydroxyacetophenone 564 
as a matrix for MALDI mass spectrometry. Anal Chem 79:3206–3213. 565 

https://doi.org/10.1021/ac062236c 566 

43.  Cerruti CD, Benabdellah F, Laprévote O, et al (2012) MALDI imaging and structural 567 
analysis of rat brain lipid negative ions with 9-aminoacridine matrix. Anal Chem 568 

84:2164–2171. https://doi.org/10.1021/ac2025317 569 

44.  Vermillion-Salsbury RL, Hercules DM (2002) 9-Aminoacridine as a matrix for negative 570 
mode matrix-assisted laser desorption/ionization. Rapid Commun Mass Spectrom 571 
16:1575–1581. https://doi.org/10.1002/rcm.750 572 

45.  Shroff R, Muck A, Svatoš A (2007) Analysis of low molecular weight acids by negative 573 
mode matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. 574 

Rapid Commun Mass Spectrom 21:3295–3300. https://doi.org/10.1002/rcm.3216 575 



20 
 

46.  Yang H, Jackson SN, Woods AS, et al (2020) Streamlined analysis of cardiolipins in 576 

prokaryotic and eukaryotic samples using a norharmane matrix by MALDI-MSI. J Am 577 

Soc Mass Spectrom 31: 2495–2502. https://doi.org/10.1021/jasms.0c00201 578 

47.  Filgueiras MH, Op den Kamp JA (1980) Cardiolipin, a major phospholipid of Gram-579 
positive bacteria that is not readily extractable. Biochim Biophys Acta 620: 332-337. 580 

https://doi.org/10.1016/0005-2760(80)90215-5 581 


