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Abstract

Surface acoustic wave nebulization (SAWN) is a novel method to transfer non-volatile analytes 

directly from the aqueous-phase to the gas-phase for mass spectrometric analysis. The lower ion 

energetics of SAWN and its planar nature make it appealing for analytically challenging lipid 

samples. This challenge is a result of their amphipathic nature, labile nature, and tendency to form 

aggregates, which readily precipitate clogging capillaries used for electrospray ionization (ESI). 

Here we report the use of SAWN to characterize the complex glycolipid, lipid A, which serves as 

the membrane anchor component of lipopolysaccharide (LPS) and has a pronounced tendency to 

clog nano-ESI capillaries. We also show that unlike ESI SAWN is capable of ionizing labile 

phospholipids without fragmentation. Lastly, we compare the ease of use of SAWN to the more 

conventional infusion-based ESI methods and demonstrate the ability to generate higher order 

tandem mass spectral data of lipid A for automated structure assignment using our previously 

reported hierarchical tandem mass spectrometry (HiTMS) algorithm. The ease of generating 

SAWN-MSn data combined with HiTMS interpretation offers the potential for high throughput 

lipid A structure analysis.
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Introduction

Lipids are a diverse class of biomolecules with roles in cellular membrane structure, cell 

signaling, trafficking, and lipid-protein interactions [1]. Due to their amphipathic nature, 
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natural heterogeneity, and tendency to form aggregates [2], lipids are a particularly 

challenging class of analytes for identification and structural characterization [3, 4]. Despite 

these challenges, mass spectrometry (MS) is the method of choice for lipids analysis due to 

its high throughput nature, analytical sensitivity, and ability to elucidate intricate chemical 

structures [5–8]. Electrospray ionization (ESI) and matrix-assisted laser desorption 

(MALDI) are the most widely adopted ionization techniques mainly due to their relative 

softness that allows molecular ions of the intact molecule to be detected after ionization [9–

11]. However, both techniques have specific limitations that will be outlined below, and 

therefore development of novel, softer ionization methods remains an active field of research 

[12–15].

MALDI, known for its ease of use and minimal training requirements suffers from matrix-

ion interference at low mass/charge (m/z) [12] and imparts higher energies to analytes 

during ionization than ESI, which in turn can result in fragmentation of covalent bonds. 

While ESI is softer than MALDI and free of matrix, the use of capillaries required for fluid 

handling and ionization is problematic due to a tendency of some lipids to aggregate and 

clog ESI needles. The limitations of these traditional fluid handling techniques and 

ionization methods have therefore driven the integration of microfabricated, miniaturized 

systems to both improve performance and reduce sample loss. Specifically, several methods 

have been developed to integrate continuous flow microfluidics with microfabricated ESI 

tips that allow custom fluid handling solutions with the ease of integrated ESI spray tips [13, 

14]. However, none of these improvements solve the problems associated with lipid analysis 

by ESI.

Recently we developed a novel ionization method, termed Surface Acoustic Wave 

Nebulization (SAWN) to generate ions of low internal energy from a planar piezoelectric 

surface (Figure 1) [16]. Surface acoustic wave (SAW) transducers are widely employed in 

the electronics industry and SAW technology has been utilized in various ways to 

manipulate fluids and as a microchip biosensor platform [17–20]. The use of a SAW to 

nebulize liquid samples placed on the surface of a piezoelectric lithium niobate wafer 

addresses some of the disadvantages of ESI and MALDI. SAWN functions by applying a 

radiofrequency (RF) signal to an interdigitated transducer (IDT) patterned onto a 

piezoelectric lithium niobate wafer. The SAW propagates along the surface and is refracted 

into a drop of liquid deposited on the SAWN chip. As energy is transferred to the liquid, 

nebulization occurs (Figure 1) [21, 22]. In our initial report, we demonstrated that SAW 

aerosols yield charged molecules from which MS1 and MS2 spectra could be recorded [16]. 

Another recent report demonstrated that SAWN can also be coupled with paper-based 

sample delivery [23]. In addition, we have also shown recently that a larger percentage of 

benzylpyridinium precursor ions survive the desorption/ionization by SAWN than by ESI 

[24], indicating that SAWN imparts less energy to ions during transfer to the mass 

spectrometer than ESI, thereby making it a “softer” ionization method.

The combination of a planar device like MALDI that produces ions of lower internal energy 

than ESI led us to investigate the use of SAWN on two classes of lipids important in 

bacterial response to their environments. Specifically, lipopolysaccharide (LPS) and 

phospholipids are structures that are regulated by an adaptive mechanism to resist host 
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innate immune killing mechanisms [25, 26]. Lipid A, the membrane anchor and endotoxic 

portion of LPS is present in high abundance in the outer membrane of Gram-negative 

bacteria. In response to environmental cues, bacteria regulate their lipid A structures through 

a variety of covalent modifications resulting in structural variability across species and 

within species [27–31]. Phospholipids, present in both the inner and outer membrane, play 

major roles (cell signaling, energy storage, cellular shape, etc.) in the biochemistry of living 

cells and are abundant in all organisms [7]. Thus, there is a great deal of interest in 

characterizing these two classes of bacterial lipids. The diversity of lipid structures makes 

structural analysis challenging and their chemical nature (positional isomers) often makes 

separation by conventional chromatography for online ESI-MS-MS analysis difficult or 

impossible in the case of lipid A where extracts contain dozens of closely related structures. 

Furthermore, the hydrophobic nature of lipid A results in a propensity to form lamellar 

structures (micelles) making analysis in capillaries, as required by ESI, tedious at best.

Traditionally, lipid A structures have been manually assigned from tandem mass spectra, a 

process that requires a great deal of expertise and time, making structural assignment 

decidedly low-throughput. To overcome this low-throughput nature, various automated 

structural classifications have been developed [32–34]. One of these, hierarchical tandem 

mass spectrometry (HiTMS), is an automated informatics pipeline developed originally by 

our group to solve lipid A structures [35]. Here we use SAWN to generate higher order 

tandem MS (MSn) data from lipid A isolated from Gram-negative bacteria and HiTMS to 

automatically assign lipid A structure. Together SAWN and HiTMS provide a high-

throughput lipid A structure characterization platform that will allow more rapid advances in 

the study of microbial-host interactions.

Materials and Methods

Purified and detoxified lipid A, Salmonella minnesota, and commercial phospholipids, 1-

palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (Phosphatidylglycerol, POPG, 

PG(16:0/18:1)) and l-palmitoyl-2-oleoyl-.w-glycero-3-phosphoethanolamine 

(Phosphatidylehanolamine, POPE, PE(16:0/18:1) were purchased from Avanti Polar Lipids, 

Inc. (Alabaster, AL, USA). Lipid A from Francisella novicida grown at 37 °C was extracted 

using a microwave-based [36] or Bligh-Dyer extraction method [37], Each lipid was 

dissolved into a solution in CHCI3/CH3OH (2:1 v:v for lipid A and 1:10 for phospholipid) 

and introduced to the SAWN assembly by simple pipetting with a micropipet. Each droplet 

contained 2–3 μL of sample and generated a plume that lasted a few seconds. Single drops 

could generate mass spectrum, but in order to enhance the signal to noise ratio, multiple 

drops were loaded sequentially. For each spectrum shown the ion signal was acquired over a 

total volume of 10 μL from several droplets. The total experimental time for one MS 

spectrum took less than one minute.

The fabrication and operation of SAWN chips have been reported in detail elsewhere [16], 

Briefly, a 128 Y-cut X-propagating 3 inch LiNbO3 wafer (Crystal Technology Inc., Palo 

Alto, CA, USA) was used as a substrate to pattern a SAW transducer. SAWN electrodes 

were patterned using positive photo resist with a chrome mask made with a Heidelberg μPG 

101 Laser Pattern Generator (Heidelberg Instruments, Heidelberg, Germany) at the 
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University of Washington Nanotech User Facility (http://depts.washington.edu/ntuf). Each 

device had 20 pairs of 100 μm interdigitated (IDT) electrodes (40 in total) with 100 μm 

spacing and 10 mm aperture. The SAWN chip was mounted on a platform placed in front of 

the inlet capillary of the mass spectrometer. The inlet capillary was set to 300 °C. A 

SYNAPT G1 (Waters, Manchester, UK), a LTQ Velos, and a LTQ FT (Thermo Scientific, 

San Jose, CA, USA) were used for the experiments. Ion trap tandem MS were used to 

identify bacteria species with closely related lipid structures. Ion trap mass scans were 

performed up to m/z 2000. The SYNAPT was operated in V-mode at a 1 Hz sampling 

frequency for enhanced sensitivity.

To compare SAWN to ESI, all experimental conditions (solution compositions, voltages of 

ion optics, and capillary temperature) were kept identical. A spray voltage of 3.5 kV and a 

flow rate of 3 μL/min were used for ESI. To mitigate the effect of instantaneous signal 

fluctuations, the data were averaged over one minute. After introducing the lipid samples 

through the ESI source, the capillary line used to deliver sample to the ESI set-up was rinsed 

for thirty minutes with CHCI3/CH3OH (2:1 v:v) to prevent sample carryover. The spray tip 

was changed when it was clogged either during the actual runs or between samples. In 

contrast, SAWN required only a few seconds of scrubbing with a cotton swab and methanol 

on the surface of the chip for cleanup between samples. A linear ion trap mass spectrometer 

(LTQ-Velos, Thermo Scientific) was used for ESI and SAWN comparisons.

The detailed procedure of theoretical database construction for species specific lipid A and 

HiTMS algorithms are reported elsewhere [35]. MS experiments with LTQ-Velos generate 

data files in “raw” format. These raw files were converted into the mzXML data format by 

ReAdW, available in Xcalibur software (Thermo Scientific). The peak information from 

averaged mass spectra was extracted using MassSpecWavelet (Bioconductor project, http://

www.bioconductor.org). The resulting peak information of each MSn spectrum was recorded 

in a peak list file. Acquired peak list files were searched against a theoretical signature ion 

database. From any identified signature ions, the neutral losses from the precursor ions were 

subsequently calculated and searched against the neutral loss database. A mass tolerance of 

1 Da was used for the database search. The combination of signature ions and neutral losses 

provided candidate structures and X-score was applied to evaluate the closeness between 

every MSn spectrum and the predicted spectra of candidate structures.

Results and Discussion

SAWN mass spectrometry

SAWN, coupled with mass spectrometry, has been used to analyze, peptide and substituted 

benzylpyridinium salts [16, 23, 24]. Despite its demonstrated efficacy in producing ions, the 

mechanism of SAWN ion production is not well understood. The current most likely 

explanation put forward in a recent report suggests that the mechanism involves surface 

charging based on deformation of the piezo-electric substrate through which the SAW 

travels prior to nebulization. Subsequent to nebulization it is likely that ion evaporation from 

the charged droplet produces protonated and deprotonated molecular ions [23] in a manner 

similar to other atmospheric pressure ionization (API) sources. In another recent report, 

preformed ions were successfully analyzed using SAWN to demonstrate that ions produced 
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by SAWN are less energetic than those produced by ESI. In these experiments a series of 

substituted benzylpyridinium salts that exist in solution as cations with associated counter 

anions were analyzed by both SAWN-MS and ESI-MS. In the absence of a voltage applied 

to the SAWN chip to aid nebulization [24], it is likely that both cations and anions were 

nebulized at the same time because both could be detected under identical conditions save 

for a reverse in the polarity of the MS detector [24]. Given the ease with which SAWN may 

be conducted and the lower ion internal energies, we examined the effectiveness of SAWN 

to facilitate study of two classes of lipids: phospholipids and the glycolipid known as Lipid 

A.

SAWN of highly purified Salmonella minnesota Lipid A.

For our initial experiments on lipids, a solution of commercially available detoxified lipid A 

(1 position phosphate moiety is removed) from Salmonella minnesota was nebulized by 

SAWN and characterized by MS and MSn. The SAWN method successfully generated 

Salmonella minnesota lipid A ions in both positive and negative ion mode (Figure 2), which 

were consistent with previous reports [38, 39]. Three major isotopic distributions were 

observed in positive (m/z 1530, 1740 and 1978) and negative (m/z 1506, 1716, and 1954) 

ion modes as depicted in Figure 2A and 2B, respectively. Importantly, SAWN generated the 

same relative ion distribution as those of ESI (see Supporting Information Figure S1). 

Interestingly, this was not the case for previously published peptide mass spectra where 

SAWN produced a [M + H]+ ion approximately 30% the intensity of the base peak (doubly 

protonated peptide), but ESI produced a [M + H]+ ion that was less than 1% of the 

corresponding doubly protonated peptide base peak [16]. This could be interpreted as a role 

for the piezoelectric substrate stripping charge from the basic peptide relative to the same 

peptide analyzed by ESI in a chemically identical solution. With lipid A there are far fewer 

sites to protonate and deprotonate which may explain why there was no difference there 

between ESI and SAWN. According to the supplier, the major component in the sample 

should be C80H151N2O21P (mono-phosphorylated penta-acyl disaccharide, 1507 Da), whose 

protonated ion would correspond to m/z 1508. Instead, we detected a 1530 m/z ion in 

positive mode as the base peak, which was interpreted as a Na+ adduct of the expected 1507 

Da species (Δm/z = 23). The presence of the m/z 1506 ion in the same mass range in 

negative mode supports this conclusion. In addition, ions at m/z 1740 and 1978 differ from 

m/z 1530 by 210 and 210 + 238 m/z units respectively, which correspond to two fatty acid 

chains (a myristic acid, C14H28O2 and a palmitic acid, C16H32O2 see Supporting 

Information Figure S2). Theoretical isotopic distributions fit correctly with the observed 

ones, and measured masses were within 40 ppm of the computed masses, which was within 

the operational parameters for V-mode operation of the SYNAPT Q-TOF instrument used in 

these experiments.

During these experiments it became clear that the signal intensity of SAWN generated ions 

was lower than for ESI (see Supporting Information Figure S1) by 2–3 orders of magnitude. 

We believe the reduced signal intensity is due to the larger droplet size produced by SAWN 

in comparison to ESI [22]. Obviously, droplets of larger volume require more energy to 

desolvate, and these larger droplets may also contribute to the lower ion internal energies of 

SAWN as well as the observed lower ionization efficiency [24].
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While it was compelling to use the planar SAWN device for the sake of simplicity over ESI, 

the lower signal intensities of SAWN presented a concern for conducting hierarchical MSn 

analysis in an ion trap MS. As we have previously shown hierarchical MSn analysis is 

powerful for characterization of lipid A because the extracted material contains a mixture of 

closely related structures that only MSn analysis can tease apart [8, 27]. Thus, we 

investigated the degree to which the lower performance SAWN device could be coupled to 

MSn analysis to define lipid A structure. For SAWN-MSn analysis of the Salmonella 
minnesota lipid A sample in negative ion mode, the three major peaks at m/z 1506, 1716, 

and 1954 were successively selected for fragmentation. Consistent with our prior hypotheses 

regarding the Na+ lipid A ions, precursor ions at m/z 1716 lost a myristic acid and m/z 1954 

yielded myristic acid and palmitic acid losses. Further fragmentation patterns were very 

similar between the three selected precursor ions. Therefore, we concluded, based on these 

data, that m/z 1716 (hexa-acyl disaccharide ion) and 1954 (hepta-acyl disaccharide ion) 

resulted from addition of myristate (Δm/z = 210) and palmitate (Δm/z = 238) to m/z 1506 

(penta-acyl disaccharide ion), respectively. These same patterns were also observed for 

positive ion mode (see Supporting Information Figure S2). Briefly, the results of the MS4 

experiment on the m/z 1716 precursor are discussed (Figure 3) relative to detailed structural 

assignment carried out from SAWN-MSn data. By conducting MS2 of the ion at m/z 1716, 

three major fragment ions were observed at m/z 1488, 1472, and 1244. The peak at m/z 
1488 resulted from the loss of myristic acid ((14:0), C14H28O2, m/z 228). The fragment ion 

at m/z 1472 could be attributed to the loss of 3-hydroxytetradecanoic acid ((14:0)-3-OH, 

C14H28O3, m/z 244) at the 3-position. Combining losses of the two previous acids generates 

m/z 1244 (Figure 3A). In MS3 and MS4 modes, m/z 1036 and 1018 were generated by the 

loss of 3-hydroxytetradecanoic acid at the 3’-position. During these experiments we noted 

that while the overall ion signal intensity for SAWN was lower than for ESI (see Supporting 

Information), there was sufficient signal to allow MS4 analysis from a single drop of liquid 

placed on the chip.

SAWN of Francisella novicida lipid A extract.

While the commercially available Salmonella minnesota lipid A was highly purified, real-

life samples can be more challenging due to the presence dozens of structural isomers. For 

example, we previously reported on the existence of over 100 lipid A structures, defined by 

the aforementioned hierarchical MSn analysis and HiTMS analysis, from extracts of 

Francisella novicida grown at two different temperatures [35]. To test the applicability of 

SAWN in such cases, a lipid A extract of Francisella novicida from a single temperature 

growth condition was examined. The structures of lipid A isolated from Francisella novicida 
have been well studied widely by us and others using both ESI and MALDI [27, 35, 40, 41]. 

Here we showed that SAWN could in fact be used to generate a sufficient ion population for 

MS4 experiments from the heterogeneous Francisella novicida lipid A extract (see Figure 4). 

To illustrate our point that even with lower signal strength SAWN could still produce ions 

useful for structure prediction, we focus here on a few key fragmentation pathways. For 

example, the negatively charged precursor ion, m/z 1665 shown in Figure 4 was selected for 

fragmentation, resulting in a loss of a mono-hexosamine (C6O4NH14) ion at m/z 1504. The 

m/z 1409 originated from loss of a palmitic acid ((16:0), C16H32O2, m/z 256) and m/z 1248 

resulted from a combined loss of mono-hexose and palmitic acid. The peak at m/z 1365 
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resulted from the loss of a 3-hydroxyoctadecanoic acid ((18:0)-3-OH, C18H36O3, m/z 300) 

at the 3-position and m/z 1204 was the combination of losses of mono-hexosamine and 3-

hydroxyoctadecanoic acid. For MS3 of m/z 1204 (Figure 4B), the main fragment ion, m/z 
948 was obtained by a loss of palmitic acid. The peak at m/z 922 was generated by the loss 

of an N-linked 3-hydroxyoctadecanoic acid at the 2-position. For MS4 of m/z 948 (Figure 

4C), m/z 665 resulted from the loss of N-linked 3-hydroxyoctadecanoic acid at the 2-

position. The peak at m/z 707 was also from the loss of N-linked 3-hydroxyoctadecanoic 

acid at the 2-position, but in this case, a stable acetamide group was formed at the 2-

position. Instead of N-linked 3-hydroxyoctadecanoic acid cleavage, the glycosidic bond 

cleavage generated m/z 504 and 522.

Automated lipid A structure assignment.

One of our goals in using SAWN-MSn is to facilitate more rapid lipid A structure 

assignment. As shown above, SAWN allowed straightforward generation of lipid A mass 

spectra and tandem mass spectra. However, data generation is only half of the problem with 

lipid A structure assignment. We next asked whether the above SAWN-MSn data were 

adequate for automated structure assignment using our automated lipid A structure 

elucidation software HiTMS [35], Firstly, in order to use HiTMS successfully one requires 

signature ions produced by glycosidic bond cleavage. As can be seen in Figure 4C the ions 

at m/z 504 and 522 are interpreted as such signature ions, allowing HiTMS to suggest the 

basic structure shown in Figure 5. It is worth noting that HiTMS uses a specific notation to 

guide structural interpretation, e.g. “18-ketene30H” represents a (18:0)-3-OH fatty acid and 

“Δ” represents a neutral loss. Here, the HiTMS process resulted in an annotated mass 

spectrum that suggested that “Δ18-ketene30H” became a fragment ion (m/z 665) with a 

(18:0)-3-OH loss from the precursor ion (m/z 948) where Y and Z represent m/z 522 (Y ion) 

and 504 (Z ion), respectively and P represents the phosphate group.

Finally, to aid objective structure interpretation, HiTMS uses a scoring routine, i.e. a cross 

correlation score (X-score) similar to SEQUEST Xcorr, that reflects the closeness of fit 

between an acquired and a theoretical tandem mass spectrum [42, 43]. The derived structure 

in Figure 5B produced an X-score of 5.78, which is higher than the previously published 

basic cut off value of 3.0 for a good structure match [35]. Notably, this HiTMS structure 

assignment perfectly matched with the manual assignment shown in Figure 4D. To provide 

additional confidence in the assignment beyond the X-score, HiTMS also shows the ratio 

between detected ions and theoretical ions. HiTMS found that six ions in the SAWN-MS4 

spectrum of m/z 948 (Figure 4C) matched 14 (or 43%) of the theoretical ions produced from 

the theoretical structure. Typically the ratio of HiTMS detected theoretical ions from ESI 

data, datasets used for the Ref 35, is in the range of 50–55 %. The lower match generated 

from SAWN-MSn spectra is attributed to the lower signal intensities than provided by ESI 

analysis. However, despite the lower overall ion signal, the SAWN data successfully yielded 

an accurate structure assignment.

From these experiments, we can conclude that SAWN is capable of producing results similar 

to ESI and MALDI [27] for both the highly purified Salmonella minnesota lipid A and the 

more complex Francisella novicida lipid A sample with significantly reduced preparative 
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and experimental time over ESI. Importantly, the SAWN experiments were much simpler to 

carry out (much more like MALDI than ESI but without need for a matrix), easier to clean-

up between samples (seconds rather than tens of minutes) making the overall process much 

faster than ESI, which takes several hours for preparation and clean up afterward. Thus, like 

MALDI the planar SAWN device facilitated lipid analysis, but provided the performance 

advantage of ESI on an ion trap mass spectrometer.

SAWN of phospholipids.

Phospholipids are another frequently studied class of molecule of great biological 

significance in microbiology that, like lipid A, can be difficult to study by conventional 

techniques [6, 7, 44]. Here we investigated whether SAWN would produce fragments of 

labile phospholipids to the same extent as ESI. This is generally an important consideration 

when analyzing chemical compounds of unknown composition because detecting the native 

precursor ion unperturbed by ionization will provide more accurate clues to the composition 

of the unknown. To test the “softness” of SAWN we analyzed a mixture of 

phosphatidylglycerol (PG (16:0/18:1)) and phosphoethanolamine (PE (16:0/18:1) by ESI 

and SAWN (Figure 6). Although ESI is known to be a soft ionization process, fatty acid 

chains are easily fragmented from phospholipids during ionization. In Figure 6A, peaks at 

m/z 255 and 281 show the 16:0 and 18:1 fatty acid ions respectively, while in Figure 6B the 

SAWN generated mass spectrum clearly shows a lack of detectable fragmentation in the 

precursor ion mass spectrum. Thus, analysis of labile compounds by SAWN offers a 

significant advantage over ESI. Additionally, SAWN again allowed tandem mass spectra on 

both phospholipids to be conducted revealing the expected in free fatty acid fragment ions at 

m/z 255 for the 16:0 species and at m/z 281 for the 18:1 species (Figure 6C,D). Also 

observed were fragment ions with a fatty acid and head group corresponding to loss of one 

neutral fatty acid for PG at m/z 483 and 465 (Figure 6C) and for PE at m/z 478 and 452 

(Figure 6D). The peaks at m/z 391 and 417 are the neutral loss of 74 Da (C3H6O2) from 465 

and 483 respectively (Figure 6C). This neutral loss was derived from the glycerol and is a 

characteristic of the PG species [44]. Thus, SAWN proved to be as beneficial as ESI for 

phospholipid analysis while also producing less fragmentation of the precursor ions.

Conclusions

This proof-of-concept study demonstrated that SAWN facilitates lipid analysis for both 

simple mixtures of labile phospholipids and more complex mixtures of glycolipids like lipid 

A. In both cases, SAWN successfully generated both positive and negative ions of these 

analytes on both an ion trap and a q-TOF mass spectrometer. The advantages of using 

SAWN over conventional ionization methods are: 1) ionization occurs from a planar device 

circumventing clogging of capillaries which in turn facilitates higher throughput and ease of 

use in much the same way that MALDI does for the non-expert, 2) SAWN produces ions of 

lower internal energy than ESI, thereby preserving more of the labile phospholipid precursor 

ions, and 3) contrary to MALDI, no chemical matrix is required producing mass spectra free 

of matrix-based chemical noise in the low m/z region where lipids and their fragment ions 

are likely to be detected. Although the signal intensity of SAWN was lower than that of ESI, 

SAWN-MS readily generated multistage fragmentation spectra all the way up to MS4, 
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allowing lipid A structures to be automatically assigned using the HiTMS algorithm. Thus, 

we feel that we have demonstrated the basis for a robust, high throughput platform for lipid 

A structure assignment and lipid analysis in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Configuration of the surface acoustic wave nebulization (SAWN) chip. Electrodes 1 and 2 of 

the interdigitated transducer (IDT) are connected to a signal generator and produce the 

surface acoustic wave upon application of an RF signal. Electrode 3 is used to ground the 

chip surface and liquid droplet containing the analyte (A). Coupling SAWN at atmospheric 

pressure (AP) to the inlet of a mass spectrometer where a drop of liquid is visible prior to 

SAW activation (B) and the nebulized plume entering the inlet post SAW activation (C).
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Figure 2. 
Surface acoustic wave nebulization (SAWN) of Salmonella minnesota lipid A in positive ion 

mode (A) and negative ion mode (B).
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Figure 3. 
Surface acoustic wave nebulization (SAWN) tandem mass spectrometry (MSn) of 

Salmonella minnesota lipid A (shown in Figure 2) fragment ions: (A) MS2 of 1716, (B) MS3 

of 1488, and (C) MS4 of 1244 where (D) is the structure of mono-phosphorylated hexa-acyl 

ion and fragmentation sites.
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Figure 4. 
Surface acoustic wave nebulization (SAWN) tandem mass spectrometry (MSn) of 

Francisella novicida lipid A fragment ions: (A) MS2 of 1665, (B) MS3 of 1204, and (C) MS4 

of 948 with (D) the annotated structure.
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Figure 5. 
HiTMS result of a lipid A structure derived from MS4 spectrum. (A) Assigned theoretical 

neutral losses of lipid A spectrum, MS4 of m/z 948 (from MS3 of 1204, from MS2 of 1665), 

by HiTMS. (B) Retrieved lipid A structures of m/z 948.
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Figure 6. 
ESI MS1 of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (PG (16:0/18:1)) 

and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (PE (16:0/18:1)) ion are shown 

in (A). SAWN MS1 of PG (16:0/18:1) and PE (16:0/18:1) ions are shown in (B). The ion at 

748 (PG (16:0/18:1)) from (B) was subjected to MS2 to generate the ions shown in (C). The 

ion at 717 (PE (16:0/18:1)) from (B) was subjected to an MS2 to generate the ions shown in 

(D). The structure of PG (16:0/18:1) is shown in (E) and PE (16:0/18:1) in (F).
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