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Abstract
Antimicrobial resistance is a major threat to human health as resistant pathogens spread globally, and the development of new 
antimicrobials is slow. Since many antimicrobials function by targeting cell wall and membrane components, high-throughput 
lipidomics for bacterial phenotyping is of high interest for researchers to unveil lipid-mediated pathways when dealing with 
a large number of lab-selected or clinical strains. However, current practice for lipidomic analysis requires the cultivation 
of bacteria on a large scale, which does not replicate the growth conditions for high-throughput bioassays that are normally 
carried out in 96-well plates, such as susceptibility tests, growth curve measurements, and biofilm quantitation. Analysis of 
bacteria grown under the same condition as other bioassays would better inform the differences in susceptibility and other 
biological metrics. In this work, a high-throughput method for cultivation and lipidomic analysis of antimicrobial-resistant 
bacteria was developed for standard 96-well plates exemplified by methicillin-resistant Staphylococcus aureus (MRSA). By 
combining a 30-mm liquid chromatography (LC) column with ion mobility (IM) separation, elution time could be dramati-
cally shortened to 3.6 min for a single LC run without losing major lipid features. Peak capacity was largely rescued by 
the addition of the IM dimension. Through multi-linear calibration, the deviation of retention time can be limited to within 
5%, making database-based automatic lipid identification feasible. This high-throughput method was further validated by 
characterizing the lipidomic phenotypes of antimicrobial-resistant mutants derived from the MRSA strain, W308, grown 
in a 96-well plate.
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Introduction

Antimicrobial resistance (AMR) among bacterial pathogens 
is a significant threat to public health around the world [1]. 
Methicillin-resistant Staphylococcus aureus (MRSA) rep-
resents such a pathogen, causing more than 120,000 deaths 
per year globally [2]. Cell envelope-targeting antimicro-
bials, such as vancomycin, dalbavancin, and daptomycin, 

represent major classes of drugs against bacterial pathogens, 
and resistance to these drugs often results in altered cell 
membrane and cell wall metabolism [3–7]. As such, lipid-
omic analysis characterizing altered lipid metabolism among 
such pathogens is crucial for understanding the relationship 
between membrane composition and AMR phenotypes [5, 
7–9]. Nevertheless, high-throughput analytical techniques 
for lipidomic analysis are still challenging due to the extreme 
structural diversity of lipids in biological samples and large 
differences in the physicochemical properties of individual 
lipid species [10, 11].

Classical lipidomic strategies include the direct infusion 
shotgun mass spectrometry (MS) approach and the liquid 
chromatography (LC)-MS approach [10–16]. The shot-
gun MS method is considered to be high-throughput and 
is mostly based on triple quadrupole or quadrupole-linear 
ion trap instruments [12, 13]. However, this method is less 
effective in direct resolving isobaric and isomeric species 
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and tends to lose sensitivity for those low-abundance species 
due to their low resolution and possible ion suppression [16]. 
High-resolution mass spectrometers have been employed to 
improve the selectivity, accuracy, and coverage of the shot-
gun lipidomics [17, 18]. The LC–MS method has better 
resolving power but is typically more time-consuming with 
the analysis time in tens of minutes to hours [11, 14, 15]. 
This method also faces challenges in separating most of the 
isomeric species at the LC chromatographic peak level with-
out using special columns, like chiral, SFC, or 2D-LC [19]. 
Most recently, supercritical fluid chromatography (SFC) has 
been proven to increase the coverage of the lipidome by a 
factor of 3.4 with a decrease in analysis time by 40% [18, 
20].

Ion mobility (IM), a technique capable of separating ions 
based on their gas-phase size and shape, has found numerous 
applications in biomolecule analysis by integrating with MS 
[21–28]. A typical cycle of IM separation usually occurs in 
milliseconds time scale in time-dispersive traveling wave or 
drift tube IM instruments, making it suitable to couple with 
LC to provide an orthogonal separation and increase peak 
capacity without increasing analysis time. From IM-MS 
analysis, a physical property of an ion, ion-neutral collision 
cross sections (CCS) [19, 24, 25], can be measured, which 
can be used for the characterization and differentiation of 
structural isomers. Thus, due to its speed, sensitivity, and 
selectivity, IM-MS has been widely used for the analysis of 
small molecules [25–27, 29–32]. The hydrophilic interac-
tion LC(HILIC)-IM-MS-based lipidomic method has been 
proven to be robust in resolving a large number of lipid spe-
cies that occupy the narrow mass-to-charge (m/z) window 
of 600–900 [7, 19, 33].

96-well plates have been widely used in high-throughput 
bioassays for bacteria, such as measuring bacterial growth 
curves, determining minimum inhibitory concentrations 
(MIC), and quantitating biofilm formation [34–37] However, 
current practice for bacterial lipidomics requires cultivation 
of the bacteria on a large scale (10–30 mL or more) [7, 38], 
which does not replicate the growth conditions for other bio-
assays. Growth of bacteria in different volumes may affect 
physiology due to variations in environmental and physi-
ological factors, such as cell density, nutrient and glycerol 
concentration, waste accumulation level, and pH changes 
[39]. Thus, to better correlate the lipidomic results with 
those of other high-throughput bioassays, cultivation under 
the same condition would be desired. To the best of our 
knowledge, the direct analysis of the lipidomes of microbes 
grown in 96-well plates has yet to be examined.

The objective of this study was to evaluate the feasibility 
of using significantly shortened HILIC-IM-MS analysis and 
small-volume cultivation in 96-well plates for high-through 
bacterial lipidomics by measuring peak capacity and inves-
tigating the lipidomic alterations between MRSA strains. 

The potential of this high-throughput method was further 
demonstrated by characterizing the lipidomic phenotype of 
seven W308-derived S. aureus mutants selected against the 
lipoglycopeptide, dalbavancin, and assessing the relationship 
between the genotype and the lipidomic phenotype.

Materials and methods

Reagents, media, and strains High-performance LC-grade 
solvents (water, acetonitrile, chloroform, and methanol) and 
ammonium acetate were purchased from Thermo Fisher Sci-
entific. All lipid standards were purchased from Avanti Polar 
Lipids and prepared at 1 mM in chloroform for stocks and 
then diluted to 5 μM prior to LC–MS analysis. Brain heart 
infusion (BHI) broth was used to culture organisms prior to 
lipidomic analysis. The well-characterized USA300 MRSA 
strain, JE2, was acquired from BEI Resources, and an iso-
genic daptomycin-nonsusceptible strain, JE2-Dap2, was 
selected against daptomycin pressure as described previ-
ously [5]. W308 is a clinical MRSA isolate that is part of the 
Werth Lab strain collection, and dalbavancin-nonsusceptible 
strains derived from W308 were selected by in vitro phar-
macokinetic/pharmacodynamic modeling simulating clinical 
dalbavancin exposures as described previously [40].

Cultivation of MRSA Parent JE2 and JE2-Dap2 strains were 
grown at 37 °C overnight in 200 μL and 30 mL of BHI broth 
in 96-well plates and 50-mL tubes, respectively, with shak-
ing at 120 rpm. W308 strain series were grown in 200 μL of 
BHI broth in 96-well plates under the same condition. After 
overnight cultivation, bacterial broth from 96-well plates 
was transferred into 1.5-mL Eppendorf tubes. All suspen-
sions from both the small and large-scale growth were then 
pelleted by centrifugation, washed with 1 × PBS buffer, and 
then subjected to lipid extraction.

Extraction of lipids in S. aureus Lipid extraction was per-
formed using the methyl-tert-butyl ether (MTBE)-based 
lipid extraction method. Briefly, 50 µL of chilled water was 
added to the pelleted bacteria. After vortexing briefly, the 
suspension was subjected to sonication in ice bath for 30 min 
to dislodge pellets from the tube. Three hundred microliters 
of chilled methanol, 500 µL of MTBE, and 4 µL of 62.5 µM 
internal standards mixture were then added to each tube con-
secutively. The samples were vortexed vigorously for 10 min. 
250 µL of chilled water was added to each tube. After brief 
vortexing again, the samples were centrifuged for 10 min at 
4 °C and 2000 × g. The upper phase was then collected into 
a new 1.5-mL Eppendorf tube and dried in a vacuum con-
centrator. Dried extracts were reconstituted with 100 µL of 
acetonitrile/methanol (2:1) for LC–MS analysis. Four com-
mercial synthetic lipids, i.e., CL 14:1, MGDG 18:1, LysylPG 
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18:1, and PG 18:1, were chosen as internal standards to 
measure the absolute quantities of each lipid species because 
S. aureus only produce saturated lipids endogenously. The 
ESI response factor between DGDG 18:0 and MGDG 18:1 
was measured and used to quantify all DGDGs.

HILIC‑IM‑MS method LC separation was performed by a 
Waters Acquity FTN UPLC (Waters Corp., Milford, MA) 
with the column and autosampler temperature maintained at 
40 °C and 4 °C, respectively, and the flow rate at 0.5 mL/min. 
The mobile phases consisted of (A) acetonitrile/water (50:50) 
and (B) acetonitrile/water (95:5), both containing 5 mM 
ammonium acetate. Five microliter and 10 µL of samples were 
injected for positive- and negative-mode analyses, respec-
tively. For bacterial lipid analysis with three different gradi-
ents, a Phenomenex Kinetex HILIC column (100 × 2.1 mm, 
1.7 µm) was employed, and three gradient elution programs 
were as follows: (1) 0–1 min, 100% B; 1–4 min, 100–90% B; 
4–7 min, 90–70% B; 7–8 min, 70% B; 8–9 min, 70–100% B, 
9–12 min, 100%B; (2) 0–0.8 min, 100% B; 0.8–1.8 min, 100–
90% B; 1.8–2.8 min, 90–70% B; 2.8–3.8 min, 70% B; 3.8–
4.8 min, 70–100% B, 4.8–8 min, 100%B; (3) 0–2 min, 100% 
B; 2–8 min, 100–90% B; 8–14 min, 90–70% B; 14–15 min, 
70% B; 15–16 min, 70–100% B, 16–19 min, 100%B. For bac-
terial lipid analysis using three different columns, in addition 
to above 100-mm column, a 50-mm (Phenomenex Kinetex, 
50 × 2.1 mm, 1.7 µm) and a 30-mm (Phenomenex Kinetex, 
30 × 2.1 mm, 1.7 µm) column were used. The gradients for 
different columns were changed proportionally in linear rela-
tion to their lengths. Specifically, the gradients for 50-mm 
and 30-mm columns were as follows: (1) 0–0.5 min, 100% 
B; 0.5–2 min, 100–90% B; 2–3.5 min, 90–70% B; 3.5–4 min, 
70% B; 4–4.5 min, 70–100% B, 4.5–6 min, 100%B; (2) 
0–0.3 min, 100% B; 0.3–1.2 min, 100–90% B; 1.2–2.1 min, 
90–70% B; 2.1–2.4 min, 70% B; 2.4–2.7 min, 70–100% B, 
2.7–3.6 min, 100%B.

IM-MS analysis was performed on a Waters Synapt G2-Si 
ion mobility-mass spectrometer and run in  HDMSE mode 
with parameters optimized as follows: (1) MS ion spray 
voltages in positive and negative modes were + 2500 V 
and − 2000 V, respectively; scan range, 50–1200 m/z; trave-
ling-wave velocity and height, 500 m/s and 40 V; (2) MS/
MS collision energy ramped from 25 to 45 eV.

Calculation of peak capacity Peak capacity, Pc, is a quanti-
tative measure of the theoretical maximum peaks available 
from a gradient separation [32]. Same as the LC separation, 
the Pc of IM can be calculated based on the following equa-
tion (Eq. 1) [32, 41, 42]:

(1)P
c
=

t
max

− t
min

0.5 ×
(

w
max

+ w
min

)

where tmax and tmin are the drift times of the slowest and 
fastest ions and wmax and wmin are the widest and narrowest 
full width at half maximum of the ion peaks. Therefore, the 
Pc of the hybrid two-dimensional separation, LC-IM, can be 
calculated from P

c
(LC − IM) = P

c
(LC) × P

c
(IM).

Data analysis Data alignment, peak picking, and normaliza-
tion were performed by the Progenesis QI (Waters Corp.). 
A pooled sample was designated as the alignment reference. 
The default “all compounds normalization” was applied to 
correct the variation of total ion current (TIC) among different 
samples. For absolute quantification, the ratio between each 
lipid species and the corresponding internal standard of the 
same lipid class was calculated based on the raw data. Lipids 
were annotated using a combination of an open-source Python 
package, LiPydomics [43], with a built-in lipid database and 
manual examination based on an in-house version of Lipid-
Pioneer modified to contain the major lipid species observed 
in S. aureus [5, 44]. The linearity and LOQ of absolute quan-
tification were measured and listed in Table S1. Heatmap and 
partial least squares (PLS) regression analysis were performed 
using the ClustVis web tool and Origin Lab, respectively.

Results and discussion

Effect of the short columns on peak capacity To evaluate the 
impact of the length of HILIC columns on peak capacity in 
separating lipids, lipid extracts from a large-scale (30 mL) 
growth of the well-documented JE2 strain were chosen as a 
benchmark. From our previous research on the lipidome of 
S. aureus, it is known that the earliest eluted lipid under the 
HILIC condition is DGDG 37:0, while the last eluted lipid 
is LysylPG 29:0 [7]. The base peak chromatograms were 
shown in Fig. S1. FWHMs (full width at half maximum) 
were recorded from replotted chromatographic peaks using 
Gaussian fitting in OriginPro software (OriginLab Corpo-
ration, Northampton, MA). Therefore, the peak capacity 
within the time period defined by these two lipids can be 
calculated using Eq. 1.

As shown in Fig. 1A and B, peak capacity drastically 
declined as the column length decreased to 50 mm and 
30 mm, which could be accounted for by the decreased num-
ber of the theoretical plates according to the plate-height 
equation [45, 46], HETP = L / N, where HETP stands for 
the height equivalent to a theoretical plate, L refers to col-
umn length, and N refers to the number of theoretical plates. 
However, the peak width tends to become much narrower 
when a short column is used due to lesser molecular dif-
fusion and Eddy diffusion [46], which was exemplified by 
the non-linear decline of peak capacity from 100 to 30 mm. 
In addition, to avoid overloading of analytes in short col-
umns, ½ and 1/3 of the injection volume were tested on the 
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50-mm- and 30-mm columns (50 mm_2 and 30 mm_2 in 
Fig. 1A and B), respectively. As expected, both peak capaci-
ties increased, even with the shortest 30-mm column, peak 
capacity within the chromatographic region from DGDG 
37:0 to Lysyl-PG 29:0 was comparable to that of the 50-mm 
column, which can separate more than 180 and 160 lipids in 
positive and negative mode, respectively. Figure 1C reveals 
that the peak capacity of ion mobility has no direct cor-
relation with the changes in column length. Intriguingly, as 
injection volume decreased, the peak capacity of ion mobil-
ity also increased, indicating the drift tube could also be 
overloaded like LC. Overall, a single LC run for lipidom-
ics could be dramatically shortened to 3.6 min, with only a 
small sacrifice of peak capacity compared to the 100-mm 
column.

In addition to the theoretical calculation of peak capacity, 
the real number of identified lipids in the JE2 strain was also 
counted based on the LiPydomics Python package [43] and 
our in-house lipidomic library (CCSbase.net/lipids_query). 
As shown in Fig. 1D, almost all known major lipids could be 
detected with all three columns, either with the same injec-
tion or adjusted volume, indicating that the peak capacity 
of the short columns is sufficient for lipidomic phenotyping 
of bacteria.

Comparison of absolute quantitation and all‑compounds 
normalization on bacterial lipid profiles A JE2 strain pair 
from our previous research was employed to evaluate the 
changes in lipid phenotypes affected by variation of the cul-
tivation condition in the 96-well plate [5]. One strain is the 
daptomycin-sensitive wild-type parent JE2 strain, named 
Par-MRSA, while the other is the JE2-derived daptomycin-
resistant strain named Dap2-MRSA, which contains a muta-
tion in mprF that encodes the lysyl-phosphotidylglycerol 
(LysylPG) synthase. The accuracy of internal standards-
based absolute quantification was evaluated (Table S1), 
with R2 of the standard curves greater than 0.95 for all four 
main lipid classes, i.e., CLs, DGDGs, LysylPGs, and PGs. 
As shown in Fig. 2, the general trend of the alteration of four 
main lipid classes in Dap2-MRSA versus Par-MRSA was 
highly consistent between the absolute quantitation (Fig. 2A) 
and the all-compounds normalization result (Fig. 2B), dem-
onstrating the robustness of all compounds normalization, at 
least in analyzing MRSA lipids obtained using the 96-well 
plate. The ratio of each lipid species between Dap2-MRSA 
and Par-MRSA was also calculated and visualized in Fig-
ure S2 in Electronic Supplementary Material, further con-
firming that both approaches worked nearly identically in 
capturing lipid profile alterations between the strain pair. 
Importantly, in comparison with the lipidomic results we 
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Fig. 1  A–C Peak capacity of HILIC-IM, LC, and IM in separating bacterial lipids and D the number of identified lipids in JE2 MRSA under 
various chromatography conditions
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reported previously [5], the general trends of the alterations 
of four main lipid classes, i.e., CLs (increases), DGDGs 
(decreases), LysylPGs (increases), and PGs (decreases), in 
Dap2-MRSA versus Par-MRSA were similar, but the extent 
of changes was different, which could be partly due to 
microbial physiological changes as a result of the variation 

of incubation conditions (confined 96-well plate incubation 
vs. 25-mL large scale incubation) [39]. This finding suggests 
that 96-well plates-based lipidomics is necessary in order to 
obtain robust and accurate bioinformatic results when com-
paring multiple phenotypes measured using 96-well-based 
assays.

Fig. 2  The abundance of lipids profiles in Dap2-MRSA and Par-MRSA grown in 96-well plates by absolute quantitation in pmol (A) and all-
compound normalization (B)



 Zhang R. et al.

1 3

Calibration of retention time for automatic lipid identifica‑
tion To be able to automatically identify unknown lipids 
using our multi-dimensional (i.e., m/z, rt, and CCS) lipid 
database [43], the variation in retention time caused by the 
implementation of different columns and gradients needs 
to be eliminated. On the basis of HILIC separation, the 
same class of lipids is typically eluted out of the column at 
a similar gradient region due to their same headgroup and 
thus similar affinities to the column [26]. Therefore, a multi-
linear fitting targeting specific lipid species could be used for 
calibration of retention times obtained using short columns 
with a proportional elution gradient. As shown in Fig. 3A, 
retention times from both 50-mm (triangle spots) and 30-mm 
columns (circle spots) can be easily calibrated to the reten-
tion times in our database (obtained from 100-mm column). 
We note that the errors for the calibrated retention times of 
CLs (light blue triangles) obtained with the 50-mm column 
are relatively large, but they are still less than 5% (Table S1), 
which makes the automatic database searching feasible.

In addition, we also tested the feasibility of using a fast 
elution gradient on the 100-mm column. 8 min, 12 min, and 
19 min gradients were tested on the basis of proportional 
changes of each isocratic or gradient segment, as illustrated 
in Fig. S3. Our results demonstrated that multiple linear 
interpolations were also able to accurately calibrate retention 
times with errors lower than 5% for these gradients (Fig. 3B, 
Table S3). With the retention times calibrated, lipid identi-
fication can be carried out automatically using the Python 
package LiPydomics [43], further enabling high-throughput 
lipidomics.

Application of high‑throughput lipidomic method in measur‑
ing lipidomic phenotypes of MRSA mutants To demonstrate 
the utility of the high-throughput lipidomics method, we 
analyzed seven dalbavancin-selected strains from the MRSA 
W308 along with the parent strain in quadruplicates. Gene 
mutations of the selected strains have been characterized 
by whole genome sequencing as reported previously (Sup-
plementary Table S4) [40]. The majority of the mutants 
carry a mutation in walK (but different types of mutations), 
which encodes part of the essential two-component sys-
tem, WalKR, that regulates cell wall metabolism [47, 48] 
and central metabolism [49]. A mutation in walR was also 
observed in one strain (W308-336B). Three out of the 7 
mutants also contain a mutation in apt, which encodes ade-
nine phosphoribosyltransferase in the adenosyl monophos-
phate salvage pathway. Two strains contain a mutation in 
ktrD, which encodes Ktr system potassium uptake protein 
D that is important for resistance to osmotic stress [50]. One 
strain contains a mutation in stp1, which was suggested to 
regulate walR phosphorylation [51–53]. The lipidomic 
results (Fig. 4) suggest that the presence of walK mutation 
alone (W308-504B) results in significantly decreased lev-
els of CLs, lysylPGs, and DGDGs, whereas the presence of 
walR alone (W308-336B) results in significantly increased 
levels of all four lipid classes. PLS regression analysis was 
carried out to evaluate the contribution of various mutations 
to the lipid profiles (Fig. S4), which showed that mutations 
in walK or stp1 have a negative correlation with lipid lev-
els while mutations in walR, apt, ktrD, and clp-like pro-
tease have a generally positive correlation with lipid levels. 

Fig. 3  A Calibration of retention times of lipids obtained with 30-mm 
and 50-mm columns to retention times of lipids obtained from 100-
mm column. Y-axis represented the retention times measured with the 
100-mm column, while X-axis represented the retention times meas-
ured with the 50-mm (triangle spots) or 30-mm (circle spots) column. 
B Calibration of retention times obtained with different gradients. 

Y-axis represented the retention times measured with gradient 1, 
while X-axis represented the retention times measured with gradient 2 
(triangle spots) or gradient 3 (circle spots). Linear fitting curves 1, 2, 
and 3 indicated fitting of retention times of FFAs and DGDGs, PGs, 
and CLs and LysylPGs, respectively
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Among strains containing a mutation in walK, mutations in 
clp-like protease (W308-336A), ktrD (W308-432B), or apt 
(W308-672A) could somehow counter the lipid variations 
induced by walK (Fig. 4), which were also consistent with 
the PLS coefficients variation (Figure S4). These results sug-
gest that mutations in clp-like protease, ktrD, or apt could 
be compensatory mutations that improve the fitness of the 
walK mutants. Thus, the small-scale cultivation and high-
throughput lipidomic method was able to capture significant 
lipidomic changes resulting from drug resistance-associated 
mutations, which paves the way for the application of this 
strategy in the metabolic phenotyping of a large number of 
lab-derived and clinical bacterial strains.

Conclusion

We developed and evaluated a short column-based multi-
dimensional HILIC-IM-MS lipidomics method in com-
bination with a 96-well plate-based bacterial cultivation 
method to achieve high-throughput lipidomic analysis of 
large-scale antimicrobial-resistant microbes. We found that 
while shorter LC runs result in a slightly reduced capacity 
in the LC dimension, the peak capacity in the IM dimen-
sion was not affected. As a result, a single LC run could 
be shortened to 3.6 min without losing major lipid species, 

with peak capacities of up to 180 and 162 lipids for positive 
and negative modes, respectively. The deviation of retention 
time caused by the implementation of different columns or 
gradients could be easily calibrated based on multiple linear 
interpolations with a calibration error of less than 5%, which 
enables automatic lipid identification using LiPydomics with 
manual supervision. 96-well plate-based high-throughput 
cultivation displayed distinct lipid profiles from that obtained 
by large-scale cultivation, demonstrating the necessity of 
performing small-scaled lipidomics especially when corre-
lating with phenotypes obtained using other 96-well plate-
based assays. Further studies on dalbavancin-selected W308 
strain mutants exemplified that major differences in lipid 
profiles among different strains could be captured, which 
makes this method suitable for rapid phenotyping of a large 
number of strains in parallel with other high-throughput 
bioassays. Overall, this high-throughput bacterial lipidomic 
method could be useful for reliable large-scale surveillance 
studies where multiple 96-well plate-based biochemical 
assays are needed or could establish the foundation for a 
clinical diagnostic tool to guide practice.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00216- 023- 04890-6.
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