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Abstract 17 

Comprehensive characterization of the lipidome remains a challenge requiring development of new 18 

analytical approaches to expand lipid coverage in complex samples. In this work, offline two-dimensional 19 

liquid chromatography-mass spectrometry was investigated for lipidomics from human plasma. 20 

Hydrophilic interaction liquid chromatography was implemented in the first dimension to fractionate lipid 21 

classes. Nine fractions were collected and subjected to a second dimension separation utilizing 50 cm 22 

capillary columns packed with 1.7 µm C18 particles operated on custom-built instrumentation at 35 kpsi. 23 

Online coupling with time-of-flight mass spectrometry allowed putative lipid identification from precursor-24 

mass based library searching. The method had good orthogonality (fractional coverage of ~40%), achieved 25 

a peak capacity of approximately 1900 in 600 min, and detected over 1000 lipids from a 5 µL injection of 26 

a human plasma extract while consuming less than 3 mL of solvent. The results demonstrate the expected 27 

gains in peak capacity when employing long columns and two-dimensional separations, and illustrate 28 

practical approaches for improving lipidome coverage from complex biological samples.  29 
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1. Introduction 31 
 32 

Lipidomics has emerged as an important technique for studying lipids from biological and 33 

environmental samples. Applications of lipidomics include studying disease states, physiological processes, 34 

pharmacological effects, and food science [1,2]. While targeted lipidomics can be valuable for studying and 35 

quantifying certain lipids for hypothesis-driven studies, untargeted approaches can give insight into how 36 

unknown or unexpected lipids are associated within the system of interest and can be used to generate new 37 

hypotheses [3,4]. Identifying and quantifying all lipids in a sample is challenging due to the large number, 38 

wide concentration range, numerous isomers, and broad physicochemical properties of lipids. 39 

 One analytical technique is not yet sufficient for analyzing an entire lipidome. Techniques 40 

implemented for untargeted lipidomics include spectroscopy and mass spectrometry, often coupled with 41 

separations [5].  Advantages of LC-MS based lipidomics include good resolving power, sensitivity, and 42 

amenability to a wide range of lipid classes [1,6–8]. Various approaches have been pursued to increase the 43 

lipidome coverage in LC-MS based lipidomics. Improving peak capacity of the separation is an important 44 

route to improving lipidome coverage, and multidimensional separations are a powerful approach for 45 

increasing peak capacity [9,10]. The theoretical peak capacity of a two-dimensional (2D) separation is the 46 

product of the first dimension (1D) and second dimension (2D) separation peak capacities, assuming the two 47 

separation mechanisms are orthogonal and the resolution of the first dimension is not compromised by the 48 

second dimension [10]. Multidimensional methods for lipids have demonstrated enhanced lipidome 49 

coverage relative to single dimensional analyses [11–16].   50 

In 2D separations, transfer of effluent from the first dimension can occur online, where fractions 51 

are directed immediately to a rapid 2D, or offline where fractions are collected and independently injected 52 

on the 2D [17,18]. Online 2D-LC separations typically employ higher resolution 1D separations and have 53 

the advantage of being fast; however, they come with a number of disadvantages [19]. Online 2D-LC 54 

typically involves more complicated instrumentation, worse detection limits due to dilution and (often) 55 

flow-splitting when coupled to MS, limited 2D analysis time and peak capacity, and solvent incompatibility 56 

between the two dimensions [20,21]. In addition, for rapid methods the 2D uses high flow rates and results 57 

in peak widths less than 1 s, which is too narrow to be accurately sampled by most mass spectrometers. 58 

These effects can lead to inaccurate peak width measurement, mass measurement, reduced sensitivity, and 59 

quantification. It also reduces the effectiveness of MS/MS methods such as data dependent acquisition 60 

where multiple MS scanning events need to occur within the elution band of a given compound. The 61 

incompatibility with MS constrains the possible applications of such on-line methods. Despite these 62 
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drawbacks, various online 2D-LC-MS methods have been developed for lipidomics with good separation 63 

peak capacity and lipidome coverage with analysis times typically 2 – 4 h [12,22–25].  64 

 Offline 2D-LC can overcome some of these challenges. Because the separations are independent, 65 

the 2D analysis time is not limited by the 1D peak width or sampling frequency. Thus, long gradients can 66 

be implemented in the 2D, achieving high resolution separations with peak widths that are compatible with 67 

MS. Additionally, effluent from the first dimension can be dried down and resuspended in a more 68 

appropriate solvent for the 2D. Finally, small resuspension volumes can preconcentrate fractions and 69 

provide enhanced signal intensity. Offline 2D-LC-MS approaches have typically provided broader lipidome 70 

coverage compared to online methods [11,16,26].  71 

An intermediate approach is stop-flow 2D-LC. These methods do not require fast 2D dimension 72 

separations, but are still mostly considered online [27]. This approach is still limited by solvent 73 

compatibility and more intricate instrument configuration relative to offline 2D-LC. Stop-flow 2D-LC is 74 

popular for proteomics with only a few reports for lipidomics [14,28]. 75 

Capillary LC with nanoESI-MS has also been implemented to increase lipidome coverage based 76 

on enhanced ionization efficiency and alleviation of ionization suppression associated with low flow rates 77 

[29–33]. Use of small inner diameter columns also reduces sample volume which can be beneficial for 78 

sample-limited analyses and reduces stationary and mobile phase consumption [34–36]. Capillary column 79 

formats also allow use of longer columns to be implemented without needing to couple multiple shorter 80 

columns. It is well known that long columns packed with small particles can provide much higher separation 81 

efficiencies; however, this approach requires high instrument operating pressure and is difficult to 82 

implement in a practical setting [37,38]. Recent reports of lipid separations have shown that use of long 83 

columns (e.g., 30 – 60 cm) packed with 1.7 µm C18 particles increased separation peak capacity for lipids, 84 

resolved more isomers, and detected more lipids in complex mixtures compared to lower resolution 85 

separations [39–42].  86 

The combination of the strategies mentioned above (multidimensional separations, capillary LC-87 

MS, and use of long columns) has recently been employed for various proteomic workflows in both top-88 

down and bottom-up approaches [43–46]; however, there has been limited use of such technologies in 89 

lipidomics or metabolomics [15,47,48]. Here, we describe an offline 2D liquid chromatography-mass 90 

spectrometry method for untargeted lipidomics. Similar to previous work [11,49], we use a microbore bare 91 

silica HILIC column in the first dimension to separate lipid classes. Following evaporation and 92 

resuspension, each fraction was injected onto a 50 cm long x 100 µm bore column packed with 1.7 µm C18 93 

particles operated at 35 kpsi interfaced to a quadrupole time-of-flight (QToF) mass spectrometer. Our 94 
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findings suggest large gains in peak capacity, compared to 1D approaches, that result in enhanced lipid 95 

coverage.  96 

2. Materials and methods 97 
 98 
2.1. Chemicals and standards 99 
 100 

All solvents and chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise 101 

stated. HPLC grade acetonitrile was purchased from Fisher Scientific (Waltham, MA).  Potassium silicate 102 

(Kasil 2130) was purchased from PQ corporation (Valley Forge, IA). Palmitic acid was purchased from 103 

Sigma Aldrich. All other lipids were purchased from Avanti Polar Lipids Inc (Alabaster, AL).  104 

2.2. Human plasma extraction 105 
 106 

Pooled human plasma was provided by the Michigan Regional Comprehensive Metabolomics 107 

Resource Core. For lipid extraction, 50 µL of plasma, 200 µL of 0.15 M KCl in water, 400 µL of methanol, 108 

200 µL of chloroform, and 1 µL of acetic acid were added to an Eppendorf tube and vortexed well [50]. An 109 

additional 200 µL of water and 200 µL of chloroform were added, vortexed briefly, and centrifuged at 110 

12,100 × g for 5 min at room temperature. The organic layer was carefully collected and transferred to a 111 

glass HPLC vial, dried under nitrogen gas, and reconstituted in 100 µL of 90/10 (v/v) IPA/water for 112 

injection on the first dimension HILIC column. 113 

2.3. First dimension HILIC-MS 114 
 115 

Lipids were separated by HILIC in the first dimension using a 15 cm x 1 mm, 5 µm Spherisorb 116 

bare silica column (Waters; Milford, MA). A Waters NanoAcquity UPLC was used and coupled with a 117 

Micromass QToF Premier (Waters; Milford, MA). The method was similar to a previously reported method 118 

for lipid class separations [11,49]. Mobile phase A was 5 mM ammonium acetate and mobile phase B was 119 

acetonitrile. The flow rate was 50 µL/min. A gradient elution program was used as follows: initial, 95% B; 120 

40 min, 77% B; 42 min, 95% B; 55 min, 95% B. The column oven was set to 30 °C. The injection volume 121 

was 5 µL. Electrospray ionization was used in positive ionization mode at 3.5 kV. The source temperature 122 

was 100 °C, desolvation temperature 150 °C, cone gas 50 L/h, and desolvation gas 450 L/h. The MS was 123 

operated in full scan mode from m/z 100 – 1000 with a 1 s scan rate and 0.1 s inter-scan.  124 

For fraction collection, effluent from the 1D separation was collected in glass HPLC vials. Fractions 125 

were typically collected in 1 – 2 min portions, which amounted to 50 – 100 µL of volume. Solvent was 126 

evaporated with a stream of nitrogen and re-dissolved in reversed phase mobile phase (different 127 

compositions and volumes depending on fraction type).   128 
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2.4. Capillary column packing 129 
 130 

Polyimide-coated, fused silica capillaries with inner diameters (i.d.) of 100 µm and outer diameter 131 

(o.d.) of 360 µm were purchased from Polymicro Technologies, Inc. (Phoenix, AZ). Columns of 50 cm 132 

long x 100 µm i.d. were packed in-house with 1.7 µm C18 bridged ethyl hybrid particles (Waters; Milford, 133 

MA) as previously described [39,51]. Briefly, column outlet frits were prepared using the Kasil method 134 

[52]. An equal amount of potassium silicate and formamide were applied to a glass microfiber filter (Reeve 135 

Angel; Clifton, NJ) and the capillary tip was dabbed on the wetted paper to form the frit. A 200 mg/mL 136 

slurry was prepared in acetone and placed in an ultrahigh pressure packing apparatus. The column inlet was 137 

then secured and submerged in the slurry, with the rest of the column, other than the last ~2 cm, submerged 138 

in a sonication bath (Elma Schmidbauer GmbH; Singen, Germany). Packing was initiated by a DSHF-300 139 

(Haskel; Burbank, CA) pneumatic amplifier pump at ~1000 psi, which displaced the loaded slurry with 140 

acetone. After ~2 cm of the column was packed, the pressure was increased to 30 kpsi. Once ~60 cm was 141 

packed, the column was slowly depressurized. The column was flushed at 50 kpsi for 1 h using a DSXHF-142 

903 pump (Haskel; Burbank, CA), slowly depressurized, cut to 50 cm, and an inlet frit was applied using 143 

the Kasil method.  144 

2.5. Second dimension RPLC-MS 145 
 146 

Reversed phase LC separations were carried out on collected fractions using capillary LC-MS. 147 

Gradient elution was performed using a custom-built UHPLC system operated at a constant pressure of 35 148 

kpsi using 50 cm x 100 µm, 1.7 µm C18 columns similar to previous reports [39,53]. Mobile phase A was 149 

60/40 (v/v) water/acetonitrile with 10 mM ammonium formate and 0.1% (v/v) formic acid. Mobile phase 150 

B was 85/10/5 (v/v/v) isopropanol/acetonitrile/water with 10 mM ammonium formate and 0.1% (v/v) 151 

formic acid. Injection volumes were 1 or 2 µL. Injection solvent was 100% A for LPC and LPE fractions. 152 

For t0 fraction, 100% B was used. For all other fractions, 50 or 100% B was used, with no major differences 153 

observed. For LPC and LPE fractions, the gradient was 50-70% B over 40 min. For PC and SM fractions, 154 

the gradient was 70-100% B over 70 min. For all other fractions, the gradient was 60-100% B over 60 min. 155 

The column temperature was 60 °C. Effluent from the column was transferred to either a Waters/Micromass 156 

QToF Premier or a Waters Xevo QToF using a stainless-steel union and a 30 µm i.d. spray tip (New 157 

Objective; Woburn, MA).  For positive ionization mode, the spray voltage was 2 kV, cone voltage 30, the 158 

sheath gas was 0.5 bar, and the source temperature was 100 °C. For negative ionization mode, the spray 159 

voltage was 1.3 kV, cone voltage 22, and the sheath gas was 0.8 bar.  The MS was operated in both full 160 

scan and MS/MS mode (MSe and data-dependent acquisition). Scan rates were 0.3 s with 0.1 s inter-scan. 161 

External mass calibration was performed using sodium formate. Leucine enkephalin was used as the lock 162 

mass compound.  163 
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3. Results and discussion 164 
 165 
3.1. First dimension HILIC separation 166 
 167 

Previous work has shown that HILIC and RPLC were a useful and orthogonal combination for 2D-168 

LC [11,12]. We used this combination with HILIC (15 cm long x 1 mm bore packed with 5 µm bare silica 169 

particles) as the 1D for fractionation. A set of 14 lipid standards were used for method development (Figure 170 

1A). Similar to previous reports, lipid separations utilizing bare silica particles for HILIC is dominated by 171 

the lipid head group so that a majority of lipid classes can be separated (Figure 1A) [49,54]. Certain isomers 172 

such as sn-1/sn-2 isomers of LPC and LPE are also resolved; however, because they can be separated with 173 

higher resolution by RP in the 2D, they were collected in the same fraction to minimize total analysis time.  174 

Similar resolution and peak shapes compared to the standards were achieved for endogenous lipids 175 

present in the plasma (Figure 1B). Importantly, good repeatability of retention times was achieved with 176 

subsequent injections of the plasma extract, ensuring successful collection of each fraction. Retention times 177 

were 1.86 ± 0.1, 13.75 ± 0.12, 25.35 ± 0.11, 29.04 ± 0.13, and 31.30 ± 0.19 min for fractions 1 (t0), 4 178 

(PE/PA), 7 (PC), 8 (SM), and 9 (LPC), respectively. Nine fractions were collected based on the elution 179 

profiles of different classes as summarized in Supplemental Table 1. The standard mixture did not contain 180 

representatives of all lipid classes that were found in plasma. These other classes include 181 

phosphatidylinositol phosphates, acyl-CoA’s, and hexosylceramides, and were collected within the 9 182 

fractions as summarized in Supplemental Table 1. The complexity of each fraction is illustrated in Figure 183 

2 where many ions are detected for a given peak during online ESI-MS analysis, demonstrating the potential 184 

need for 2D separations of each fraction. 185 

A disadvantage of employing bare silica columns is that most neutral and acidic lipids are not well 186 

separated. Fatty acids and neutral lipids such as glycerols and sterols/sterol esters elute in the dead time 187 

placing a greater burden on the separation of these components by reversed phase LC in the 2D. 188 

Phosphatidic acids were retained but gave larger peak widths than the other lipid classes investigated 189 

(Supplemental Figure 1). Recent work has shown that hydride stationary phases can give improved 190 

separation of acidic lipids, however this was not investigated in this work [55]. Nonetheless, phosphatidic 191 

acids were still able to be collected with the phosphatidylethanolamine fraction and detected following 2D 192 

RP-LC-MS analysis.  193 

3.2. Evaluation of transfer from first to second dimension  194 
 195 

One disadvantage of using an offline approach compared to online 2D-LC is the potential for 196 

analyte loss when transferring sample between the first and second dimensions. We evaluated the sample 197 
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recovery between the dimensions by comparing the signal of PC 18:1/18:1 standard injected directly onto 198 

the capillary column and injected on to the HILIC column, collected, evaporated, resuspended in 2D buffer, 199 

and subsequently injected on to the capillary column. Peak height was 2705 ± 225 (n = 2 injections) and 200 

3033 ± 435 (n = 3 injections) and peak area was 545 ± 53 and 573 ± 58 for the for the 2D workflow versus 201 

direct injection, respectively, suggesting no significant sample loss. Trace amounts of the most nonpolar 202 

lipids such as triacylglycerols and cholesteryl esters were seen in multiple fractions, possibly due to low 203 

solubility of TGs and CEs in the 1D mobile phase, and the high concentration of these lipids in plasma (e.g., 204 

~high µM to mM). Quantification could be problematic for these lipids as a result, and future work should 205 

investigate mitigation strategies.  206 

3.3. Evaluation of 2D injection amount 207 
 208 

An advantage of offline 2D-LC is that the 2D separations are independent of the 1D  allowing greater 209 

freedom regarding sample preparation and injection volume in the 2D. We investigated different approaches 210 

for injecting larger amounts of each fraction on the 2D column to increase detectability of more compounds. 211 

One approach was sample preconcentration. By reconstituting the fraction in a smaller volume after solvent 212 

evaporation from the first dimension, a more concentrated sample can be injected. Figure 3A&B illustrates 213 

the gain in signal intensity for fraction 2 (PGs and Ceramides) with no preconcentration compared to a 2X 214 

preconcentrated sample (sample redissolved in 20 µL vs. 10 µL, respectively) both with a 1 µL injection. 215 

Further preconcentration was attempted by redissolving in 5 µL; however, this approach was inconsistent 216 

likely due the difficulty in effectively dissolving the lipids. Additionally, this small of sample volume limits 217 

the number of possible replicates when using 1 – 2 µL injection volumes.  218 

The second approach to maximizing the amount of lipids injected and detected was increasing the 219 

injection volume. Although the volume of the 50 cm x 100 µm capillary columns is ~3 µL, the high retention 220 

of lipids on C18 columns allowed relatively large injection volumes (1 – 2 µL) without detrimental loss in 221 

separation performance. Example base peak chromatograms for fraction 8 (sphingomyelins) shows a larger 222 

number of observed peaks and enhanced signal when using a 2 µL injection volume compared to 1 µL 223 

(Figure 3C&D). Limited sample available from fraction collection made it impractical to pursue larger 224 

sample volumes. These approaches for increasing the amount of sample injected on the 2D were most 225 

beneficial for fractions with low lipid content or fractions that do not produce as good of MS response. In 226 

contrast, some fractions had sufficient content that injecting 2 µL results in frequent saturation of the MS 227 

detector.  Supplemental Table 1 summarizes injection volumes and reconstitution volumes for each fraction.  228 

3.4. Evaluation of 2D gradient length and steepness 229 
 230 
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Previous work has shown that longer and shallower gradients improve the resolution and the 231 

number of lipids identified in untargeted single dimensional LC-MS lipidomics [39–41]. This observation 232 

is likely due to alleviation of ionization suppression caused by co-elution and increased resolution of 233 

isobaric species. Recent proteomics studies have shown that longer gradients are beneficial when injecting 234 

large amounts of sample (e.g., unfractionated and ng to µg amount of protein) but shorter gradients can be 235 

beneficial for sample-limited experiments where sensitivity losses from chromatographic dilution limit MS 236 

detection or when multidimensional separations decrease the sample complexity [56,57]. In pilot 237 

experiments, we evaluated the effect of gradient time and gradient slope on resolution and signal intensity 238 

of the lipid fractions. We compared 2-3 h gradient separations to ~1 h gradient times. For a few fractions a 239 

shorter gradient provided better signal intensity due to narrower peaks and higher peak heights from less 240 

chromatographic dilution (e.g., PG/Cer fraction, LPC fraction) compared to a ~2.5 h gradient 241 

(Supplemental Figure 2). In some cases, the broader peaks caused by such shallow gradients caused a loss 242 

in detection for lower abundance isomers (e.g., LPC 18:0 in the inset of Supplemental Figure 2A&B). For 243 

other fractions, however, a steeper gradient caused losses in resolution for certain critical pairs, and further 244 

method development was needed (Figure 4A&C). Implementing a narrower Δ% B (e.g., 70 – 100% B) 245 

more amenable to the target compounds in each fraction allowed for shallower gradients to be used in 246 

roughly the same amount of time compared to wider gradient profiles (e.g., 50 – 100% B). This change 247 

provided good separation for isomeric and other critical pairs and was most evident in the fractions 248 

containing PCs and SMs (Figure 4B&D). Supplemental Table 1 summarizes the gradients used for each 249 

fraction based on these pilot experiment observations. 250 

3.5. Orthogonality and 2D peak capacity measurements 251 
 252 

Employing orthogonal separation mechanisms in a multidimensional separation is crucial for 253 

maximizing peak capacity [9,10]. In this work, we evaluated the orthogonality between the 1D HILIC 254 

separation and the 2D RP separations using the ‘bin-containing’ method [58,59]. In this approach, the 255 

separation space is divided into bins, and the fractional coverage is calculated by dividing the number of 256 

bins containing peaks by the total number of bins within the separation space. A bin was defined as 0.5 min 257 

wide, and a bin was considered at each point between the start and end of the gradient. A base peak 258 

chromatogram was generated for each fraction and the maximum intensity normalized to 100% (Figure 259 

5A). A bin was considered “full” if the signal intensity was above 3% of the baseline. Results of this 260 

calculation are shown in Figure 5B. The coverage was determined to be 41%, which is considered highly 261 

orthogonal and thus the product rule of peak capacity measurement for a 2D separation is a good 262 

approximation [58].  A ~40% coverage space is similar to previous lipidomics reports using online HILIC 263 

and RP-LC [12].  264 
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The total peak capacity of the 2D-LC separation was 1880 with a total separation time of 265 

approximately 505 min for the 9 fractions plus 40 min for the 1D separation (Supplemental Table 1). The 266 

t0 fraction was analyzed twice (once in positive ion mode and once in negative ion mode), which made the 267 

total analysis time 605 min but did not increase the separation peak capacity. In terms of peak capacity 268 

repeatability, previous work using 50 cm columns showed good repeatability for unfractionated plasma 269 

extracts (~2-5% RSD) [39]. In this work several fractions were subjected to repeated analysis to ensure no 270 

large deviations in peak capacity. Peak capacity RSDs for fractions 1, 4, 8, and 9 were 1%, 8%, 6%, and 271 

1% (n = 2), respectively.  272 

3.6. Lipid identification 273 
 274 

We putatively identified lipids from the human plasma extract using MS1 data and libraries from 275 

Lipid Blast [60] and the Metabolomics Workbench [61]. Approximately 1080 lipids were detected in human 276 

plasma using the 2D-LC-MS method. Peaks were identified based on fraction type, m/z, and retention time. 277 

Annotated 2D chromatograms of fraction 7 (phosphatidylcholines) and fraction 9 278 

(lysophosphatidylcholines) are shown in Figure 6. Other lipids were detected in these fractions but not 279 

labeled on the base peak chromatogram due to co-elution or signal below lower mass ions. These 280 

chromatograms illustrate the benefit of high resolution 2D separations for detecting lipids from a complex 281 

mixture. Separation by chain length and double bond characteristics of lipid species is achieved within a 282 

given class as expected using reversed phase in the 2D [41]. While comparisons with previous publications 283 

is difficult due to different instrumentation, matrices, and identification software used, the chromatograms 284 

here clearly show more peaks than previous 2D reports, indicating broader lipidome coverage.  285 

The number of lipids detected is roughly double the number detected in our previous work using 286 

single dimensional RP-LC-MS at 35 kpsi with 3-4 h analysis time [39]. Similar improvements in lipid 287 

identification have been observed for multidimensional LC-MS lipidomics methods, likely due to decreased 288 

ionization suppression from higher peak capacity separations, cleaner mass spectra, and separation of 289 

isobaric and isomeric species [15,28]. As with peak capacity repeatability, lipid detection repeatability was 290 

examined for a few fractions to ensure no wide variations. The variation in lipids detected in fractions 1, 5, 291 

7, and 9 were 18%, 33%, 5%, and 7% RSD (n = 2), similar to our previous report and suggesting no 292 

significant variability [39]. The improvement in detecting lipids and features by 2D comes at the expense 293 

of analysis time. Previous work with 1D separations showed an approximately linear increase in lipids and 294 

features detected with peak capacity and analysis time. The 2D data did not fit this trend, with fewer lipids 295 

and features detected per unit of peak capacity or analysis time (Figure 7). This work suggests a diminishing 296 

return in terms of lipid detection by increasing peak capacity. Without knowledge of the number of lipids 297 

present in the sample, it is difficult to know if this effect is due to actually resolving most of the lipids 298 
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available or limitations of the method. For example, dilution with longer methods may prevent detection of 299 

lower concentration lipids or the method may not be resolving more difficult to separate species due to 300 

insufficient selectivity.  301 

Further improvements in lipidome coverage may be attainable using modified extraction protocols, 302 

employing smaller inner diameter columns with lower flow rates, combining with ion mobility separations 303 

and more sensitive mass spectrometers [13], or employing even higher resolution separations with smaller 304 

particles or longer columns [13,62]. Lipidome coverage could also be increased with the current 305 

instrumentation by selectively adjusting the 2D mobile phase composition depending on the fraction type. 306 

For example, ammonium fluoride buffer provides higher signal intensity for PI species in negative 307 

ionization mode compared to ammonium formate or acetate buffers [63].  308 

In this work 5 µL injection volumes, requiring 2.5 µL of undiluted plasma were used. These low 309 

volume injections are advantageous for small samples. The actual volume of plasma used in the extraction 310 

was 50 µL, and using smaller volumes of plasma (e.g., < 5 µL) may require different sample preparation 311 

techniques as discussed in other reports [31,46]. The use of a microbore column (1 mm i.d.) in the first 312 

dimension and a capillary column (100 µm i.d.) in the 2D also provided low solvent consumption – 313 

approximately 2.5 mL in the total 2D-LC method.  314 

3.7. Comparisons with previous 2D methods 315 
 316 

Previous online 2D-LC lipidomics studies typically employed analysis times of 2 – 4 h, achieving 317 

peak capacities up to ~600 [16]. Using trapped ion mobility separations as 2D, a peak capacity of 991 was 318 

achieved in 190 min, however lipid identifications were less than 2D-LC [12]. Offline 2D analysis times 319 

were typically > 5 h, with peak capacities estimated at ~500 – 1000 [11,26]. There has been little work 320 

implementing long capillary columns in the 2D for lipidomics. High resolution 1D analyses of lipids have 321 

yielded peak capacities of 300 – 400 in 2 – 4 h using long (30 – 60 cm) columns [39–42]. Work shown here 322 

achieved peak capacities approaching 2000 and illustrates the advantages of long microcolumns for the 2D 323 

for relatively high resolving power and peak capacity of lipids compared to previously published work.  324 

Peak capacities for lipid separations are lower than what has been achieved with small molecules 325 

or peptides, likely due to the high viscosity of isopropanol-containing mobile phases which results in slower 326 

diffusion of lipids and limits particle size and column length. 1D peak capacities up to ~1800 can be 327 

achieved for peptides or small molecules using very long columns [53,64,65]. Recent online 2D-LC work 328 

for peptide separations has shown peak capacities of 1500 in 30 min and 10,000 in 240 min, although the 329 

extremely narrow peak widths are likely not compatible with most current MS methods [66,67].  330 
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4. Conclusions 331 
 332 

Previous work has shown that 50 cm long columns packed with 1.7 µm particles and operated at 333 

35 kpsi generate peak capacities up to 400 in 240 min and can detect up to ~500 lipids in plasma samples. 334 

We found that lipid prefractionation with HILIC into 9 fractions substantially increases the peak capacity 335 

to 1900 and number of lipids detected to 1100 for the capillary columns. Modification of 2D gradient 336 

parameters for individual fractions improved resolution and signal intensity compared to original conditions 337 

for unfractionated 1D analysis. The gain from prefractionation is likely more than would be possible by 338 

using even longer 1D columns and higher pressure due to the benefits of 2D separations including 339 

orthogonality, preconcentration, and multiplicity of peak capacity. Since the number of lipids detected did 340 

not increase proportionately with time, this work also illustrates the diminishing return of increasing 341 

analysis time for compounds identified. It is likely that more sensitive mass spectrometers could be used to 342 

further gain compound identifications in these mixtures. The long times are impractical for routine analysis, 343 

but this approach should be useful for characterizing samples in depth, especially if combined with MS/MS 344 

methods. Indeed, an important next step in this work will be to combine the high-resolution separation with 345 

MS/MS and standards to achieve more confident peak identification. Once confident compound 346 

identifications are obtained, it may be possible to use 1D methods to track the compounds for more routine 347 

quantitative work. 348 
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Figure Captions 356 

Figure 1. First dimension HILIC separation of (A) lipid standards and (B) human plasma extract. 357 
Conditions: 15 cm x 1 mm, 5 µm bare silica column; 50 µL/min; 30 °C; 5 µL injection volume; 95-77% B 358 
gradient over 40 min; mobile phase A was 5 mM ammonium acetate; mobile phase B was acetonitrile. MS 359 
was operated in full scan positive ion mode. All effluent went to MS during these separations. 360 

Figure 2. Example positive ion mode mass spectra of (A) fraction 7 (phosphatidylcholine) and (B) fraction 361 
1 (glycerols, sterol esters, fatty acyls) following first dimension HILIC separation of human plasma with 362 
effluent directed online to the MS. Other LC-MS conditions are the same as in Figure 1.  363 

Figure 3. Effect of resuspension volume and injection volume on signal intensity for different fractions. 364 
Comparison of 20 µL (A) and 10 µL (B) resuspension volumes on signal intensity for fraction 2 365 
(phosphatidylglycerols and ceramides); gradient slope was 50-100% B. Comparison of 1 µL (C) and 2 µL 366 
(D) injection volumes on signal intensity for fraction 9 (sphingomyelins); gradient slope was 70-100% B. 367 
Other conditions: 50 cm x 100 µm, 1.7 µm C18 column; 35 kpsi operating pressure; 60 °C; mobile phase 368 
A was 60/40 water/acetonitrile with 10 mM ammonium formate and 0.1% formic acid; mobile phase B was 369 
85/10/5 isopropanol/acetonitrile/water with 10 mM ammonium formate and 0.1% formic acid. 370 

Figure 4. Effect of gradient steepness on chromatographic resolution for (A and B) fraction 7 371 
(phosphatidylcholines) and (C and D) fraction 8 (sphingomyelins). A 50-100% B gradient (A) is compared 372 
with a 70-100% B gradient (B).  Example EICs for m/z 784.6 and 786.6 are shown to illustrate the 373 
improvement in resolution of different isomers with a shallower gradient. A 60-100% B gradient over 50 374 
min (C) is compared with a 70-100% B gradient over 70 min (D). EICs for m/z 813 and 811 are shown. 375 
Other conditions are the same as in Figure 3. 376 

Figure 5. (A) Two-dimensional waterfall plot with each fraction displayed as base peak intensity 377 
chromatograms. Individual LC-MS parameters are in the text and from Figure 3. (B) “bin”-based fractional 378 
coverage plot used for orthogonality measurement. 379 

Figure 6. Base peak chromatograms of (A) fraction 7 (phosphatidylcholine) and (B) fraction 9 380 
(lysophosphatidylcholine) with peaks annotated with the identified lipid based on m/z and retention time. 381 
For fraction 7, a 70-100% B gradient was used; for fraction 9, a 50-70% B gradient was used. Other 382 
conditions are the same as in Figure 3.  383 

Figure 7. Number of lipids detected and MS1 features detected from previous 1D LC-MS work (black 384 
circles) and the present 2D work (gray diamond). Lipids identified using library database matching of 385 
precursor ion data is plotted as a function of peak capacity (A) and analysis time (B). MS1 features are 386 
plotted versus peak capacity (C) and analysis time (D). One-dimensional work is reproduced in part from 387 
previous work.  388 
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Supplemental Material 421 

 422 

 423 

 424 

Supplemental Figure S1. Poor peak shape of phosphatidic acid (gray) on the 1D bare silica column. 425 

Phosphatidylethanolamine (black), which co-eluted and was collected with phosphatidic acid, demonstrated 426 

better peak shape representative of most lipids on this column.  427 

 428 
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Supplemental Table 1. Conditions used for fraction collection of different lipid classes and analysis of 430 

each fraction in second dimension.   431 

Fraction Lipid class(es) Collection 
time (min) 

Reconstitution 
volume (µL) 

Injection 
volume (µL) 

2D gradient 
slope (%ΔB) 

2D gradient 
time (min) 

Peak 
capacity 

1 
TG, DG, MG, 
FA, Chol, CE, 
acylCoA, PIP 

1.3-3 10 2 60-100 60 275 

2 PG, Cer 3-5 10 2 60-100 70 285 
3 PI, HexCer, LPG 5-8 10 2 60-100 60 265 
4 PE, PA 13-16 10 2 60-100 50 205 
5 LPE 18.5-21 10 2 50-70 40 145 
6 PS 21.5-23 10 2 60-100 50 155 
7 PC 23-26 20 1 70-100 65 145 
8 SM 27-29.5 20 2 70-100 70 241 
9 LPC 29.5-32.5 20 1 50-70 40 163 

  432 
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 433 

 434 

Supplemental Figure 2. Effect of gradient length for (A & B) fractions 9 (lysophosphatidylcholine) and 435 

(C & D) fraction 2 (phosphatidylglycerols and ceramides). A longer ~2.5 h gradient (A & C) is compared 436 

with ~ 1 h gradient (B & D). Example extracted ion chromatograms show the decrease in signal height at 437 

longer gradient times.  438 

 439 
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