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Abstract 
Phosphatidylinositol phosphates (PIPs) are phospholipids (PLs) that play fundamental roles as 

signaling molecules in numerous cellular processes. However, PIPs have shown to be perhaps 

some of the most challenging compounds to analyze in bioanalytical samples, as PIPs are 

strongly adsorbed to surfaces containing glass and metal, and can easily stick to column walls, 

injectors and tubings, and build up a nonionized layer on the MS ion source. In this study, the 

suitability of reversed phase (RP) LC and hydrophilic interaction liquid chromatography 

(HILIC) for identification and separation of the PIPs, with respect to the phosphate groups and 

fatty acid chains, using electrospray ionization (ESI) MS was investigated. In preliminary 

studies, HILIC chromatography of a phosphate-containing compound was performed with a 

ZIC-HILIC (0.3 x 150 mm, 3.5 µm) column, using a mobile phase consisting of acetonitrile 

(ACN)/20 mM ammonium acetate (NH4Ac) (79/21, v/v). It was discovered that HILIC 

separations of a phosphate-containing standard could result in a large peak splitting and was 

dependent on sample solvent. The best peak shape was obtained when the sample was 

dissolved in more than 60 % ACN and 20 mM NH4Ac. Injectors, loops, tubings, nuts, ferrules, 

columns and a syringe of PEEK were applied to decrease adsorption and increase the detection 

of PIPs. MS detection of PIPs is challenging, but by including appropriate additives to the 

mobile phase, detection improved largely. Additives that provided high pH in the mobile phase 

were found to be the most appropriate. PIPs containing various fatty acid chains could be 

separated on a C4 (1.0 x 5.0 mm, 5 µm, 300 Å) column using a mobile phase consisting of 

MeOH/20 mM TEA at pH 10.0 (80/20, v/v). PIPs containing the same fatty acid chains, but 

different number of phosphate groups, could not be separated using the same C4 column. 

However, separation according to number of phosphate groups was possible using a ZIC-

pHILIC (2.1 x 150 mm, 5 µm) column with a mobile phase consisting of ACN/10 mM 

(NH4)2CO3/0.2 % NH4OH at pH 10.0 (55/45, v/v). However, the retention window was small, 

and optimizing parameters such as temperature, water and the ion concentration in the mobile 

phase did not increase the retention of the PIPs. Hence, separation of PIPs on a ZIC-pHILIC 

column using ESI-MS is possible, but with several limitations. Nonetheless, a combination of a 

ZIC-pHILIC column and a RP column in a two-dimensional (2D) system using ESI-MS may 

be suitable to determine the different PIP isomers.      
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1 Introduction 

1.1 Phosphatidylinositol phosphates 

PIPs are found on the cytosolic face of intracellular membranes in eukaryotic organisms and 

belong to the important class of PLs. PLs are the main components of cell membranes as they 

can form lipid bilayers [1]. Phosphatidylinositol (PI) is a negatively charged PL (classified as 

a glycerol phospholipid) found in eukaryotic organisms, and exists in very low concentrations 

in cells (see Figure 1). PIPs are phosphorylated derivatives of PI. PI itself has no known 

signaling role, but PIPs as signaling components perform essential biological functions by 

regulating many cellular events such as nuclear processes, cell signaling and membrane 

trafficking [2]. PIPs are amphiphilic with both a hydrophilic head group and a hydrophobic 

tail. Position three, four and five of the PI head group can be phosphorylated while the second 

and sixth positioned hydroxyl group are typically not phosphorylated due to steric hindrance. 

Hence, seven PIP head group isomers may be formed, each of which participate in signaling, 

with different signaling functions [3]. Furthermore, the hydrophobic tail of PIPs contains two 

fatty acid chains that can vary in structure, and may differ in various tissues, cells, organelles 

and membrane domains [1]. The structural formulas of PI and the isomers of PIP investigated 

in this study are shown in Figure 1. The number and position of phosphate groups and the 

length of the fatty acid tail give the names of the PIPs. For instance, if phosphate groups are 

attached to carbon number four and five on the inositol head group and the fatty acid tails 

include 18 carbons and one double bond, its name is 1,2-dioleoyl-sn-glycero-3-phospho-(1´-

myo-inositol-4´,5´-phosphate), abbreviated to 18:1 PIP-(4,5). If the phosphate group is 

attached to carbon number four on the inositol head group and one of the fatty acid tails 

include 18 carbons and zero double bonds and the other fatty acid tail include 20 carbons and 

four double bonds, its name is L-α-phosphatidylinositol-4-phosphate, abbreviated to 18:0-

20:4 PIP-(4). 
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Figure 1. Formula structures of PI and PIP isomers in the presence of NH4
+

 [4-12]. 

 

PIPs are part of an important second messenger system called the phosphoinositide cascade 

[3]. As second messengers the PIP isomers independently control several key cellular 

processes due to their various structures and biological properties. They may also directly 

interact with proteins to manage the spatiotemporal organization of key intracellular signal 

transduction pathways [13,14]. Due to their importance, they are modulated and regulated by 

several metabolic enzymes, including kinases, phosphatases and phospholipases [1].  
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The phosphorylation are catalyzed by ATP-dependent enzymes known as phosphoinositide 3-

kinases (PI3Ks), phosphoinositide 4-kinases (PI4Ks), and phosphoinositide 5-kinases 

(PI5Ks), as shown in Figure 2 [3]. The isomers have different concentration levels in a cell, 

with PI, PIP-(4), and PIP-(4,5) comprising about 90 % of cells total PIPs (indicated by bold in 

Figure 2). PIP-(3) and PIP-(5) each comprise 2-5 % of the total and PIP-(3,5) about 2 % of 

the PIPs in fibroblasts, whereas the levels of PIP-(3,4) and PIP-(3,4,5) are barley detectable 

[3]. 

 

Figure 2. Flow-chart of reactions in the synthesis of PIPs in mammalian cells. The PIP-(4), PIP- (4,5) and 

PI are in bold as they comprise 90 % of cells total PIPs. Adapted from [3]. 

 

Several effector proteins bearing specific PIP binding domains may bind to a specific PIP and 

start their cellular functions. Domains are structurally independent units that each have 

characteristics of a small globular protein. With the ability of PIPs to selectively bind to 

specific domains, each PIP obtain distinct messenger functions [15]. Such domains may be 

PH, GRAM, ENTH, PHD, PX and FYVE, all with distinct specificities [16,17]. Each PIP 

regulates different functions in the signal pathway that it is involved in. Mutations in these 

signaling pathways may have serious consequences as improper functions are associated with 

several disorders [18]. Table 1 illustrates PIPs role in cells. 
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Table 1. Overview of the PIP isomers and their abundance, localization, binding domains and effector 

functions. Adapted from [18,19]. 

 

 

1.1.1 Determination of PIPs 

The importance of PIPs in medicine and physiology, and their association with several 

disorders make PIP monitoring highly desirable. However, there are several challenges 

associated with the quantification of PIPs including limited concentration in biological 

samples, strong adsorption to surfaces, and difficulty in resolving the different regioisomers. 

Due to their structural similarities and features (e.g. often identical mass) in both the 

hydrophobic and hydrophilic part (as seen in Figure 1) a separation step before detection by 

e.g. ESI-MS is required. However, at present, no one has to our knowledge successfully 

developed a method that can separate and determine each isomer of PIPs with respect to the 

phosphate groups and fatty acid chains. 
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Traditionally, PIPs in cells were determined by metabolic labeling with [32P] phosphate or 

[3H] myo-inositol before extraction, followed by separation on thin layer chromatography 

(TLC), reversed phase high performance liquid chromatography (RP HPLC) or deacylated 

anion exchange HPLC [20-22]. With these radioactivity-based methods it is possible to obtain 

some quantitative results. Furthermore, they can be optimized to resolve PIP head group 

isomers [18]. However, these radioactivity-based methods are technically demanding, time-

consuming and include very high doses of radioactivity [23]. In addition, the multiple steps 

required in the process often lead to substantial loss of what is already in traceable amounts 

[14,18]. Furthermore, by using these methods structural information related to the fatty acids 

cannot be provided. 

Because of PIPs structural similarities, with several regioisomers, it is challenging to separate 

them without prior radiolabeling, derivatization or deacylation [21,24]. Several groups have 

proposed RP or normal phase (NP) LC procedures to separate isomers of PIPs [1,14,24]. 

Table 2 shows an overview of previously employed LC-ESI-MS methods for determination 

of PIPs. However, these methods were unable to satisfactorily separate the different 

regioisomers and the different fatty acid compositions based on one chromatographic 

principle. Furthermore, the phosphate group adsorb strongly to surfaces consisting of glass or 

stainless steel (in columns, injectors, nuts, ferrules, frits, tubings and MS-inlet) [14]. These 

adsorption effects increase with number of phosphate groups; Hence, PIP-(3,4,5) has proven 

to be particularly difficult to detect [24]. Consequently, Pettitt et.al used a silanization 

procedure for all glassware and cleaning of metal surfaces to avoid high adsorption effects 

[14]. Furthermore, ion suppression effects and the limited signal intensity due to low 

concentration put high demands on the chromatographic system and the MS detector. 

Consequently, there is a need to develop highly sensitive and highly resolving methods for 

separation and detection of PIPs. 
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Table 2. Overview of previously employed LC-ESI-MS methods used for the determination of PIPs. 
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1.2 Chromatography 
In previous studies, RP coupled to ESI-MS has been the furthermost used and favoured 

principle for determination of PIP isomers [1,23,24]. However, for compounds with a 

hydrophilic part (such as the head group of PIPs), a more recent, though well-established 

principle such as HILIC may be a suitable alternative. 

1.2.1 HILIC 

In 1990, Andrew J. Alpert introduced the term HILIC for the combination of hydrophilic 

stationary phases and aqueous-organic mobile phases [25,26]. Although HILIC was only 

recently commercialized it is well-established and popular for its complementary selectivity 

to RP-LC and ability to separate highly polar compounds [27]. Typical eluents consist of a 

high percentage of organic solvent (usually between 60 % to 95 % ACN) in water [28], with 

water being the stronger eluting member. A variety of commonly used polar stationary phases 

can be used in the HILIC mode, such as unbounded silica, diol, amino, amide and zwitterionic 

(ZIC) HILIC phases [26,29-34], though the choice depends on the analyte(s). Separation of 

both positively and negatively charged compounds can be achieved, as well as highly 

hydrophilic non-ionic compounds that are not retained by RP phases [35]. HILIC has been 

found to be a suitable analytical separation principle for a wide range of molecules such as 

nucleotides, peptides, carbohydrates, proteins, amino acids and pharmaceuticals [26,36]. In 

HILIC mode, a mobile phase consisting of high amounts of organic solvent and lower water 

content is employed. An enriched water layer around the particles/functional groups is 

generated, resulting in a stationary phase, part functional group/part water layer [25,26]. This 

allows analytes to partition between the water layer stationary phase and the mobile phase, 

based on their polarity [13], as well as other retention mechanisms such as partitioning, 

electrostatic interactions, ion-exchange, repulsion and hydrogen-bonding (also referred to as 

secondary interactions) due to interactions with the particle-attached functional groups 

[26,32,37]. 
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1.2.2 ZIC-HILIC 

Electrostatic ion chromatography [38], today mostly known as zwitterionic ion 

chromatography (ZIC), has a zwitterionic stationary phase most commonly used for 

separation of ions. The ZIC-HILIC stationary phase comprises a sulphobetaine type 

zwitterionic functionality (3-sulphopropyldimethylalkylammonio) covalently attached to 

porous silica (ZIC-HILIC) or porous polymer particles (ZIC-pHILIC) [39] (Figure 3). With 

its easily accessed sulphonic acid group and the more shielded quaternary ammonium group, 

positively charged analytes will experience an attraction towards the negatively charged 

sulphonic acid group. Equally, negatively charged analytes will experience an attraction 

towards the positively charged quaternary ammonium group. Simultaneously, the easily 

accessed sulphonic acid group repulses negatively charged analytes in contrast to the other 

more shielded quaternary ammonium group which is believed not to repulse positively 

charged analytes as strongly [35]. Hence, both positively and negatively charged ions can be 

separated. On the basis of how well the analyte ions access both the fixed negative and 

positive charge on the stationary phase, the analyte ions will be repulsed and attracted at the 

same time and separation will be affected by how strongly they interact with the zwitterionic 

functionality. 

 

 

Figure 3. Schematic illustration of the ZIC-HILIC stationary phase. 
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1.3 Two-dimensional liquid chromatography (2D LC) 
system 

For separations of complex compounds it may be beneficial to use two distinct separation 

steps. Consequently, a 2D LC approach with different separation principles may be useful. In 

a 2D LC system, the separation is performed using two columns with different separation 

principles (e.g. HILIC and RP). At the cost of simplicity and some robustness, a 2D system 

may be used to obtain maximum peak capacity and increased performance [40]. Furthermore, 

the two columns should ideally be 100 % orthogonal. Orthogonality is a measure of the 

dissimilarity of the dimension separations and the selectivity of the two orthogonal separation 

principles ought to be completely independent [41]. In a comprehensive 2D LC system, 

separation fractions collected from the first column is subsequently separated by the second 

column, while in a heart-cut 2D LC system only selected fractions are transferred to the 

second column [42]. However, there are several technical challenges that have to be 

considered when e.g. HILIC and RP are used, for example solvent compatibility between the 

two dimensions, as mobile phase incompatibilities may create a problem when connecting the 

dimensions on-line. The problem can be solved by either on-line separation with interfaces or 

off-line approaches [42]. In the case of HILIC and RP the composition of the mobile phase 

needs to be adjusted between the dimensions, because the analytes will not obtain phase 

focusing on the RP column with the amount of organic solvent in the HILIC mobile phase. 

This can be achieved on-line with a diluting pump installed between the dimensions, or by an 

off-line fractionation. 
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1.4 Miniaturized liquid chromatography 

With complex biological samples a common problem is the limited concentration of the 

analytes and the sample volume. Accordingly a miniaturized LC system may be ideal. In 

miniaturized LC, the inner diameter (i.d.) of the column is decreased. Hence, smaller injection 

volumes are used, and lower flow rates will give smaller consumption of solvent. Less 

dilution of the sample produces a higher analyte peak concentration, which is beneficial when 

using concentration sensitive detectors like MS, while maintaining the column efficiency 

[43,44]. In addition, the use of lower flow rates make coupling to MS without flow splitting 

possible. However, some limitations must be considered as more critical when using narrow 

columns. These include clogging, robustness and dead volumes, and also higher demands on 

the operator. In this study, the columns used had an i.d. in the range of 0.1 mm-2.1 mm. 

 

1.5 Electrospray ionization mass spectrometry 

To obtain quantitative and qualitative information of LC-separated compounds, MS is widely 

used. The MS can be highly selective and is a well suited tool for identification, structure 

determination and information of isotopic composition of many biological compounds [14]. 

Before entering the mass spectrometer the analytes are vaporized in the ion source. The ions 

are then separated according to their mass-to-charge ratio (m/z) in the analyzer. ESI is widely 

used for introducing the eluate from LC into an MS [45]. Together with the solvent, the 

sample components are introduced into the nebulizer capillary, which ends in a fine tip. The 

eluate becomes charged when a high voltage is applied to the capillary tip. As a result (aided 

by a coaxial flow of nitrogen gas), a fine aerosol of charged droplets are formed. The droplets 

in the spray are reduced in size by evaporation and divided into even smaller droplets until the 

droplets are completely evaporated and gaseous charged molecules are obtained. A drawing 

of an ESI is shown in Figure 4. ESI gives little fragmentation because the energy is 

transferred gradually to the analyte by thermal energy at low temperatures. Therefore ESI is 

referred to as a soft ionization technique. 
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Figure 4. Schematic drawing of electrospray ionization [46]. When high voltage is applied, ions will move 

towards the opposite charged electrode. Repulsive forces between the ions will break the cone into small 

highly charged droplets, which will undergo fission and create even smaller highly charged droplets. At 

last, gas phase ions will be produced. 

 

In this study, an ion trap (IT) MS was used as mass analyzer. An IT consists of three 

hyperbolic electrodes, consisting of a ring electrode, positioned symmetrically between two 

end cap electrodes, with a precise distance to the two end cup electrodes, all electrically 

isolated from one another. A drawing of the IT is shown in Figure 5 [47]. Ions from the 

ionization source (e.g. ESI) are stored inside the IT (the ring electrode). The end caps have 

holes, through which ions enter the mass analyzer from the ESI source and out to the detector. 

When a radio frequent (RF) voltage is applied to the system, a three dimensional field is 

created between the electrodes. This field makes ions trapped inside the ring electrode, 

following stable trajectories [48]. By adjusting the RF voltage between the electrodes, ions of 

a particular m/z-value will be ejected by sending them into unstable trajectories and detected 

with high sensitivity [45]. The IT can be used to perform tandem MS, involving multiple 

steps of MS (MSn). 

In addition, some experiments were done on a Q Orbitrap. However, because of the PIPs 

strong adsorption to surfaces, recent studies indicate that they may heavily contaminate the 

MS inlet [49]. As a consequence, the less expensive IT has been used in this study. 
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Figure 5. Schematic drawing of an IT. Ions will be trapped between three electrodes and ions with specific 
m/z values will be ejected when adjusting the potential between the electrodes. 

 

1.6 Aim of study 

The aim of this study was to study the possibility to use LC-ESI-MS for identification and 

separation of PIP isomers using ZIC-pHILIC and RP chromatography. The purpose of 

employing these two principles was to separate with regard to both the hydrophilic head 

group and the hydrophobic fatty acid chains. Since separation of PIPs by HILIC has not been 

addressed before and the PIPs are complex and expensive, a study of the HILIC 

chromatography of a phosphate-containing compound was included prior to the PIPs 

investigations. Additionally, the need for avoiding glass and stainless steel parts that can give 

adsorption of phosphate groups to surfaces was investigated. Injectors, loops, tubings, nuts, 

ferrules, columns and a syringe of PEEK were applied to decrease adsorption and increase the 

detection of PIPs. With the possibility of being able to separate the isomers of PIPs and 

removing obstacles that contribute to loss of analytes by adsorption, new tools to understand 

PIPs function and their signaling pathways may be developed. 
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2 Experimental 

2.1 Materials and reagents 

HPLC grade ACN and MeOH were purchased from VWR international (Leuven, Belgium). 

Type 1 water was obtained from a Milli-Q Ultrapure water purification system (Millipore, 

Bedford, MA, USA). Ammonium acetate, sodium chloride, potassium chloride and 

triethylamine were obtained from Merck (Darmstadt, Germany). Acetic acid (AcOH, glacial 

100 %) and ammonia solution were purchased from BDH Laboratory supplies (Poole, 

England, UK). Rubidium chloride (purum p.a.), lithium chloride, ammonium carbonate, 

formic acid (FA), ammonium formate and imidazole were purchased from Fluka and Sigma-

Aldrich (St. Louis, MO, USA). Ethylamine solution and ammonium dihydrogen carbonate 

(NH4H2PO4) washing solution (50mM (aq)) were also purchased from Sigma-Aldrich. Test 

compound sodium phenyl phosphate dibasic dihydrate (PP) was from Sigma-Aldrich. 

Standards of 18:1 PIP-(3), 18:1 PIP-(3,4), 18:1 PIP-(3,5), 18:1 PIP-(4,5), 18:0-20:4 PIP-(4), 

18:1 PIP-(5) and 18:1 PIP-(3,4,5) were purchased from Avanti Polar Lipids Inc (Alabaster, 

AL, USA). 

The ZIC-HILIC column used in the LC-UV system was a ZIC-HILIC custom ordered column 

(0.3 x 150 mm, 3.5 µm) purchased from Sequant (Umeå, Sweden). The columns used in the 

LC-MS system were ZIC-pHILIC columns (2.1 x 150 mm, 5 µm) also from Sequant. A 

HotSep Tracy Kromasil C4 column (0.3 x 5.0 mm, 5 µm, 300 Å), a HotSep Tracy Kromasil 

C4 column (1.0 x 5.0 mm, 5 µm, 300 Å) and a C8 (0.3 x 5.0 mm, 5 µm, 300 Å) column were 

purchased from Teknolab (Kolbotn, Norway). A C18 monolithic column (0.1 mm x 250 mm) 

employed in the study was a gift from Professor Nobuo Tanaka [50,51]. The columns were 

equilibrated with mobile phases prior to use and washed with methanol and water (20/80, v/v) 

after use. 
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2.2 Chromatographic systems 

2.2.1 LC-UV system 

The LC-UV system used in this study consisted of an Agilent 1100 Series capillary isocratic 

pump (Santa Clara, CA, USA), with an incorporated online G1379A vacuum degasser, and a 

Knauer WellChrom UV-detector K-2600 (Berlin, Germany) equipped with a 25 nL Z flow 

cell and operated at 254 nm. Data were acquired using TotalChrom Workstation 6.2.1 

software from Perkin Elmer and a PE Nelson 900 Series A/D Interface (Perkin Elmer, 

Waltham, MA, USA). A 4-port injector (Valco Instruments Co., Houston, TX, USA) with 

either a 50 nL or a 500 nL internal loop was used for manual injections. Fused silica 

capillaries (75 µm i.d.) were purchased from Polymicro Technologies Inc. (Phoenix, AZ, 

USA), and used as tubing in the chromatographic system. Graphite ferrules, nuts and unions 

from Valco instruments were used for connections. Separations were performed using the 

SeQuant ZIC-HILIC column (0.3 x 150 mm, 3.5 µm). The flow rate was 4 µL/min, and the 

column was always operated under isocratic conditions with 21 % of mobile phase A and 79 

% of mobile phase B (unless specified otherwise), where A was water with 5, 10 or 20 mM 

NH4Ac at pH 6.2, 6.4, 6.6 or 6.8, and B was ACN. 

2.2.2 LC-MS system 

The LC-MS system consisted of an Agilent 1100 Series capillary isocratic pump operated at 

normal flow mode (ZIC-pHILIC system) or micro flow mode (RP system), with an 

incorporated online G1379A vacuum degasser. The column was connected to an Esquire 

3000+ IT MS with capillary ESI source (Bruker Daltonics, Billerica, MA, USA). Ionization 

was performed in negative mode with a capillary voltage of 3000 V and a skimmer voltage of 

40.0 V. Capillary exit was operated at 128.5 V. Nitrogen drying gas and nebulizer gas were 

applied at 4 L/min and 10 psi, respectively. The nitrogen gas was obtained from a nitrogen 

generator. Data were collected with an m/z range of 400-1200 in MS mode using Esquire 

control software version 3.5 from Bruker Daltonics. A 6-port PEEK injector with a 5 µL 

external PEEK loop (Valco Instruments Co.) was used for manual injections in the ZIC-

pHILIC system at a flow rate of 75 µL/min, and a 4-port PEEK injector with a 50 nL internal 

loop (Valco Instruments Co.) was used for manual injections in the RP system at a flow rate 

of 5 µL/min, and a 6-port PEEK injector with a 5 µL external PEEK loop (Valco Instruments 
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Co.) was used for manual injections in the RP system at a flow rate of 10 µL/min. PEEK 

tubings (100 µm i.d.) were purchased from IDEX health and science (Oak Harbor, WA,USA) 

and ferrules, nuts and unions of PEEK from Valco Instruments Co. were used in the 

connections. For column heating a Mistral column oven (Spark, Holland) was employed. 

2.3 Preparation of mobile phases and stock 
solutions 

2.3.1 Mobile phases in preliminary studies 

Mobile phase A consisted of water with NH4Ac, at pH 6.2, 6.4, 6.6 or 6.8, and ion 

concentration of 5, 10 or 20 mM. Mobile phase B consisted of 100 % ACN. The 20 mM 

mobile phase A was prepared by dissolving 0.77 g of NH4Ac in 500 mL of type 1 water. The 

pH adjustment was done by adding appropriate amounts of acetic acid or ammonia. 

2.3.2 Mobile phases for PIPs 

For the ZIC-pHILIC column, mobile phase A consisted of 10 mM (NH4)2CO3 (aq) and 0.2 % 

ammonia solution at pH 10.0, and mobile phase B of ACN. The 10 mM mobile phase A was 

prepared by dissolving 0.96 g of (NH4)2CO3 in 1 L of type 1 water and adding 0.2 % 

ammonia solution. Mobile phase B was made by mixing ACN and aqueous buffer 

((NH4)2CO3 with 0.2 % ammonia) in the ratio 80/20 (v/v). By mixing mobile phase A and B 

all desired combinations up to 80 % ACN could be made. The pH was adjusted with ammonia 

or acetic acid to obtain the desired pH. Table 3 shows an overview of all the mobile phase 

compositions examined. 
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Table 3. Overview of mobile phases consisting of different salt and buffers, varying ionic concentrations 

and pH-values used for finding optimal mobile phase conditions for HILIC separation and detection of 

PIP isomers. 

 

 

For the RP column, mobile phase A consisted of 20 mM TEA (aq, pH 10.0) and mobile phase 

B of MeOH. The 20 mM mobile phase A was prepared by diluting 1.39 mL of TEA in 500 

mL of type 1 water. Mobile phase B was prepared by diluting 1.39 mL of TEA in 500 mL of 

MeOH. Table 4 shows an overview of all the mobile phase compositions examined. 

 

Table 4. Overview of mobile phases consisting of different salt and buffers, varying ionic strengths and pH 

used for finding optimal mobile phase conditions for RP separation and detection of PIP isomers. 
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2.3.3 Solutions used in preliminary studies 

A 1 mg/mL stock solution of sodium phenyl phosphate dibasic dihydrate was prepared in 

mobile phase A in Eppendorf tubes. The working standard solutions were prepared by 

dilution of the stock solution with appropriate amounts of mobile phase A and B, to a final 

concentration of 100 µg/mL. All standard solutions were stored at 4 oC until analyzed. 

2.3.4 Solutions used in main studies 

Stock solutions of the PIPs were prepared by dissolving 100 µg in 1 mL MeOH to a 

concentration 100 µg/mL in Eppendorf tubes and stored at -80 oC until used. Working 

solutions were made by dilution of stock solutions with 80 % of mobile phase B and 20 % of 

mobile phase A, to a final concentration of 10 µg/mL. 
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3 Results and Discussion 
The objective of this study was to investigate the possibilities to use LC-MS for identification 

and separation of PIP isomers with a combination of ZIC- pHILIC and RP chromatography. 

In the following results and discussion part of the thesis, preliminary experiments will first be 

presented, using a model compound to gain understanding of HILIC interactions with a 

hydrophobic and phosphorylated compound. Following this, experiments to find optimal 

conditions for MS detection of PIPs will be presented, and finally experiments using a ZIC-

pHILIC column and a RP column coupled to MS for separation and detection of PIPs. 

Parameters affecting the detection and separation of PIPs such as proper sample solvents, 

application of additives to the mobile phase and formation of adducts that may suppress the 

ionization have been studied. Additionally, difficulties with adsorption of phosphate groups to 

surfaces containing stainless steel and glass will be discussed. 

 

3.1 HILIC interactions and optimization 

Since separation of PIPs by HILIC has not been studied before and the PIP standards are very 

expensive, a study of the HILIC chromatography of a phosphate-containing compound, PP, 

was performed prior to PIP investigations (see Figure 6). In HILIC, the analyte retention and 

peak shape in HILIC depend on the analyte, stationary phase, eluent and the sample solvent 

[36,52]. Therefore, parameters that affect the peak shape in ZIC-HILIC were investigated. A 

UV detector was used since PP has a chromophore (in contrast to PIPs, which do not). 

Parameters such as organic modifier content in the mobile phase, pH in the mobile phase and 

sample, and injection volume were investigated. In addition, some exploratory experiments 

were performed to investigate the possible effect of alkali metal cation-π interactions [53,54]. 

These experiments were performed to extract meaningful information that was taken into 

consideration in the further work with HILIC and PIPs. 
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Figure 6. Chemical structure of sodium phenyl phosphate dibasic dihydrate (PP). 

 

3.1.1 The effect of sample solvent on peak shape 

As HILIC mode can be especially sensitive to the composition of injection solvent, the 

relationship between the sample solution and the mobile phase composition was examined for 

the PP model substance. Initially, mobile phases consisting of ACN (70 % to 85 %) and water 

with different amounts of ammonium acetate (NH4Ac, 5 mM and 20 mM, typical additive 

amounts in HILIC mobile phases), and PP dissolved in varying amounts of ACN (70 % to 85 

%) and water (without NH4Ac) were examined. In all cases the sample solvent has the same 

ACN content as the mobile phase. As seen from Figure 7 a, an increased retention was 

observed when the amount of ACN in the sample and mobile phase was raised from 79 % to 

85 % ACN (as expected). In addition, an increase in peak tailing was observed as the amount 

of ACN was increased from 79 % to 85 %. When the amount of  NH4Ac in the mobile phase 

was increased from 5 mM (Figure 7  a) to 20 mM (Figure 7 b), a large peak splitting 

spanning several minutes was observed when the PP was dissolved in 79 % to 85 % ACN 

without NH4Ac added. The increased peak splitting that occurred under these conditions show 

that mismatches between e.g. the sample solvent and the mobile phase conditions can result in 

serious chromatographic problems in HILIC mode that must be addressed. Peak splitting can 

result in difficulties regarding selectivity and quantification. Hence, further investigations 

were performed. 
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Figure 7. Isocratic elution of PP (0.1 mg/mL, 500 nL injected) dissolved in varying concentrations of ACN 

as indicated in the peak label, with a) 70 % to 85 % ACN/30 % to 15 % water and 5 mM NH4Ac in the 

mobile phase and b) 70 % to 85 % ACN/30 % to 15 % water and 20 mM NH4Ac. An increase in 

tailing/peak splitting was observed with increased ACN and no NH4Ac in the sample. Separations were 

performed on a ZIC-HILIC (0.3 x 150 mm, 3.5 µm) column with a flow rate of 4 µL/min. Detection was 

performed at 254 nm. 
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The effects of NH4Ac and water concentration in the sample were investigated. The mobile 

phase was set to 79 % ACN and 21 % water with 20 mM NH4Ac (pH 6.6). PP was first 

dissolved in varying amounts of ACN (0 % to 80 %) and a constant amount of NH4Ac (20 

mM) at pH 6.6. Less peak splitting was observed with increased amount of ACN in the 

sample, e.g. more than 60 % (Figure 8). In addition, less than 20 % ACN resulted in a 

substantial additional peak at a retention time of approximately six minutes. This is in 

accordance with observations done previously by Ruta et.al, that whatever the nature of the 

compound, it is recommended to add the lowest amount of water to the sample to maintain 

suitable peak shapes [52]. Differences in sample solvent strength and mobile phase solvent 

strength have been observed to result in peak splitting by others [55]. 

 

 
Figure 8. Isocratic elution of PP with 79 % ACN and 21 % water (20 mM NH4Ac). PP (0.1 mg/mL) 

dissolved in 20 mM NH4Ac (constant) and varying amounts of ACN (%) as indicated in the figure. Less 

peak splitting was observed with increased amount of ACN in the sample. Separations were performed on 

a ZIC-HILIC (0.3 x 150 mm, 3.5 µm) column with a flow rate of 4 µL/min. Detection was performed at 

254 nm. 

 

To establish whether the sample salt concentration alone could affect the peak shape, the salt 

concentrations of PP samples dissolved in water were varied (NH4Ac: 0 mM to 40 mM). A 

mobile phase consisting of 79 % ACN and 21 % water with 20 mM NH4Ac (pH 6.6) was 
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used. Increased amounts of NH4Ac in purely aqueous samples did not eliminate peak splitting 

(Figure 9). However, it has been found to be favourable to add a buffer to the eluents to 

reduce electrostatic interactions between charged analytes and deprotonated silanol groups at 

the surface of the stationary phase, but also to maintain the mobile phase pH and the 

ionization state of silanol groups constant [52]. Hence, this implies that there is a need for a 

salt in the sample when present in the mobile phase, but in combination with a significant 

amount of ACN in the sample. 

 

Figure 9. Isocratic elution of PP with a mobile phase of 79 % ACN and 21 % water (20 mM NH4Ac). PP 

(0.1 mg/mL)  was dissolved in water and varying amounts of NH4Ac (mM) as indicated in the figure. Peak 

splitting was observed with increased amount of NH4Ac when water in the sample. Separations were 

performed on a ZIC-HILIC (0.3 x 150 mm, 3.5 µm) column with a flow rate of 4 µL/min. Detection was 

performed at 254 nm. 

 

When a mobile phase with high amount of ACN (79 %) and 20 mM NH4Ac (pH 6.6), and PP 

dissolved in the mobile phase were examined (Figure 10), no peak splitting was observed. 

This shows the importance of samples being dissolved in solvent compositions similar to the 

mobile phase, as also pointed out by others [56]. Hence, as it is well established in RP-LC 

[45], the sample should be dissolved in a solvent as close as possible to, or in a weaker eluent, 

than the mobile phase, in order to limit as much as possible band broadening or peak splitting 

[57]. 
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Figure 10. Isocratic elution of PP with 79 % ACN and 21 % water (20 mM NH4Ac). PP (0.1 mg/mL) was 

dissolved in 79 % ACN (20 mM NH4Ac). No peak splitting was observed when PP was dissolved in the 

mobile phase. Separations were performed on a ZIC-HILIC (0.3 x 150 mm, 3.5 µm) column with a flow 

rate of 4 µL/min. Detection was performed at 254 nm. 

 

3.1.2 The effect of pH on peak shape 

A pH range of approximately 6.2 to 6.8 in both the sample and the mobile phase was 

examined to explore the effect of pH on peak shape. Firstly, mobile phases were prepared 

with 79 % ACN and 21 % water (20 mM NH4Ac) with varying pH (6.2-6.8), and PP was 

dissolved in approximately 100 % ACN (20 mM NH4Ac) or 100 % water (20 mM NH4Ac), 

pH 6.6 (constant). Either an improved or worsened peak shape was obtained, as the pH in the 

mobile phase was increased/decreased (Figure 11). Mobile phase pH did not affect the peak 

shape of samples dissolved in ACN, and no peak splitting was observed. Some increase in 

retention was observed as the pH in the mobile phase was decreased (see Figure 11). Again, a 

large peak splitting that occurred when chromatographing PP dissolved in only water with 20 

mM NH4Ac (Figure 11, upper chromatogram). Hence, altering the mobile phase pH will 

not improve chromatography if the sample solvent is purely aqueous. 
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Figure 11. Isocratic elution of PP with 79 % ACN and 21 % water (20 mM NH4Ac) with varying pH (6.2-

6.8). PP (0.1 mg/mL) dissolved in approximately 100 % ACN (20 mM NH4Ac), pH 6.6 (lower) and PP 

dissolved in 100 % water (20 mM NH4Ac), pH 6.6 (upper). Separations were performed on a ZIC-HILIC 

(0.3 x 150 mm, 3.5 µm) column with a flow rate of 4 µL/min. Detection was performed at 254 nm. 

 

Subsequently, the sample pH was varied. A mobile phase with 79 % ACN and 21 % water 

(20 mM NH4Ac) with constant pH (6.6) was used. PP dissolved in approximately 100 % 

ACN (20 mM NH4Ac) or 100 % water (20 mM NH4Ac), with varying pH (6.2 to 6.8) were 

chromatographed. The peaks were similar when the pH in the sample was increased/decreased 

(Figure 12). As in Figure 11, no improvement in peak splitting was obtained as compared to 

PP dissolved in only water with 20 mM NH4Ac. However, peak splitting was observed when 

the ACN sample had a higher pH (6.8) than the pH in the mobile phase (pH 6.6) (see Figure 

12). This may be a consequence of a slight increase in the elution strength in the sample when 

the pH is increased and can result in band broadening and peak splitting. Hence, sample pH 

may have a negative affect on chromatography. 
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Figure 12. Isocratic elution of PP with 79 % ACN and 21 % water (20 mM NH4Ac) with constant pH (6.6). 

PP (0.1 mg/mL) dissolved in approximately 100 % ACN (20 mM NH4Ac), pH 6.2-6.8 (lower) and PP 

dissolved in 100 % water (20 mM NH4Ac), pH 6.2-6.8 (upper). Separations were performed on a ZIC-

HILIC (0.3 x 150 mm, 3.5 µm) column with a flow rate of 4 µL/min. Detection was performed at 254 nm. 

 

3.1.3 The effect of injection volume on peak shape 

Finally, the effect of injection volume on peak shape was examined. Previously, the injected 

volume was 500 nL, which is up to ≤ 10 % of the void volume, V0 (≤ 8 µL). A lower injection 

volume (50 nL, up to ≤ 1 % of the void volume, V0 (≤ 8 µL) with a mobile phase of high 

amount of ACN (79 %) and 20 mM NH4Ac (pH 6.6) was investigated. PP was dissolved in 

the mobile phase (with same amount of PP as used in 500 nL). As expected [58], reduction in 

the injection volume provided no significant change in peak shape when the sample solvent 

was 79 % ACN and 20 mM NH4Ac (pH 6.6). The effect of injection volume was also 

examined with a mobile phase of high amount of ACN (79 %) and 21 % water (20 mM 

NH4Ac), and PP dissolved in 100 % water (20 mM NH4Ac), a combination that previously 

gave peak splitting (Figure 8). With smaller injection volume no peak splitting was observed 

(Figure 13). Thus, a sample injected in smaller amounts of purely aqueous solvent is 

possible. Hence, during the method development, a compromise may have to be found 
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between sensitivity and makeup/simplicity of the sample solvent. However, in most cases 

sample solvent should include high amounts of ACN to obtain suitable peak shapes and avoid 

a sample solvent that is a stronger eluent than the mobile phase. 

 

Figure 13. Isocratic elution of PP with 79 % ACN and 21 % water (20 mM NH4Ac). PP (0.1 mg/mL) was 

dissolved in 100 % water (20 mM NH4Ac). Separations were performed on a ZIC-HILIC (0.3 x 150 mm, 

3.5 µm) column with a flow rate of 4 µL/min. Detection was performed at 254 nm. 

 

3.1.4 The effect of alkali metal cation-π  interactions 

Finally, the addition of an electrolyte (10 mM NaCl, LiCl, KCl or RbCl) to the aqueous 

mobile phase (water with 10 mM NH4Ac) were examined to see if a small cation such as Rb 

can provide a lower elution-strength of the mobile phase and increase the retention of the PP 

compound since Li et.al has suggested that the attraction towards aromatic compounds can 

potentially be reduced as the aromatic number of the cation increases (the ion radius decreases 

down in the alkali group from Na to Rb) [54]. This means that potassium has less attraction 
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towards aromatic compounds than sodium [54]. This also means that the larger cation, the less 

charge density, and the less electrostatic interaction occur towards the aromatic-π system [53]. 

Therefore, lithium would attract the PP compound more than sodium, potassium and 

rubidium, and hence bind stronger to the analyte (PP). Thus, lithium will elute earlier due to 

the higher elution-strength of the mobile phase. A mobile phase with high amount of ACN 

(79 %) and 10 mM NH4Ac/10 mM LiCl, NaCl, KCl or RbCl, and PP dissolved in the mobile 

phase (Figure 14) were examined. PP with NaCl or KCl eluted at the same time at 

approximately 12 minutes, and PP with LiCl or RbCl eluted at the same time at around 12.6 

minutes. Hence, the mechanism and trend were viewed as more complicated than simple ion 

exchange and alkali-π interactions, so was not investigated further. 

 

Figure 14. Isocratic elution of PP with a mobile phase of 79 % ACN and 21 % water (10 mM NH4Ac/10 

mM NaCl, KCl, LiCl or RbCl). PP (0.1 mg/mL) was dissolved in 79 % ACN and 21 % water (10 mM 

NH4Ac/10 mM NaCl, KCl, LiCl or RbCl). Separations were performed on a ZIC-HILIC (0.3 x 150 mm, 

3.5 µm) column with a flow rate of 4 µL/min. Detection was performed at 254 nm. 
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3.1.5 Conclusions from HILIC interactions and optimization 

The above section has shown that peak splitting in HILIC can happen to a much larger degree 

than in RP, and that the HILIC-mode is strongly dependent on injection solvent. Hence, extra 

caution of injection solvent effects must be applied, to avoid difficulties that arise when 

compounds splits in two peaks. By increasing the amount of ACN and NH4Ac in the sample 

relative to that in the mobile phase, peak splitting no longer occurred for the model compound 

PP. In addition, a smaller injection volume gives no peak splitting even when 100 % water is 

used as sample solvent. Although not investigated here, peak splitting may also occur with 

other polar solvents, e.g. MeOH, which is used for extraction of PIPs. In addition, pH, the 

additive in the mobile phase and extraction solutions used in the sample preparation can affect 

the peak shape in HILIC. 

A variety of hydrophilic stationary phases can be used in HILIC mode, and the choice 

depends on the application. Note that the conclusions above have to be considered with 

caution, as this study considered only one type of HILIC stationary phase and one type of 

analyte compound. Finally, it should be emphasized that the major retention mechanism in 

HILIC separation depends not only on the structure of the analyte, but also on the 

composition of the mobile phase, the functional group of the stationary phase and the sample 

solvent [36,52]. 
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3.2 MS considerations and optimization of PIPs 

In the previous section, HILIC studies with a compound (PP) with similar properties to PIPs 

were performed using a UV detector. However, PIP’s lack of chromophore make the use of 

an ESI-MS detector necessary, which also gives additional benefits such as providing 

molecular mass and structural information. The mobile phases/buffers commonly used in RP 

chromatography and HILIC are highly compatible with the MS. However, the amount of 

organic solvent, type of additive and pH can potentially affect the signal intensity of PIP in 

ESI-MS. Additionally, the phosphate groups attached to the head group of the PIP have 

highly adsorptive properties towards surfaces containing metal, such as stainless steel, and 

glass, such as borosilicate. Hence, there are many challenges regarding MS analysis of PIPs. 

Consequently, the importance of optimizing and controlling the adsorption effects and the 

solvents effect on the signal intensity were examined. 

3.2.1 Adsorption issues 

Possible effects of adsorption of PIPs to surfaces on MS signal intensity was studied using 

direct injection into the IT-MS. PIPs contain a phosphorylated head group with one, two or 

three phosphate groups attached to an inositol ring, and they have adsorptive properties 

because of their high charge [59]. These phosphate groups can potentially be adsorbed to 

surfaces containing glass and stainless steel in the injection syringe, the silica tubings and the 

spray needle unit, which can result in significant recovery problems [14]. As a consequence, 

clogging of the system, contamination in the ion source and hence loss of the PIPs signal can 

occur [49]. This is of particular concern in acidic conditions as some of the PIPs tend to 

hydrolyze and some can promote phosphate migration around the inositol ring [14,60,61]. 

Hence, the PIPs with the lowest concentration in the cells and with a higher phosphorylated 

head group, e.g. PIP-(3,4,5), is of particular concern since this PIP has a higher 

phosphorylated head group that can adsorb strongly to glass and metal surfaces [14]. In 

addition, the lipid moiety may adsorb to plastic surfaces [23]. 

Initially, a glass syringe, nuts and ferrules of stainless steel were employed. 18:1 PIP-(3,5) 

was directly injected into the IT-MS and the flow rate of the direct injection unit, dry gas 

temperature and gas flow rate were varied and optimized. The signal intensity at 



       

30 

approximately 2.0 x 105 for 18:1 PIP-(3,5) at m/z 510.2 (double charged) was unsatisfactory 

considering the concentration (0.01 mg/mL) (see Figure 16 a). A solution of 50 mM 

NH4H2PO4 was used to wash through the system and spray needle with the intention to 

saturate the adsorptive surfaces [62]. The signal improved to a certain extent for the PIP 

(approximately 7.0 x 105 for 18:1 PIP-(3,5) at m/z 510.2 (double charged)) (Figure 16 b). 

Therefore, all of the replaceable parts containing stainless steel and glass surfaces were 

replaced with a plastic injection syringe and a union, nuts and tubing of PEEK. The signal 

intensity was improved even more for the single and double charged ions of the PIP 

(approximately 9.0 x 105 for 18:1 PIP-(3,5) at m/z 510.2 (double charged)) (Figure 16 c). 

Hence, the use of PEEK and plastic parts, and washing with an aqueous NH4H2PO4 gave a 

significant improvement in signal intensity and were used for further investigations for 

optimizing the signal in the IT-MS (see Figure 15). 

 

 

 

Figure 15. Drawing of the equipment used for direct injection of PIPs into the IT-MS for measuring the 

signal intensity using a flow rate of 10 µL/min. Inert materials including a syringe of plastic (yellow) and 

union, nuts and tubing of PEEK (red and brown) were used. The MS-inlet (grey) consists of a stainless 

steel spray capillary and a glass transfer capillary. 
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Figure 16. Mass spectrum of a) 18:1 PIP-(3,5) with the use of a glass and metal syringe, and b) 18:1 PIP-

(3,5) after wash with 50 mM NH4H2PO4 and c) 18:1 PIP-(3,5) with a plastic syringe and after a wash 

solution containing 50 mM NH4H2PO4. 

 

3.2.2 ZIC-HILIC-LC-MS mobile phase optimization 

Direct injections of PIPs (0.01 mg/mL) dissolved in common HILIC solvents used as mobile 

phases, with various buffers and salts, were performed (Figure 15). Ion concentrations and 

pH-values were also investigated to find the optimal mobile phase conditions for MS 

detection of PIPs. The PIP standards (18:1 PIP-(3), 18:1 PIP-(3,4) and 18:1 PIP-(3,4,5)) were 

initially dissolved in a mobile phase containing ACN/10 mM (NH4)2CO3 at pH 8.9, (80/20, 

v/v) as was found suitable for HILIC by Johnsen et.al [63]. With this mobile phase, the 18:1 

PIP-(3) and 18:1 PIP-(3,4) were detectable, however, PIP-(3,4,5) was barely detectable using 
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this additive, (NH4)2CO3 (see Figure 17). As seen from the figure, the intensity decreases as 

the phosphorylation increases. The low signal of 18:1 PIP-(3,4,5) can potentially be a 

consequence of the lack of sufficient ionization or adsorption to surfaces with this mobile 

phase pH [61], fragmentation to PIPs1 or PIPs2 or adduct-formation with e.g. Na+ resulting in 

a neutral compound. To ensure that the low signal was not a result of the ion concentration of 

the mobile phase, a mobile phase with ion concentrations of 20, 30, 50 and 100 mM 

((NH4)2CO3) were examined for 18:1 PIP-(3,4,5) (see Appendix 6.1, Figure 35). Still, no 

signal was detected for 18:1 PIP-(3,4,5). 

Figure 17. Mass spectrum of a) 18:1 PIP-(3) (m/z 470.1), b) 18:1 PIP-(3,4,5) (m/z 550.1) (marked with an 

arrow) and c) 18:1 PIP-(3,4) (m/z 1021.4). Direct injection of 18:1 PIPs in a solvent consisting of 80 % 

ACN/10 mM (NH4)2CO3 and 20% 10 mM (NH4)2CO3, at a pH 8.9 and a PIP concentration of 0.01 mg/mL, 

utilizing a flow rate of 10 µL/min. As seen there is a low signal of PIP-(3,4,5) at these conditions. 
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Alternative solvent compositions were examined. Ethylamine, ammonium carbonate 

combined with ethylamine, ammonium formate and ammonium carbonate with ammonia, in 

concentrations between 1 mM to 100 mM were evaluated in combination with ACN/water 

(80/20, v/v). The solvent compositions examined are listed in the experimental section in 

Table 3. By employing 5 mM ammonium formate to the mobile phase, pH (3.6) a decrease in 

signal relative to high pH solvents was observed for the PIPs. However, there was sufficient 

ionization of 18:1 PIP-(3,4,5) to give a signal (see Figure 18). At pH 6.2 and 8.0 no signal 

was observed for the investigated concentration (0.01 mg/mL). Figure 18 shows an overview 

of the signal intensities obtained for 18:1 PIP-(3), 18:1 PIP-(3,4) and 18:1 PIP-(3,4,5) with 

different solvent compositions. The highest signal intensity for 18:1 PIP-(3), 18:1 PIP-(3,4) 

and 18:1 PIP-(3,4,5) was obtained using a solvent containing ACN/10 mM EA at a pH 11.2, 

(80/20, v/v). 

 

Figure 18. MS signal of 18:1 PIP-(3,4), 18:1 PIP-(3) and 18:1 PIP-(3,4,5) at different solvent composition. 

The PIPs were directly injected into the IT-MS at a flow rate of 10 µL/min. 
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Additives that resulted in mobile phases of pH > 8.5 included ethylamine, ammonium 

carbonate combined with ethylamine and ammonium carbonate with 0.2 % ammonia. An 

increase in signal intensity was observed for each PIP at pH > 8.5. This may be a result of a 

higher ionization degree of the PIPs at higher pH-values, the type of additive used in the 

mobile phase, and a reduction in adsorption of phosphate groups to metals and glass when the 

pH is increased [14,61]. Figure 19 shows the MS spectrum of 18:1 PIP-(3), 18:1 PIP-(3,5) 

and 18:1 PIP-(3,4,5) with the optimal conditions ACN/1 mM EA at pH 11.2,  (80/20, v/v). 

The figure shows a rather high signal at m/z 550.1, which is the double charged 18:1 PIP-

(3,4,5). The double charged ion of 18:1 PIP-(3,5) was present at m/z 510.2, and this can 

indicate fragmentation of 18:1 PIP-(3,4,5) to PIPs2 as observed by others [23]. 

 

Figure 19. Mass spectrum of a) 18:1 PIP-(3) (m/z 470.1), b) 18:1 PIP-(3,5) (m/z 1021.4) c) 18:1 PIP-(3,4,5) 

(m/z 550.1). Direct injection of 18:1 PIPs in a solvent consisting of 80 % ACN/1 mM EA and 20% 1 mM 

EA, at pH 11.2 and a PIP concentration of 0.01 mg/mL, utilizing a flow rate of 10 µL/min. 

 



       

35 

Furthermore, when employing various ion concentrations (1, 5, 10, 20, 60, 80 and 100 mM) a 

slight increase in signal intensity up to 10-20 mM ((NH4)2CO3) occurred. However above this 

concentration a significant decrease in signal intensity was observed for the PIPs, dependent 

on the additive used e.g. EA or (NH4)2CO3 (see appendix 6.1, Figure 35 and 36). 

3.2.3 RP-LC-MS mobile phase optimization 

With the intension of using an RP-column for separation of the PIPs according to their 

hydrophobic fatty acid tail, direct injections of PIPs were performed to find the optimal RP 

solvent conditions for MS detection of PIPs. PIPs were dissolved in solvents to a 

concentration of 0.01 mg/mL. The solvents contained various buffers and salts, ion 

concentrations and pH-values. 

First, the effect of organic content on signal intensity was examined. 10 mM NH4Ac or 0.1 % 

FA were evaluated in combination with 0, 50, 80 and 100 % MeOH by direct injection into 

the IT-MS. As shown in Figure 20, 18:1 PIP-(3,4) in 80 % MeOH provided a modest signal 

with both 0.1 % FA and 10 mM NH4Ac. Decreasing the amount of MeOH (50 % to 0 %) 

resulting in no signal of 18:1 PIP-(3,4) at a 0.01 mg/mL concentration. Consequently, a high 

amount of organic modifier together with a suitable additive was required to obtain signal. 

Therefore, further experiments were performed diluting PIPs in 80 % MeOH. With the system 

shown in Figure 15 various salts and buffers were investigated in order to find the optimal 

solvent conditions providing the highest signal intensity of PIPs. Ammonium acetate, 

imidazole and triethylamine, with concentrations of 2.5, 5, 10 and 20 mM, and 0.1 % formic 

acid were evaluated in combination with MeOH/H2O (80/20, v/v). Additionally, ACN was 

examined as an organic modifier. Higher signals were obtained with MeOH compared to 

ACN with the same additive combination and concentration (see Figure 20). Table 4 in the 

experimental section shows an overview of all the solvent compositions examined and Figure 

20 gives an overview of the optimal signal intensities obtained for 18:1 PIP-(3), 18:1 PIP-

(3,4) and18:1 PIP-(3,4,5)  with various solvent compositions. As seen from the figure, higher 

pH gives an increase in signal intensity because it provides an increase in ionization of the 

phosphate groups, a decrease in Na+-adduct signal and lowered adsorption of phosphate 

groups in the injection syringe, connections or MS-inlet.  
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Figure 20. MS signal of 18:1 PIP-(3,4), 18:1 PIP-(3) and 18:1 PIP-(3,4,5) at different solvent composition. 

The PIPs were directly injected into the IT-MS at a flow rate of 5 µL/min. The forth blue column (from 

the left) is diluted with 10 mM TEA/10 mM imidazole (pH 10.0) in ACN instead of MeOH (as labelled). 

 

Figure 21 shows the MS spectrum of 18:1 PIP-(3), 18:1 PIP-(3,5) and 18:1 PIP-(3,4,5) with 

the optimal conditions MeOH/20 mM TEA, at pH 10, (80/20, v/v). As seen from the figure, a 

large signal of 18:1 PIP-(3,4,5) at m/z 550.1 was obtained. The figure also shows the presence 

of the singly charged 18:1 PIP-(3,4,5) at m/z 1101.3. However, the ions at m/z-values 510.1 

and 941.4 are the doubly charged and singly charged ions of 18:1 PIP-(3,5) and 18:1 PIP-(3). 

This is most likely in source fragmentation of 18:1 PIP-(3,4,5) to PIPs1 and PIPs2 [14,49]. 
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Figure 21. Mass spectrum of a) 18:1 PIP-(3) (m/z 470.1), b) 18:1 PIP-(3,5) (m/z 1021.4) and c) 18:1 PIP-

(3,4,5) (m/z 550.1). Direct injection of 0.01 mg/mL in a solvent consisting of 80 % ACN/10 mM TEA and 

20 % H2O/10 mM TEA, at pH 10, utilizing a flow rate of 5 µL/min. 

 

3.2.4 Conclusions from MS considerations and optimization of PIPs 

As shown in this section, the type of sample solvent, additive and pH is essential to provide 

signal and hence detection of the PIPs. With the addition of basic additives such as EA and 

TEA, an increase in signal intensity was observed and a decrease in the Na+-adduct signal. 

Additionally, the replacement of glassware and stainless steel by plastic and PEEK was found 

to be of great impact to decrease the adsorption of phosphate groups to these surfaces and 

increase the signal. The next step was to apply RP and HILIC to separate the PIPs according 

to the fatty acid chains (RP) and the polar head group (HILIC). However, the optimal MS 

conditions for PIPs may not necessarily be the optimal conditions for RP and HILIC 

separations. If not, new challenges and adjustments have to be taken into consideration. 
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3.3 RP-LC-ESI-MS 
The optimal conditions for the detection of PIPs were established through the experiments 

performed with direct injection of PIPs in the previous section. As a result, it was of interest 

to investigate if the optimal conditions obtained by direct injection were the optimal 

conditions for RP separation of the PIPs according to the fatty acid chain. However, the 

addition of a RP column may introduce new challenges because the phosphate groups can 

attach to surfaces in the column containing metal. 

The observed strong adsorption of PIPs to surfaces containing stainless steel and glass made it 

necessary to avoid these materials if possible. Figure 22 shows the RP-LC-ESI-MS system 

used in the experiments (unless specified otherwise), containing an injector with a 5 µL loop, 

tubings and connections of PEEK to reduce the adsorption effects. The column body, frits and 

the MS spray capillary were of stainless steel. In addition, the transfer capillary was of glass. 

 

Figure 22. Schematic illustration of the RP-LC-ESI-MS system used. The system consisted of a pump with 

a flow rate of 10 µL/min, an injection syringe of plastic (yellow), a 6 port PEEK injector (red), connections 

and tubings of PEEK (red), a silica-based C4 (1.0 x 5.0 mm, 5 µm, 300 Å) column and a MS-inlet (grey) 

consisting of a stainless steel spray capillary and a glass transfer capillary. 

 

The mobile phase compositions that provided satisfactory signal of PIPs when they were 

directly injected into the IT-MS were examined on various RP columns. A C18 stationary 

phase bound to a monolithic material, and Kromasil C4 and C8 stationary phases bound to 

silica particles were explored. Initially, a 18:1 PIP-(3,5) solution was used for evaluating the 

C18 monolithic column and a Kromasil C8 column with various mobile phase compositions 

(see Table 4). Independently of the mobile phase composition used, the retention of 18:1 PIP-
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(3,5) was too strong and no peak was observed in the chromatogram for either of the columns 

(see Figure 23 a and b). Ogiso et.al have observed undesired high retention on the C18 

column making the quantification difficult and replaced the column with a C8 column [1]. 

However, in our hands, the signal was modest and the peak was absent. Instead, a short C4 

column using a flow rate of 10 µL/min was examined. A MeOH/water/20 mM TEA (pH 10) 

mobile phase (was shown in previous section to give the highest signal of the PIPs when 

directly injected) was used for chromatography of the 18:1 PIP-(3,5) isomer as seen in Figure 

23 c. The pH was adjusted to 10 in order to reduce the gradual dissolution of the silica [14]. A 

lower pH (< 8) would be preferred to increase the column life and increase the retention, but 

at the expense of the signal intensity in the IT-MS. Hence, a C4 column and a mobile phase 

containing 80 % MeOH/20 mM TEA and 20 % H2O/20 mM TEA at pH 10 were used in 

further experiments. 

 

 



       

40 

Figure 23. EIC  for 18:1 PIP-(3,5) (0.01 mg/mL) (m/z 510.1) in 80 % MeOH/20 mM TEA, 

chromatographed on a a) Kromasil C8 column, b) Monolithic C18 column and c) Kromasil C4 column. 

Isocratic elution with 80 % MeOH/20 mM TEA and 20 % H2O/20 mM TEA at pH 10. Injection was 

performed using a 5 µL loop. The flow rate was held at 10 µL/min. 

 

PIPs containing 18:1 fatty acid chains with one, two and three phosphate groups attached 

were chromatographed. Earlier research have shown that PIPs containing the same 

hydrophobic fatty acid composition will have the same retention independent of the number 

of polar phosphate groups attached to the head group [1,24]. The PIPs 18:1 PIP1, 18:1 PIP2 

and 18:1 PIP3 were chromatographed using an 80 % MeOH/20 % water/20 mM TEA (pH 10) 

mobile phase. PIP solutions containing 20 mM TEA were injected. Several injections had to 

be performed to obtain stable retention times of each PIP, potentially as a result of stationary 

phase saturation. Such variation in retention times has also been observed by Pettitt et.al [14]. 

The retention time of 18:1 PIPs was approximately two minutes (k ≈ 0), with a slightly larger 
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retention of 18:1 PIP1. As expected, there was no separation as shown in Figure 24. The PIPs 

containing one phosphate group provided higher signal intensity than PIPs containing two 

phosphate groups. Even lower signal intensity was observed with three phosphate groups 

attached to the head group. The 18:1 PIP-(3,4,5) was challenging to detect as it tends to 

fragment to less phosphorylated PIP isomers, and stick strongly to every surface available, 

including metal, glass and plastic. Hence, the peak intensity was modest, and the peak shape 

was broad and irregular (see Figure 24 f). The broad peaks can also be a result of the volume 

injected, which may have provided overloading of the short column, having a void volume, 

V0, of about 20 µL. Hence, further investigations were found necessary to obtain narrower 

peaks and thus improved resolution between the peaks. 

An increase in the flow rate to 20 µL/min was tested, however with no improvement in peak 

shape repeatability. The elution strength in the sample solvent was examined by dilution of 

18:1 PIP-(3,4) in 70 % MeOH/20 mM TEA and 30 % H2O/20 mM TEA. A lower elution 

strength of the sample solvent than the mobile phase can potentially focus the 18:1 PIP-(3,4). 

However this was not found for 18:1 PIP-(3,4) as the peak intensity was lowered and the peak 

shape broader. 
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Figure 24. EIC of a) 18:1 PIP-(3,4) (m/z 1021.5), b) 18:1 PIP-(3,5) (m/z 1021.5), c) 18:1 PIP-(4,5) (m/z 

1021.5), d) 18:1 PIP-(3) (m/z 941.6), e) 18:1 PIP-(5) (m/z 941.6) and f) 18:1 PIP-(3,4,5) (m/z 1101.5). 

Chromatographic conditions using a C4 (1.0 x 5.0 mm, 5 µm, 300 Å) column. Isocratic elution with a 

mobile phase consisting of 80 % MeOH/20 mM TEA and 20 % H2O/20 mM TEA. PIPs (0.01 mg/mL) in 
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80 % MeOH/20 mM TEA. Injection was performed using a 5 µL loop. The flow rate was held at 10 

µL/min. 

 

The effect of temperature on the peak shape and retention was examined. The 18:1 PIP-(3,4) 

was injected and chromatographed at 25, 60 and 80 oC.As expected, the PIPs eluted with 

shorter retention time when increasing the temperature to 60 oC and 80 oC as seen in Figure 

25. However, the high temperature in combination with a solvent containing high amounts of 

MeOH (Bp 65 oC) and a silica-based column were not optimal for the system; as seen in the 

figure, the peaks were more irregular and the peak shape was not improved. Hence further 

temperature increases were not examined. 

 

Figure 25. EIC of 18:1 PIP-(3,4) (m/z 1021.5) using a) 25 oC, b) 60 oC and c) 80 oC. Chromatographic 

conditions using a C4 (1.0 x 5.0 mm, 5 µm, 300 Å) column. Isocratic elution with a mobile phase consisting 

of 80 % MeOH/20 mM TEA and 20 % H2O/20 mM TEA. PIPs (0.01 mg/mL) in 80 % MeOH/20 mM 

TEA. Injection was performed using a 5 µL loop. The flow rate was held at 10 µL/min. 

 

Two C4 columns in series were investigated to increase the retention and efficiency of the 

PIPs. The 18:1 PIP-(3,4) isomer was injected and chromatographed using two identical 

columns in series. As shown in Figure 26, an increase in retention was achieved. However, 

using two columns in series resulted in a very large band broading, likely caused by 
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adsorption of PIPs to the stationary phase all the way through the two columns, and 

potentially to the added frits and tubings between the two columns. 

 

Figure 26. EIC of 18:1 PIP-(3,4) (m/z 1021.1) Chromatographic conditions using two C4 (1.0 x 5.0 mm, 5 

µm, 300 Å) columns in series. Isocratic elution with a mobile phase consisting of 80 % MeOH/20 mM TEA 

and 20 % H2O/20 mM TEA. PIPs (0.01 mg/mL) in 80 % MeOH/20 mM TEA. Injection was performed 

using a 5 µL loop. The flow rate was held at 10 µL/min and the temperature was 25 oC. 

 

PIPs containing different fatty acid chains and various number of phosphate groups were also 

chromatographed on the C4 column. The PIPs 18:0-20:4 PIP-(4), 18:1 PIP-(3), 18:1 PIP-(5) 

were examined (see Figure 27). The difference in retention depends on the hydrophobic fatty 

acid chain, where shorter fatty acid chains and a more saturated fatty acid structure elute 

earlier than longer fatty acid chains and more unsaturated structures [14]. Hence as expected, 

the longer and more unsaturated 18:1-20:2 PIP-(4) eluted after the shorter and more saturated 

18:1 PIPs. However, the peaks were broad and irregular as observed above (Figure 24). 

Especially the 18:0-20:4 PIP-(4) peak was broad and irregular. Nonetheless, the results show 

that RP has the potential to separate PIPs according to the fatty acid chain, but not regarding 

the polar head group. 
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Figure 27. EIC of a) 18:1 PIP-(3) (m/z 941.5), b) 18:1 PIP-(5) (m/z 941.5) and c) 18:1 PIP-(4) (m/z 965.6). 

Chromatographic conditions using a C4 (1.0 x 5.0 mm, 5 µm, 300 Å) column. Isocratic elution with a 

mobile phase consisting of 80 % MeOH/20 mM TEA and 20 % H2O/20 mM TEA. PIPs (0.01 mg/mL) in 

80 % MeOH/20 mM TEA. Injection was performed using a 5 µL loop. The flow rate was held at 10 

µL/min and the temperature was 25 oC. 

 

In previous experiments was isocratic elution used. Isocratic elution is easier to study, gives 

shorter analysis, and may potentially be more suitable in a 2D system. However, PIPs would 

elute as broad peaks under isocratic conditions. The effect of a gradient was therefore 

examined. The 18:1 PIP-(3,4) standard solution was chromatographed using a C4 (0.1 x 5.0 

mm, 5µm, 300Å) column with a smaller i.d. and a 50 nL loop. The flow rate was held at 5 

µL/min. The mobile phase was held for 9 minutes at 50 % MeOH/20 mM TEA and then 

increased to 80 %. Figure 28 shows that the PIP eluted as a sharp peak at approximately 12.8 

minutes with some tailing. At 50 % MeOH, no PIP eluted due to strong retention on the 

column. By increasing the MeOH concentration to 80 %, the PIP eluted after about three 

minutes. These observations indicate that a high concentration of MeOH is necessary to elute 

the PIP. The gradient used and the smaller injection volume was compatible with the lower 

elution strength of start mobile phase, and provided a sharp peak of the 18:1 PIP-(3,4). 

Because of time limitations and difficulties with sensitivity of the PIPs under these operating 

conditions, further experiments were not pursued. However, solvent gradients appear to be 

necessary to obtain suitable peak shapes of PIPs. 
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Figure 28. EIC for 18:1 PIP-(3,4) (m/z 1021.5).  Chromatographic conditions using a C4 (0.1 x 5.0 mm, 5 

µm, 300 Å) column. A step gradient held at 50 % for 9 minutes and increased up to 80 % MeOH/20 mM 

TEA and 20 % H2O/20 mM TEA at pH 10.0. PIP (0.01 mg/mL) in 80 % MeOH/20 mM TEA. Injection 

was performed using a 50 nL loop. The flow rate was held at 5 µL/min and the temperature was 25 oC. 

 

3.3.1 Conclusions from RP-LC-ESI-MS 

Based on an RP principle, no separation was achieved for the PIP isomers when the fatty acid 

structure was the same and the number of phosphate groups attached to the hydrophilic head 

group varied. The retention of PIPs on C18 and C8 columns is too strong to detect the PIP 

isomers examined with all mobile phases examined. In order to obtain appropriate retention of 

18:1 PIPs, a C4 column was required. Separation of 18:0-20:4 fatty acid PIP and an 18:1 fatty 

acid PIP were achieved on this column and shows that RP has the potential to separate PIPs 

according to the fatty acid chain, but not regarding the polar head group. Low sensitivity was 

observed, most probably due to the fact that PIPs tend to adsorb strongly to all surfaces and 

require a suitable additive in the mobile phase to be detected. This made the chromatography 

and the detection challenging. Parameters such as temperature and increased plate number by 

coupling two columns in series were investigated, however, they did not improve the peak 

shape and band broadening of the PIPs. A gradient was necessary to obtain suitable peak 

shape of PIPs. 
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3.4 HILIC-LC-ESI-MS 
In order to separate the PIP isomers based on the number of phosphate groups attached to a 

hydrophilic head group, HILIC may be a potential option since HILIC separation is related to 

differences in hydrophilicity when using a high percentage of organic solvent in water. With 

the optimal conditions obtained for ESI-MS detection, a ZIC-pHILIC column was chosen as it 

is compatible with high pH and to avoid possible interactions with rest silanols, which are 

present in e.g. silica based ZIC-HILIC columns. Also, the frits in the ZIC-pHILIC column are 

made of PEEK. 

The observed strong adsorption of PIPs to surfaces containing stainless steel and glass made it 

necessary to avoid these materials if possible. Figure 29 shows the HILIC-LC-ESI-MS 

system used in the experiments, containing an injector with a 5 µL loop, tubings, connections 

and a ZIC-pHILIC (2.1 x 150 mm, 5µm) column of PEEK. However, it should again be 

emphasized that the PIPs lipid structure has also been observed to adsorb to plastic surfaces to 

some extent [23]. The only place containing possible adsorptive surface was the MS spray 

capillary inlet of metal and the glass capillary inside the MS. 

 

Figure 29. Schematic illustration of the HILIC-LC-ESI-MS system used. The system consisted of a pump 

with a flow rate of 75 µL/min, an injection syringe of plastic (yellow), a 6 port PEEK injector (red), 

connections and tubings of PEEK (red), a polymer-based ZIC-pHILIC (2.1 x 150 mm, 5 µm) column 

made of PEEK (blue) and a MS-inlet (grey) consisting of a stainless steel spray capillary and a glass 

transfer capillary. 
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The effect of an additive in the mobile phase was examined with a 18:1 PIP-(3,4) solution on 

a ZIC-pHILIC column. Ammonium formate, ammonium carbonate and an ammonium 

carbonate in combination with ethylamine and ethylamine were evaluated in ACN/H2O 

(80/20, v/v). The 18:1 PIP-(3,4) was detected with a satisfactory signal with all the additives 

applied (see Figure 30). As seen from the figure, the higher the pH of the mobile phase, 

generally the higher the signal was, as observed earlier. An exception was the combination of 

10 mM (NH4)2CO3 and 1 mM EA (pH 9.2) that gave the lowest signal intensity. (NH4)2CO3 

provided the highest chromatographic peak of the 18:1 PIP-(3,4). This is not in accordance 

with what was achieved with direct injection of 18:1 PIP-(3,4) into the IT-MS (see Figure 

18), and shows that the optimal conditions obtained in the ESI-MS were not the same for the 

ZIC-pHILIC column. The retention increased as the pH was lowered e.g. ammonium formate 

eluted later than ammonium carbonate and ammonium carbonate in combination with 

ethylamine, and ethylamine. In addition, ammonium formate provided a broader and more 

irregular chromatographic peak than the others (Figure 30). 
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Figure 30. EIC of 18:PIP-(3,4) (m/z 510.5) chromatographed with a) 20 mM (NH4)2CO3, b) 60 mM EA, c) 

10 mM (NH4)2CO3/1 mM EA and d) 5 mM ammonium formate. Chromatographic conditions using a 

ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 65 % 

ACN/additive and 35 % H2O/additive. 5 µL of 18:1 PIP-(3,4) (0.01 mg/mL) in 80 % ACN/additive was 

injected. The flow rate was held at 75 µL/min. The EIC of the single charged ions (m/z 510.5) and the Na+-

adduct (m/z 1043.4) of the 18:1 PIP-(3,4) were insignificant relative to m/z 510.5. 

 

Ammonium carbonate gave the highest signal of the PIPs (see Figure 30) and was further 

tested on PIPs containing different number of phosphate groups. The effect of additive in the 

mobile phase on retention, separation and detection of a standard solution containing 18:1 

PIP-(3), 18:1 PIP-(3,4) and 18:1 PIP-(3,4,5) were examined. Ammonium carbonate in 

concentrations of 10, 20, 30, 50 and 100 mM at pH 8.9 was evaluated in combination with 

ACN/H2O. The PIP standard solution was diluted in 70, 80 and 90 % of mobile phase B 

(ACN/(NH4)2CO3). The separation was performed using the ZIC-pHILIC column utilizing a 

flow rate of 75 µL/min. Separation of 18:1 PIP-(3) and 18:1 PIP-(3,4) is shown in Figure 31. 

However, the 18:1 PIP-(3,4,5) could not be detected when using this additive. This is in 
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accordance with observations for direct injection experiments of 18:1 PIP-(3,4,5) with this 

additive (see Figure 17 b). 

 

Figure 31. EIC of a) 18:1 PIP-(3) (m/z 470.5) and b) 18:1 PIP-(3,4) (m/z 510.1). Chromatographic 

conditions using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase 

consisting of 65 % ACN/10 mM (NH4)2CO3 and 35 % H2O/10 mM (NH4)2CO3 at pH 8.9. A solution 

consisting of 0.01 mg/mL each in 80 % ACN/10 mM (NH4)2CO3 was injected using a 5 µL loop. The flow 

rate was held at 75 µL/min. The chromatography was performed on a Q Orbitrap. 

 

The effect of column temperature was examined to try to obtain improved chromatography of 

the two separable PIPs. An increase in the temperature to 60 oC provided a slight increase in 

the separation of 18:1 PIP-(3) and 18:1 PIP-(3,4) (see Figure 32). The amount of ACN and 

ion concentration provided no difference in retention for either of the 18:1 PIPs. As seen from 

Figure 32 the two 18:1 PIPs with similar retention, even with an increase in temperature, 

indicate that the desirable ionic HILIC interactions did not have a major impact on the 

separation and retention. With lack of detection of the 18:1 PIP-(3,4,5) and modest 

possibilities to adjust the retention and separation of the PIPs, other additives were explored. 

Hence, ammonium carbonate was not a suitable additive to use in the mobile phase to obtain 

separation, even though it provided the best signal of the 18:1 PIP-(3,4). 
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Figure 32. EIC of a) 18:1 PIP-(3) (m/z 470.5) and b) 18:1 PIP-(3,4) (m/z 510.1). Chromatographic 

conditions using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column and the column was heated to 60 oC. 

Isocratic elution with a mobile phase consisting of 65 % ACN/10 mM (NH4)2CO3 and 35 % H2O/10 mM 

(NH4)2CO3 at pH 8.9. A solution consisting of 0.01 mg/mL both in 80 % ACN/10 mM (NH4)2CO3 was 

injected using a 5 µL loop. The flow rate was held at 75 µL/min. The chromatography was performed on a 

Q Orbitrap. The injection was started after approximately 34 minutes in the data collection (labeled with 

an arrow). 

 

Ethylamine (gave the second highest signal of 18:1 PIP-(3,4), Figure 30) in concentrations of 

1, 5, 10, 20, 60, 80 and 100 mM, at pH 11.2, was evaluated in combination with ACN/H2O 

and the PIP standard solution diluted in 70, 80 and 90 % of mobile phase B. Independently of 

the ionic concentration and the amount of ACN (42 % to 90 %), the PIP standards had no 

retention, and thus no separation was achieved (see Figure 33). The figure shows that 18:1 

PIP-(3), 18:1 PIP-(3,4) and 18:1 PIP-(3,4,5) coelute at approximately two minutes. In 

addition, the peak intensity decreases significantly as the number of phosphate groups 

increase. Hence, the 18:1 PIP-(3,4,5) has a lower peak intensity than the 18:1 PIP-(3,4), which 

again has a lower peak intensity than the 18:1 PIP-(3). This is most likely a result of the low 
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stability of the 18:1 PIP-(3,4,5) which can fragment to PIPs2 or PIPs1 [23]. However, there 

could be a number of other reasons for the observed result. One reason could be irreversible 

adsorption of more phosphorylated PIPs to the zwitterionic stationary phase. Another reason 

could be that the EA provide a neutral compound by binding with the PIPs giving no MS 

signal. It should also be mentioned that loss of sample during the sample preparation 

potentially occurs as the PIPs are received in glass vials and dissolved in MeOH in the glass 

vials. When MeOH is used as a solvent to dissolve the sample, PIP recovery is impaired and 

reproducibility decreases because of adsorption onto the glass walls [1]. The dissolved 

standards were transferred to plastic vials where the lipid moiety can adsorb to the plastic 

surface [23]. Hence, there are several of the steps that may contribute to less recovery. Hence, 

ethylamine is not suitable for separation of PIPs in pHILIC mode. 

 

Figure 33. EIC of a) 18:1 PIP-(3,4,5) (m/z 550.1), b) 18:1 PIP-(3) (m/z 470.1) and c) 18:1 PIP-(3,4) (m/z 

510.1). Chromatographic conditions using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution 

with a mobile phase consisting of 70 % ACN/20 mM EA and 30 % H2O/20 mM EA at pH 11.2. A solution 

consisting of 0.01 mg/mL both in 80 % ACN/20 mM EA was injected using a 5 µL loop. The flow rate was 

held at 75 µL/min. 
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A combination of additives containing 10 mM (NH4)2CO3 and 1 mM EA, at pH 10.2 was 

examined in combination with ACN/H2O (60/40, v/v). However, the same trend was observed 

as with the EA as the additive and coelution was observed. Consequently, this combination 

was not tested further. According to previous studies by Pasáková et.al [64], a 5 mM 

ammonium formate at pH 3.0, was examined in combination with ACN/H2O (60/40, v/v) 

[64]. The 18:1 PIP-(3) and the 18:1 PIP-(3,4) were modestly detectable, however without 

retention and separation, and this solvent was thus not further investigated. Based on the 

observations above, a high pH in the mobile phase is found necessary to obtain satisfactory 

detection sensitivity of the PIPs. However, an additive with high pH (EA and (NH4)2CO3/EA) 

have proven to be an unsuitable additive to use in combination with a ZIC-pHILIC column. 

The high pH additive combination 10 mM (NH4)2CO3 and 0.2 % NH4OH, pH 10.0, in 

combination with ACN/H2O (55/45, v/v) solvent was also examined (after references from 

SeQuant). An 18:1 PIP-(3) and an 18:1 PIP-(3,4) standard solution was chromatographed. 

Figure 34 shows the separation of the two 18:1 PIPs and it shows that the peak intensity of 

the single charged anion is higher than obtained when using only (NH4)2CO3 as an additive 

(Figure 31). In this case the retention of 18:1 PIP-(3) and 18:1 (PIP-(3,4) on the column 

increased from approximately two minutes to around three minutes. The more hydrophilic 

18:1 PIP-(3,4) was expected to elute after the less hydrophilic 18:1 PIP-(3) due to higher 

polarity. However in the present study, the 18:1 PIP-(3,4) eluted earlier than of the 18:1 PIP-

(3) as seen in the figure. When the 18:1 PIP-(3,4,5) was included in the standard solution 

severe contamination occurred in the MS-inlet, and no further research was done because of 

the limited time available. 
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Figure 34. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55 

% ACN/10 mM (NH4)2CO3/0.2 % NH3 and 45 % H2O/10 mM NH4)2CO3/0.2 % NH3 at pH 10.0. A solution 

consisting of 0.01 mg/mL, both in 80 % ACN/10 mM (NH4)2CO3/0.2 % NH3 was injected using a 5 µL 

loop. The flow rate was held at 75 µL/min. 

 

Hence, the combination 10 mM (NH4)2CO3 and 0.2 % NH4OH, pH 10.0, in combination with 

ACN/H2O have potential to separate the PIPs and may be a suitable alternative. However, 

there are limitations regarding the retention and peak shape (see Appendix 6.3), but including 

for instance two columns in series or use other HILIC stationary phase materials could 

provide separation of the PIPs. 

3.4.1 Conclusions from HILIC-LC-ESI-MS 

In HILIC there are several interactions to consider, such as partition, electrostatic interactions, 

ion-exchange, repulsion and hydrogen bonding, that can provide retention. Dependent on the 

type of analyte, additive, and stationary phase used, retention and separation of PIPs may be 

achieved. The obtained optimal ESI-MS conditions of PIPs by direct injection did not seem to 

be the optimal conditions for the separation of PIPs on a ZIC-pHILIC column. The additive 

(NH4)2CO3 with 0.2 % NH4OH provided detection and separation of 18:1 PIP-(3) and 18:1 

PIP-(3,4) but not separation of 18:1 PIP-(3,4,5). Optimizing parameters to provide both 

separation and detection of PIPs in a HILIC-MS method was complicated, and the severe 

adsorption of PIPs to surfaces added to the difficulties. However, this mobile phase 

combination has potential to separate the PIPs and may be a suitable alternative. 
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4 Concluding remarks 
 

The present study has shown that HILIC separations can result in a large peak splitting and 

are highly dependent on sample solvent. 

This study has also shown that MS detection of PIPs is challenging, but can be largely 

improved by including a suitable additive in the mobile phase providing high pH, and replace 

glassware and stainless steel by plastic and PEEK. 

Furthermore, RP has shown to have potential to separate PIPs according to the fatty acid 

chain, but not regarding the polar head group on a C4 column. Additionally, a gradient has 

shown to be necessary to obtain suitable peak shapes of PIPs. 

Finally, the present study has shown that separation according to the number of phosphate 

groups was possible on a ZIC-pHILIC column using a mobile phase with an appropriate 

additive, and ESI-MS for detection. However, several limitations regarding retention, peak 

shape, and the severe adsorption of PIPs to surfaces added to the difficulties. 

Further investigation of the PIPs can and should be made regarding optimization of the two 

separation principles. It may be possible to obtain a better separation of the PIPs on a HILIC 

column with other mobile phases that may not be compatible with MS (e.g. phosphate based 

mobile phases). The fractions may be collected from the first dimension (HILIC) according to 

the number of phosphate groups and then be dissolved in a RP proper solvent, and injected 

onto a RP column and separated according to the fatty acid structure. This can make a more 

robust method for identification of the PIPs regarding both the fatty acid structures and the 

number of phosphate groups. 
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6 Appendix 

6.1 The effect of various ion concentrations on 
signal intensity 
The amount of ion concentration in the mobile phase was examined for the 18:1 PIP-(3,4,5) 

and 18:1 PIP-(3) to investigate the effect on signal intensity when directly injected into the 

IT-MS. When employing various ammonium carbonate concentrations (10, 20, 30, 50 and 

100 mM) the highest signal intensity observed for the 18:1 PIP-(3) was at 10 mM ammonium 

carbonate. Above this ion concentration the signal intensity decreased largely (see Figure 35). 

For the 18:1 PIP-(3,4,5), there was no signal obtained when using this additive. (see Figure 

35). 

Figure 35. Mass spectrum of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4,5) (m/z 550.1). Direct injection of 

18:1 PIPs in a solvent consisting of 80 % ACN/various ion concentrations of (NH4)2CO3 and 20 % 

H2O/various ion concentrations of (NH4)2CO3 at pH 8.9. A PIP concentration of 0.01 mg/mL, utilizing a 

flow rate of 10 µL/min was used. 

 

The amount of ion concentration in the mobile phase was examined for the 18:1 PIP-(3,4,5) to 

investigate the effect on signal intensity when directly injected into the IT-MS. When 

employing various EA concentrations (1, 5, 10, 20, 60, 80 and 100 mM) a slight increase in 
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signal intensity up to 20 mM occurred. However above this concentration a significant 

decrease in signal intensity was observed for the 18:1 PIP-(3,4,5) (see Figure 36). 

Figure 36. Mass spectrum of 18:1 PIP-(3,4,5) (m/z 550.1). Direct injection of 18:1 PIP-(3,4,5) in a solvent 

consisting of 80 % ACN/various ion concentrations of EA and 20 % H2O/various ion concentrations of EA 

at pH 11.2. A PIP concentration of 0.01 mg/mL, utilizing a flow rate of 10 µL/min was used. 

 

6.2 Negative ESI-mode vs. positive ESI-mode 
The effect of ESI-mode on signal intensity was examined. Both negative and positive mode 

were tested by injecting 18:1 PIP-(3) and 18:1 PIP-(3,4) using a ZIC-pHILIC (2.1 x 150 mm, 

5 µm) column and a mobile phase consisting of 10 mM (NH4)2CO3 and 0.2 % NH4OH, pH 

10.0, in combination with ACN/H2O (55/45, v/v) solvent. The signal intensity of the PIPs in 

both the negative and the positive mode was approximately the same. However, the peak 

shape was more satisfactory in the negative mode (see Figure 37) and hence this was used in 

further investigations. 
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Figure 37. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55 

% ACN/10 mM (NH4)2CO3/0.2 % NH3 and 45 % H2O/10 mM NH4)2CO3/0.2 % NH3 at pH 10.0. A solution 

consisting of 0.01 mg/mL, both in 80 % ACN/10 mM (NH4)2CO3/0.2 % NH3 was injected using a 5 µL 

loop. The flow rate was held at 75 µL/min. 

 

6.3 The effect of ion concentration and ACN content 
on the retention and the peak shape in HILIC-LC-ESI-
MS 
The effect of ion concentration and amount of ACN were investigated in order to try to 

increase the retention and separation of the 18:1 PIPs (see Figure 39-41). Adjustments 

provided some improvements of the separation of 18:1 PIP-(3) and 18:1 PIP-(3,4) with these 

conditions. Ion concentrations of 5, 10 and 15 mM were examined in combination with 55 % 

to 80 % ACN (see Figure 38). The peak shape was affected by the ion concentration to some 

degree. As the ion concentration increased, the peak shape of the 18:1 PIP-(3) improved and 

the peak shape of the 18:1 PIP-(3,4) deteriorated (see Figure 38). Additionally, the peak 

intensity of the 18:1 PIP-(3) improved with increased ion concentration. However, the 18:1 

PIP-(3,4) signal decreased significantly. The retention of the 18:1 PIP-(3,4) was not 

adjustable with ion concentration but a slight increase in retention of the 18:1 PIP-(3) was 
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observed with 10 mM (NH4)2CO3 and 0.2 % NH3. This resulted in coelution when 5 mM was 

used (see Figure 39). Mainly the 18:1 PIP-(3) retention was affected, with a small increase in 

retention as the ACN content was increased. This is in accordance with what is expected in 

HILIC [25]. The retention of 18:1 PIP-(3,4) was not affected in a similar manner. Based on 

these observations, a combination of 10 mM (NH4)2CO3 and 0.2 % NH4OH in ACN/H2O 

(55/45, v/v) was found to be the preferred mobile phase composition which gave the most 

satisfactory retention, separation and peak shape of both the PIPs, as shown in Figure 38 b. A 

balance between the ACN content and the ion concentration is necessary to obtain separation 

and satisfying peak shapes. However, though adjustments provided some improvements of 

the separation of 18:1 PIP-(3) and 18:1 PIP-(3,4) at these conditions, the composition 

adjustments would most likely not be sufficient to separate the seven isomers of PIP, and 

almost certainly not the PIP regioisomers with equal number of phosphate groups. 

 

Figure 38. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55 

% ACN/5, 10 or 15 mM (NH4)2CO3/0.2 % NH3 and 45 % H2O/5, 10 or 15 mM NH4)2CO3/0.2 % NH3 at pH 

10.0. A solution consisting of 0.01 mg/mL, both in 80 % ACN/5, 10 or 15 mM (NH4)2CO3/0.2 % NH3 was 

injected using a 5 µL loop. The flow rate was held at 75 µL/min. 
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Figure 39. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55-

80 % ACN/5 mM (NH4)2CO3/0.2 % NH3 and 45-20 % H2O/5 mM NH4)2CO3/0.2 % NH3 at pH 10.0. A 

solution consisting of 0.01 mg/mL, both in 80 % ACN/5 mM (NH4)2CO3/0.2 % NH3 was injected using a 5 

µL loop. The flow rate was held at 75 µL/min. 
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Figure 40. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55-

80 % ACN/10 mM (NH4)2CO3/0.2 % NH3 and 45-20 % H2O/10 mM NH4)2CO3/0.2 % NH3 at pH 10.0. A 

solution consisting of 0.01 mg/mL, both in 80 % ACN/10 mM (NH4)2CO3/0.2 % NH3 was injected using a 5 

µL loop. The flow rate was held at 75 µL/min. 
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Figure 41. EIC of 18:1 PIP-(3) (m/z 470.1) and 18:1 PIP-(3,4) (m/z 510.1). Chromatographic conditions 

using a ZIC-pHILIC (2.1 x 150 mm, 5 µm) column. Isocratic elution with a mobile phase consisting of 55-

80 % ACN/15 mM (NH4)2CO3/0.2 % NH3 and 45-20 % H2O/15 mM NH4)2CO3/0.2 % NH3 at pH 10.0. A 

solution consisting of 0.01 mg/mL, both in 80 % ACN/15 mM (NH4)2CO3/0.2 % NH3 was injected using a 5 

µL loop. The flow rate was held at 75 µL/min. 
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6.3.1 Column regeneration 

It should be emphasized that there were difficulties in detecting any of the PIPs using some of 

the additives and this can potentially be a consequence of a too strong interaction with the 

zwitterionic stationary phase and hence no elution. This was mainly a problem in the 

beginning of each experiment. This seems to be a process where PIPs in the first injections 

saturated the stationary phase and the system before the PIPs could be observed. But the PIPs 

coeluted as one peak. The ZIC-pHILIC column was therefore washed and regenerated to 

remove PIPs and other compounds regularly according to SeQuants recommendation. What is 

mostly binding to the column is large multi charged hydrophilic species, and these were 

washed from the column by washing with 30 column volumes of type 1 water, 30 column 

volumes of 0.5 M NaCl and 30 column volumes of type 1 water. More hydrophobic 

contaminants can also stick via electrostatic interaction, and can, if they are of a sufficient 

number, bind to each other and form a non-soluble layer. By addition of 20 % to 50 % of 

organic modifier, such as methanol, to the standard wash solution described above, the 

molecules that interact with the column by hydrophobic interactions will be eluted. 
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6.4 Poster presented at the 20th Norwegian winter 
meeting in Sandefjord 2012 

 


