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1. INTRODUCTION 

The interest in the analysis of chemical warfare agents (CWAs) has been rapidly growing 

since the introduction of the Chemical Weapons Convention (CWC) in 1993.
1
 The CWC is 

the international convention that prohibits the development, production, storage, and use of 

chemical weapons (CWs). It was entered into force on 29 April 1997 and has been committed 

by 193 nations. The implementation body of the CWC is the Organization for the Prohibition 

of the Chemical Weapons (OPCW), in which their primary goal is to achieve a world free of 

chemical weapons. To date, 97% of the chemical warfare agents (CWAs) have been 

destroyed under the OPCW control.
2
  

Although almost all the world’s declared CWAs stockpile was destroyed, the development of 

analytical techniques of their analysis is still necessary. Maintaining and strengthening 

capabilities in CWAs analysis are important to ensure that there is no re-emergence of CWs 

that can be used by terrorists or by state parties in local armed conflict.
3
 For verification 

purpose, the analysis of CWA’s precursors and metabolites are essential in addition to the 

CWAs themselves. The analysis of CWA’s metabolites is ultimately more favorable than the 

intact agents since CWAs are mostly volatile and unstable.
1,4

 

Nerve agents are among the most toxic chemical substances intended for use as CWs. The 

first use of NAs as weapons of mass destructions (WMD) was in the Iran-Iraq conflict in 

1983-1988.
5
 Sarin, one of the most toxic NAs in history, is relatively easy to manufacture and 

is one of the most used agents as a chemical weapon. The alleged use of sarin was exposed in 

several incidents in Japan, i.e. the terrorist attacks carried out by Aum Shinrikyo in 1994 and 

1995 that resulted in the death and injury of many people.
6
 Sarin was also declared as a 

chemical weapon being used in the Syria war in 2013 and 2017.
7,8

 Because of these incidents, 

sarin as CWA is still a threat and it is possible that it will be used again. Therefore, research 

of sarin metabolite detection and determination is essential. 

During the years, OPCW with its designated laboratories has been working vigorously on the 

development of analytical procedures to obtain good, reliable, rapid, and sensitive methods. 

The most important methods in CWAs analysis are chromatography techniques coupled to 

mass spectrometry detector (MSD). The polar nature of sarin metabolite (Isopropyl methyl 

phosphonic acid, IMPA) readily lends itself for direct analysis using liquid chromatography-

mass spectrometry (LC-MS). The ion source, a device at the LC-MS interface that creates 
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atomic or molecular ions, plays a crucial role on the performance of the mass spectrometry in 

terms of principal sensitivity since sensitivity is highly dependent on the method of ion 

generation.
9
  

In this thesis work, today most important LC-MS interfaces, electrospray ionization (ESI) and 

atmospheric pressure chemical ionization (APCI),
10

 were compared for the analysis of sarin 

metabolite IMPA in human urine. Before performing IMPA analysis, the mass spectrometry 

performance was optimized and controlled using quality control (QC) test sample. A new 

atmospheric pressure ionization (API) source, i.e. Unispray, was also investigated for the 

same IMPA analysis. The selectivity, limit of detection (LOD), limit of quantification (LOQ), 

linearity, precision, and matrix effect produced by each ion source are compared in order to 

conclude the best technique for IMPA analysis in urine matrix. 

2. REVIEW OF THE LITERATURE 

2.1. Nerve Agents and Sarin 

Nerve agents are highly toxic organophosphorus compounds (OP) that were created for 

warfare purposes since their discovery in the early twentieth century. Interest in the OP 

development began before World War II when Lange and Krueger synthesized alkyl 

phosphorofluoridates as pesticides, which later were developed as chemical warfare agents.
11

 

Therefore, these compounds are chemically similar and have a biological effect alike to the 

OP pesticides (Figure 1). 

The NAs are classified into two classes i.e. G and V agents. The G class includes Tabun (O-

Ethyl N,N-dimethyl phosphoramidocyanidate, GA); sarin (O-Isopropyl methyl 

phosphonofluoridate, GB); soman (O-Pinacolyl methyl phosphonofluoridate, GD), and 

cyclosarin (Fluoro methyl phosphoryloxycyclohexane, GF). While the best known V agent is 

VX (O-Ethyl S-2-diisopropylaminoethyl methyl phosphonothiolate).
12
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GA 

 

GB 
 

GD 

 

GF 

 

VX 
 

Parathion 

Figure 1. Structures of nerve agents (GA, GB, GD, GF, VX) and OP pesticide (Parathion) 

Figure 1 shows the structural similarity between nerve agents and parathion as an example of 

the OP pesticide. The difference is given by an atom attached to the phosphoryl group, in 

which nerve agents have an oxygen atom while parathion poses sulphur. The substitution of 

oxygen with sulphur in the phosphoryl group explains why parathion has lower toxicity 

compared to some of the NAs.
13

 Due to their high toxicity (Table 1), NAs are banned under 

the CWC. 

Table 1. Human toxicity estimates of dermal exposure to OP nerve agents14 

Exposure route 
Agent 

GA GB GD GF VX 

Vapor (mg-min/m3) 15000 10000 2500 2500 150 

Liquid (µg/person) 1000-1500 1000-1700 350 350 <5 

Lethality (mg/kg) 50-70 25-50 5-20 - 0.1-0.2 
GA: Tabun; GB: Sarin; GD: Soman; GF:Cyclosoman; VX: O-Ethyl S-2-diisopropylaminoethyl methyl 

phosphonothiolate 

The NAs are listed in the CWC chemicals ‘Schedule 1’, considered as the most toxic 

compounds that are intended for use as WMD, whereas parathion belongs to class I-a (i.e. 

extremely hazardous) pesticides according to the World Health Organization classification 

due to its toxicity with the LD50 of 13 mg/kg.
15

 

The high toxicity of the NAs is caused by their ability to disrupt the transfer mechanism of 

nerve message to organs, by covalently binding to the serine OH-group at the enzyme 

acetylcholinesterase (AChE), by a process called phosphonylation. In consequence, the 

activity of the enzyme is blocked so that it cannot degrade the acetylcholine. The resulting 

accumulation of acetylcholine causes muscle fasciculation and paralysis, and finally leads to 

death.
16

  

Symptoms vary with agent, route, and degree of exposure. Low-dose of exposure can result 

in intensive sweating, nausea, vomiting, and diarrhea. While massive exposure leads to 
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flaccid muscle paralysis and immediately causes respiratory and circulatory failure. Some 

antidotes have been reported to inactivate the NAs such as atropine sulphate, oximes, 

diazepam, and sodium bicarbonate infusion. However, inactivation must be performed as 

soon as possible otherwise the effectiveness will decrease dramatically with time.
17

 

2.2. Sarin Degradation Products 

Sarin is a non-persistent compound, volatile, with a vapor pressure of 2.10 mmHg at 20˚C, 

and can be hydrolyzed in aqueous solution.
17

 Sarin contamination can be analyzed from the 

environmental samples such as water and soil. Sarin is soluble in water (with the Kow of 

0.299) and degrades in aqueous solution by hydrolysis at the P-F bond. The hydrolysis occurs 

quickly in alkaline solution, but it is very slow at a pH of 4 to 6. For instance, the half-life of 

sarin at pH 12 is about 3 seconds, while at pH 6 is about 193 hours. In the case of soil 

contamination, sarin degrades faster with a half-life of 12.4 hours.
18

 Moshiri et al (2012) and 

Weissberg et al (2017) reported that the t1/2 of sarin at pH 7.0, 25˚C, is 5.4 hours, while at a 

pH of 9.0 is 15 minutes.
19,20

  

The cleavage at the P-F bond results a nontoxic IMPA, which undergoes further hydrolysis to 

methyl phosphonic acid (MPA) (Figure 2). IMPA is not generally present in nature, therefore 

its presence can be an indicator for the existence of sarin. MPA, on the other hand, is not only 

produced by IMPA hydrolysis, but is also a degradation product of other alkyl phosphonic 

acids NAs (Figure 2). Dealkylation of IMPA to MPA is generally very slow at ambient 

temperature. According to Andrew and Herbert’s summary, several studies of sarin revealed 

that they did not find MPA as a degradation product of IMPA.
18

  

2.3. Detecting Sarin Metabolites in Biomedical Samples 

Analysis of biomedical samples is required in order to determine if a potential victim was 

exposed by the agent. Sarin may undergo various transformations in the human body i.e. 

adduct formation by phosphonylation and hydrolysis (Figure 3). Factors that influence the 

lifetime of sarin in the living organism are chemical stability, vulnerability to hydrolytic 

enzymes, binding to macromolecules, rate of absorption and metabolism.
21
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Figure 2. Degradation pathway of nerve agents (GB, GD, GF, VX) to MPA (Based on reference 22) 

 

Figure 3. Biological and chemical activities of sarin and their detection methods. (Modified from Ref 
23, “Open Access: H.John, M.J. van der Schans, M. Koller, H.E. Spruit, F. Worek, H. Theirmann and 

D.Noort, Forensic Toxicology, 2018, 36, 61-71”) 
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Phosphonylation is the main transformation pathway of sarin in binding to AChE, 

butyrylcholinesterase (BChE), and other proteins such as albumin. Phosphonylation occurs 

by releasing the leaving group (fluorine) to covalently bond with e.g. serine hydroxyl group 

in the AChE and BChE, or with tyrosine in albumin (Figure 4). This process will produce 

adducts, meaning that the enzyme is blocked and cannot perform its normal activity (Figure 3 

and Figure 4). 

 

Figure 4. Reaction scheme of sarin with AChE or BChE in vivo 

BChE is generally found in blood serum, therefore its analysis can be performed more easily 

compared to the AChE. Since serum contains approximately 90% of water, the O-bound 

isopropyl-group in the BChE adducts may hydrolyze to O-methylphosphonic acid (Figure 3). 

Another example of sarin specific binding as a biomarker was given by Black and Harrison 

when they found that sarin is bound to tyrosine residue in human plasma.
24

 

In the biological matrix, sarin that reacts with protein may exist as adduct in several weeks.
13

 

One detection approach is by fluoride–induced reactivation. NaF is added into blood or 

plasma sample to react with the protein adduct to release the sarin again. The released sarin 

then can be identified by using GC-MS (Figure 3 and Figure 5).  

 

Figure 5. Fluoridate induced sarin reactivation 21 

Another approach is by protein adduct analysis after the bottom-up proteomics. For instance, 

the BChE adduct undergoes enzymatic cleavage to generate peptides containing serine 

residues blocked by sarin (Figure 6). In this process, pepsin is generally used as the digestive 

enzyme. The resulting peptides are then analyzed using LC-MS/MS. 
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Figure 6. Amino acids sequences after bottom-up approach (Adapted from Ref 13 by permission of 

the author). (a) normal peptide without sarin exposure, (b) peptide that has been blocked by sarin. 

Sarin that does not attach to proteins or enzymes will hydrolyze into IMPA, which can be 

analyzed from urine and blood fractions. The overview of IMPA analysis in the biomedical 

samples is explained in the next chapter. 

2.4. Overview of Analytical Methods for IMPA Analysis 

2.4.1. Sample preparation 

The Finnish Institute for Verification of the Chemical Weapons Convention (VERIFIN) has 

released compendia of analytical methods for CWC related chemicals, the so-called 

‘Recommended operating procedures for CWC related chemicals (ROP),’ that encompass in 

detail everything from sample pretreatment to the instrumental analysis. The latest edition 

was in 2017.
25

 In addition, there have been many kinds of researches reporting numerous 

sample preparation methods for the quantitative analysis of IMPA in biomedical samples. 

Sample preparation is performed prior to the analysis using an analytical instrument. Proper 

sample preparation is the most critical step since the real sample may contain low 

concentration (trace level) of sarin or its degradation product (IMPA) covered by other 

irrelevant compounds that are present in the sample with higher concentration. Some general 

sample preparation techniques such as evaporation-solvent exchange,
26

 solid phase extraction 

(SPE),
27–34

 and liquid-liquid extraction (LLE)
35–38

 have been reported in some articles (see 

Tables 3 and 4). However, even though each type of technique has its own advantages over 

others, some of them still suffer from poor selectivity and recovery especially for samples 

with complex matrices such as biomedical samples. For instance, LLE may lead to emulsion 

formation if the sample matrix contains emulsifying agents and in particular has low sample 

throughput.
39
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To increase the sensitivity of detection, several microextraction techniques which use little or 

no organic solvent such as single drop microextraction,
40,41

 hollow fiber microextraction,
42,43

 

and solid phase microextraction
44,45

 can be employed for sample enrichment. An appropriate 

amount of analyte is extracted and then dissolved in a small amount of solvent resulting in 

high concentration. These techniques were also reported to give efficient recoveries.  

SPE followed by concentration methods are the most commonly used techniques, due to their 

speed, reliability, efficiency, and their ability to remove matrix interferences. SPE 

methodology is based on the sorption of analytes on a sorbent. The retained analytes are 

eluted with small amounts of solvent. According to this, isolation and enrichment are 

performed in a single step.
46

 

 Table 2. IMPA physicochemical properties: 

Properties IMPA 

Functional groups 

 
Polar acidic compound 

Molecular weight 138.103 g/mol 

Density 1.1 g/mL @20˚C 

Dissociation constant (pKa) 2.20 ± 0.1 
47

 

 2.38 20 

Log P (log Kow) -0.5 ± 0.6 47 

 -0.231 48 

Solubility in water Miscible 45 

Boiling point 370.7014˚C/760 mmHg 49 

Vapor pressure Low vapor pressure, but no specific value has been reported 45 

(to be considered as non-volatile) 
  P or Kow: n-Octanol/water partition coefficient 

According to Table 2, IMPA is a water-soluble, acidic, polar and non-volatile compound. 

With the pKa of 2.38, IMPA has an ionic character by deprotonating in the urine pH 

condition.  

SPE has various sorbents materials such as reverse-phase (e.g. C18), normal-phase (e.g. Si-

1), strong and weak-ion exchanges, and polymeric-phases (e.g. hydrophilic-lipophilic balance 

HLB and Strata X). The HLB and strata X have been reported to be effective for extracting 

polar degradation products of CWA, including IMPA, due to their polymeric-phase behavior 

like weak cation and anion exchanger.
50

 Anion-exchange technique is generally used to 

remove strong cations and isolate anions including deprotonated-IMPA from the aqueous 
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matrix.
46

 SPE sorbent based on molecularly imprinted polymer has also been used for 

selective extraction of IMPA.
27

 

In regards to polarity, reversed-phase (RP) and normal-phase (NP) SPE can also be 

employed.
30–33

 In contrast to the ion-exchange sorbents, IMPA should be in its intact form to 

be able to retain in the RP sorbent. RP-SPE can be performed by acidification to protonate 

the IMPA. For the NP-based SPE, IMPA that exhibits polar functionalities can interact with 

sorbent functional group through the hydrophilic interaction (Figure 7). 

At last, a ZrO2 based SPE was also used as a selective sorbent for alkyl-phosphonic acid 

related analysis.  ZrO2 contains a strong Lewis-acid side that has a strong affinity to the 

electronegative phosphonate group of organophosphonic acid.
51

 

 

Figure 7. Hydrophilic interaction in the NP-SPE (Based on Ref. 52) 

2.4.2. Analytical instruments 

After sample pretreatment, multiple chromatographies and mass spectrometry (MS) 

techniques have been employed for analyte separation and identification. GC and LC are the 

most common analytical tools being used for the separation techniques, while GC-MS is still 

considered as the most superior and sensitive analytical technique in the detection and 

identification of CWCs related compound, including IMPA.
53

 In GC-MS, retention index 

(RI) based on a series of aliphatic hydrocarbon series (C series) can be calculated for 

confirmation purpose. Identification using RI value can provide reliable results for qualitative 

analysis because each compound has a different RI. The RI can be calculated by comparing 

the retention time of the target compound to the retention times of hydrocarbons which are 

injected simultaneously under the same analytical conditions.
54

 The OPCW Central 

Analytical Database (OCAD) provides a list of RIs for comparison to the calculated RI. 
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However, since IMPA is a polar compound containing –OH functional group, it requires 

derivatization to facilitate GC analysis as well as to improve retention factor, selectivity, and 

sensitivity. Derivatization agents used are, for instance, tertbutyldimethylsilyl 

trifluoroacetamide and bis(trimethylsilyl)trifluoroacetamide (BSTFA). However, all these 

procedures are time-consuming and may result in unstable recovery, moreover trimethylsilyl 

derivative is unstable in moisture.
22

 

LC-MS, in contrast, allows a more direct analysis of nonvolatile, polar, and water-soluble 

analytes such as IMPA. Therefore, LC can be used as an alternative and a complement to the 

GC technique. The analysis method may require sample preparation, depending on the LOD 

required and the level of chemical interference present in the sample. LC is typically used in 

combination with MS and tandem MS (MS/MS) with various ionization techniques and 

detection systems. Tandem MS (by employing multiple reactions monitoring – MRM), and 

high-resolution MS e.g. time-of-flight (TOF) and Orbitrap, can provide higher sensitivity and 

selectivity in the screening and identification. IMPA is most favorably analyzed through soft 

ionization technique of LC-MS since it can be deprotonated with the help of the LC mobile 

phases and the ionization mode.  

In addition, nuclear magnetic resonance (NMR) is a powerful analytical technique for direct 

screening and identification without comprehensive sample preparation. For IMPA, screening 

with 
1
H NMR and 

31
P NMR {1H decoupling} is normally used.

55
 Since IMPA contains one 

heteroatom (phosphorus) in its structure, additional screening and detection methods such as 

GC coupled to the nitrogen-phosphorus detector, flame photometric detector, and atomic 

emission detector are also favorable. The ionic character of IMPA that has pKa of 2.38, 

makes it also suitable for analysis using capillary electrophoresis.
56,57

 The summary of the 

analytical instruments being used for IMPA analysis are showed in Table 4. 

2.4.3. LC-MS techniques for IMPA trace analysis 

Table 3 summarizes the LC-MS methods used for IMPA analysis. LC coupled to electrospray 

ionization MS (LC-ESI/MS) is the most widely used for a complementary technique to GC-

MS. The use of C18 (for RPLC technique) and hydrophilic interaction chromatography 

(HILIC) as chromatographic columns was frequently described. HILIC has been considered 

as the complementary to RPLC for separating polar compounds. Its capability on increasing 
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sensitivity due to the high amounts of acetonitrile (ACN) in the mobile phase enhances the 

ionization efficiency in ESI.
47

  

Lee (2014) outlined that the combination of C18 separation column and ESI negative mode 

gives a rapid screening for nerve agent metabolites including IMPA with a LOD of 1 

ng/mL.
28

 Noort et al (1998) determined IMPA in human serum using both positive and 

negative ESI modes, with the spray voltage in positive mode was higher than in negative 

mode.
38

 However, it turned out that the results were identical. 

Black et al (1998) compared the use of APCI and ESI as ion sources for the analysis of nerve 

agent metabolites.
58

 It was reported that relative intensities of the ions are very dependent on 

the source conditions and the mobile phase composition. In general, APCI is less sensitive 

when compared to ESI since IMPA is easily deprotonated at pH>~2.38. APCI is mostly 

applied for non-ionized compounds, while ESI is best suited to the ionic compounds. ESI 

with a negative mode at high pH, or ESI with a positive mode at lower pH, can provide 

higher sensitivity for IMPA analysis. The MRM method is used to increase selectivity since 

IMPA may present at very low concentration (trace level) and still covered by other chemical 

interferences in the matrices.
59,60

  



Table 3. Techniques for IMPA analysis in biomedical and environmental samples 

IMPA Analysis 

Matrix 
Sample 

Preparation 

Analytical 

Instrument 
LC Separation MSD Method Ions/MRM LOD 

Linear 

range 
Ref 

Biomedical samples 

Urine 

SPE (normal phase 

Si-1): 

Conditioning with 

H2O:ACN (25:75) 

and ACN. Wash with 

ACN and H2O:ACN 

(10:90). Elute with 

H2O:ACN (25:90) 

LC-ESI-

MS/MS 

Mass 

analyzer: 

QQQ 

HILIC column (50x2.1 mm x 3µm). 

Eluent: 86 % ACN and 14% 20 

mM ammonium acetate; isocratic;  

0.5 mL/min; inj vol 5 µL. Injection 

to injection cycle time is 5 min. 

ESI negative mode 

SRM 

Spray Voltage: 4kV 

Cone Voltage : 10V 

 

CID : 

-23 V for m/z 137 

 m/z 95 

-40 V for m/z 137 

 m/z 79 

0.240 ng/mL 
1-200 

ng/mL 

30 

Urine/ 

serum 

Salting-out assisted 

LLE with ACN or 

THF 

LC-ESI-

MS/MS 

Mass 

analyzer: 

QTOF 

ODS column (150mmx1.5mmx5 

µm). 

A: 0.1% FA in H2O; B: ACN; 0-2 

min (0% B), 2-22 min (0-80% B); 

0.2 ml/min; inj vol 10 µl 

ESI negative mode 

MRM 

Spray Voltage: 4kV 

 

CE : 

-27 eV for m/z 137 

 m/z 95 

-27 eV for m/z 137 

 m/z 79 

LOD standard 

solution : 0.3 

ng/mL 

 

LOD of spiked 

sample: 

150 ng/mL 

1-100 

ng/mL 

36 

Urine 
Filtration and dilution 

in water (ratio of 1:3) 

LC-ESI-

MS/MS 

Mass analyzer 

: Orbitrap 

LTQ 

C18 column (no dimension 

mentioned). 

A: 10 mmole/dm3 ammonium 

formate in H2O; B: 10 mmole/dm3 

ammonium formate in MeOH; 0-5 

min (5% B), 5-12 min (5-70% B); 

12-20 min (70-80% B), 20-20.01 

min (5% B), 20.01- 32 min (5% B) 

ESI negative mode 

MRM 

Spray Voltage: 3kV 

 

CID : 

35 V for m/z 

137.0373  m/z 

94.9904 

 

- - 

61 

Urine 

SPE (SAX): 

Conditioning with 

MeOH, H2O. Wash 

H2O. Elute with 5% 

FA in MeOH 

 

LC-ESI-

MS/MS 

C18 column (150 mm x 2.1. mmx 

3.5 µm). 40˚C. 

A: 0.5% FA in H2O; B: MeOH; 0-

1.5 min (20% B), 1.5-2 min (20-

90% B), 2-2.25 min (90-100% B), 

2.25-8.5 min (100% B), 8.5-8.6 min 

(100-20% B), 8.6-10 min (20% B); 

flow rate 0.2 mL/min; inj vol 5 µL. 

ESI negative mode 

Spray Voltage: 4.5 

kV 

- 
LOQ : 0.5 

ng/μL 

1-200 

ng/μL 

27 
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Table 3. (Continued) 

Matrix 
Sample 

Preparation 

Analytical 

Instrument 
LC Separation MSD Method Ions/MRM LOD 

Linear 

range 
Ref 

Urine 

and 

plasma 

SPE ENV+ cartridge 

(RPC) 

Conditioning with 

MeOH and H2O. 

Wash with H2O. 

Elute with 

MeOH:0.5%ammoni

a (1:1) 

 

LC-ESI-MS 

Mass 

analyzer: Q 

Hypercarb column (100 mm x 2.1. 

mm ID). 30˚C. 

A: 2% FA in H2O; B: ACN; 0-1 

min (0% B; 0.15 mL/min), 1-2 min 

(0-20% B, 0.175 mL/min), 2-7 min 

(20% B, 0.175 mL/min), 7-8 min 

(80% B, 0.175 mL/min), 8-14 min 

(80% B, 0.175 mL/min); at last 

gradient turned back to 0% B with a 

flow rate 0.15 mL/min; inj vol 20 

µl. 

ESI negative mode 

Spray voltage : 4.2 

kV 

- - - 

33 

Serum 

and urine 

Combining SALLE 

(salting out assisted 

liquid-liquid 

extraction)and online 

SPE-LC-MS/MS 

LC-ESI-

MS/MS 

Mass 

Analyzer : 

QTOF 

Zir-pHILIC column 

(150mmx2.1mmx5µm). 

ESI negative mode 

 

CE : 12 eV 

m/z 137  m/z 

94.989 

 

Serum : 0.04 

ng/mL 

 

Urine: 0.10 

ng/mL 

0.15-50 

ng/mL 

37 

Urine 
Water dilution 

“dilute and shoot” 

LC-ESI-

MS/MS 

Mass 

Analyzer : 

Qtrap 

Dionex C18 column (150 mm x 2.1 

mm x 2.2 µm). 30˚C. 

A: 0.5% FA in H2O, B: 0.5% FA in 

ACN; 0-1.5 min (2% B), 1.5-8min 

(2-100% B), 8-8.3 min (2% B), 8.3-

12.3 min (2% B); flow rate 0.45 

mL/min; inj vol 20 µL 

ESI negative mode 

Spray voltage: 4.5 

kV 

CE: 16 eV 

m/z 137  m/z 95 

 

CE: 16 eV 

m/z 137  m/z 79  

0.5 ng/mL 
1-100 

ng/mL 

62 

Urine 

Ion exchanged based 

SPE. 

Analytes first passed 

through the SCX and 

then were loaded 

onto the SAX. 

Solvents used for 

elution is 0.2 M HCl 

in MeOH 

LC-ESI-

MS/MS 

Mass 

analyzer: 

QQQ 

Alltech C18 column (150 mm x 2.1 

mm ID). 

A: 20 mM ammonium formate in 

H2O, B: 20 mM ammonium 

formate in MeOH; 0-2min (5% B), 

2-8min (5-90% B), 8-10 min (100% 

B); flow rate 0.3 mL/min; inj vol 10 

µL 

ESI negative mode 

Spray voltage: 3.5 

kV 

CE: 16 eV 

m/z 137  m/z 95 

 

CE: 36 eV 

m/z 137  m/z 79  

1 ng/mL - 

28 
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Table 3. (Continued) 

Matrix Sample 

Preparation 

Analytical 

Instrument 

LC Separation MSD Method Ions/MRM LOD Linear 

range 

Ref 

Human 

serum 

Acidification with 

H2SO4 12 N, 

followed by LLE 

with 

isobutanol/toluene 

(1:1 v/v) 

LC-ESI-

MS/MS 

Mass analyzer 

: QQQ 

PRP-X100 column ( 200x 0.32 

mmx10 µm). 

Eluent: 0.5% FA in H2O/ACN (1:1, 

v/v); 20 µL/min; inj vol 2 µL 

ESI positive mode 

Spray Voltage: 4kV 

Cone Voltage : 30 

V 

 

ESI negative mode 

Spray Voltage: 3kV 

Cone Voltage : 30 

V 

 

 

CE : 12 eV 

ESI positive MRM: 

m/z 139 ([M+H]+) 

 m/z 97 ([M+H-

C3H6]+) 

 

ESI negative MRM: 

m/z 137 ([M-H]-) 

 m/z 95 ([M-H-

C3H6]-) 

ESI (+) mode: 

1 ng/mL when 

the sample 

volume is 20 

µL 

 

ESI (-) mode: 

4 ng/mL when 

the sample 

volume is 20 

µL 

- 

38 

Serum 

and 

blood 

(Normal phase) Si-1 

SPE 96-well plate. 

Conditioning 25% 

H2O in ACN and 

ACN. Wash with 

ACN and 7%H2O in 

ACN. Elute with 28% 

H2O in ACN. 

LC-ESI-

MS/MS 

Mass 

Analyzer : 

Qtrap 

HILIC column (50x2.1 mm x 3µm). 

Eluent: 88 % ACN and 12% 20 

mM ammonium acetate; flow rates: 

0.5 – 1.5 mL/min; isocratic; inj vol 

10 µL. Total cycle time is 5.01 min. 

ESI negative mode 

Spray voltage: 4.0 

kV 

CE: -20 eV for m/z 

137  m/z 95 

 

CE: -54 eV for m/z 

137  m/z 79 

 

0.4 ng/mL - 

31,32 

Nails DMF extraction 

LC-ESI-

MS/MS 

Mass 

Analyzer : 

Qtrap 

RPC Fusion column (50 mm x 2 

mm x 4µm). 

A: 0.1% FA in H2O, B: 0.1% FA in 

MeOH; 0-4 min (60%-100% B), 4-

5 min (100% B), 5-5.5 min (100%-

60% B), 5.5-7.5 min (60% B); flow 

rate 0.2 ml/min; inj vol 10 µL 

ESI negative mode 

Spray voltage : 4.5 

kV 

- 7.5 µg/kg 
30-1500 

µg/kg 

63 

Dry 

blood 

spot 

Methanol extraction 

LC-ESI-

MS/MS 

Mass 

Analyzer : 

Qtrap 

C18 column (150 mm x 2 mm x 2 

m). A: 1 mM  NH4HCO2 in H2O 

(+4.5% MeOH) at pH 6.4. 

B: MeOH; 0-8 min (0%-95% B), 8-

13 min (100% B), 13-20 min 

(100% B), 20-30 min (0% B); flow 

rate 0.3 ml/min; inj vol 10 µL 

ESI negative mode 

Spray voltage : 4.5 

kV 

CE: 20 eV 

m/z 137  m/z 95 

 

CE: 38 eV 

m/z 137  m/z 

78.9  

0.5 ng/mL 
1-100 

ng/mL 

64 
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Table 3. (Continued) 

Matrix Sample 

Preparation 

Analytical 

Instrument 

LC Separation MSD Method Ions/MRM LOD Linear 

range 

Ref 

Environmental samples 

Water 
Filtration with PTFE 

0.2 µm 

LC-ESI-MS/MS 

Mass analyzer: 

QTOF 

Zorbax C18 column (150 mm 

x 2.1. mmx 1.8 µm). 23˚C. 

A: MeOH; B: 10 mM 

ammonium hydroxide in H2O; 

0-1 min (95% B), 1-18 min 

(95-5% B); flow rate 0.3 

mL/min; inj vol 1 µL. 

 

ESI positive mode 

Spray Voltage: 3 kV 

 

CE : 20 eV 

m/z 139.0518  m/z 

97.0054 

- - 

4 

Water HFLLLME 

LC-ESI-MS/MS 

Mass analyzer: 

LIT 

C18 column (100 mm x 2.1. 

mm microbore). 

A: 0.01 M ammonium formate 

in H2O; B: 0.01 M ammonium 

formate in MeOH; 0-3 min 

(0% B), 3-30 min (0-100% B), 

30-40 min (100% B); 0.2 

mL/min; inj vol 2 µL 

ESI positive mode 

MRM 

CID : 35% 

MRM 

 m/z 156 

[M+NH4]
+  

m/z 139 [M+H]+ 

 m/z 139  m/z 

97 

2 ng/mL 
5-30 

µg/mL 

43 

Soil 
SPE extraction with 

ZrO2 type column 

LC-ESI-MS 

Mass analyzer: 

QTOF 

C18 column (100 mm x 2 mm 

x 1.8 µm). 

ESI negative mode 

MRM 

Spray voltage: +3.5 

kV 

CE : 5 eV 0.3 ng/mL 
1.5 – 150 

ng/mL 

51 

Soil 
SLE with H2O and 

sonication 

LC-ESI-MS 

Mass analyzer: 

TOF 

Zorbax C18 column 

(150x0.32mm x 5µm). 

A: 0.1% TFA in H2O; B: 0.1% 

TFA in ACN/H2O (95:5); 

gradient used is a 1 to 75% B 

over 30 min; inj vol 5 µL 

ESI positive mode 

Spray voltage 3.2 kV 

Cone voltage 20 or 

30 V 

Ion observed in LC-

MS: 

m/z 277 [2M+H]+ 

m/z 139 [M+H]+ 

m/z 97 (product ion) 

[MeP(O)(OH)2H]+ 

- - 

65 
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Table 3. (Continued) 

Matrix Sample 

Preparation 

Analytical 

Instrument 

LC Separation MSD Method Ions/MRM LOD Linear 

range 

Ref 

Dust and 

ground 

mixed 

sample 

Extraction and 

precolumn 

derivatization with 

PBPB, 18-crown-6, 

K2CO3 

LC-ESI- 

MS/MS 

Mass analyzer: 

Qtrap  

HILIC 200A column (150x4.6 

mm x 5µm). 

A: 10 mM Ammonium 

Acetate in H2O; B: ACN;  

0-1.5 min (93% B), 1.5-7 min 

(80% B), 7-7.5 min (10% B) , 

7.5-8.5 (10% B), 8.5-8.6 min 

(93%), 8.6-13.6 (93% B); 1.5 

mL/min; Inj vol 20µL. 

ESI negative mode 

Spray voltage 4.5 kV 

Dwell time was set at 

30 ms 

CE : 

-18 eV for m/z 137 

 m/z 95 

-37 eV for m/z 137 

 m/z 79 

0.008 ng/mL 
0.15-100 

ng/mL 

66 

Solution 

in water 

Precolumn 

derivatization with 2-

[(dimethylamino) 

methyl]phenol 

LC-ESI-MS/MS 

Mass analyzer: 

Qtrap 

C18 column (150x2.1mmx3.0 

µm). 40˚C. 

A: 1mM ammonium formate 

in H2O; B: 1 mM ammonium 

formate in MeOH; 0-6 min (5-

100% B), 6-7 min (100%B),  

7-8min (100-5%B), 8-12 min 

(5% B); 0.3 mL/min 

ESI negative mode 

Spray voltage -4.5 kV 

CE (10V-80 V) for 

two most intense 

product ions i.e. m/z 

95 and m/z 79 

- - 

20 

Water 

and soil 

Water : Filtration 

with membrane filter 

0.2 µm 

Soil : Water 

extraction, and 

filtration with 

membrane filter 0.2 

µm 

LC-ESI-MS/MS 

Mass analyzer: 

TOF  

Zorbax C18 SB column (150 x 

2.1mmx5µm). A: 10mM 

ammonium formate in H2O; 

B: 10mM ammonium formate 

in MeOH; 0-2 min (0% B), 2-

17 min (0-70% B), 17-20 min 

(70% B); 0.2 mL/min; inj vol 

5 µL. 

ESI negative mode 

Spray voltage 2 kV, 

cone voltage 20 V 

In-source CID 40 V: 

m/z 137  94.9918 

m/z 137  78.9602 

0.08 µg/ mL 
0.1-10 µg/ 

mL 

67 

Solution 

in water 
- 

LC-APCI-

MS/MS 

Mass analyzer: 

QQQ 

Mixed C8/C18 (250x3.2 mm x 

5µm). A:0.05% TFA in H2O; 

B: 0.05% TFA in ACN; 0-5 

min (5% B), 5-20 min (5-80% 

B), 20-25 min (80% B); 0.4 

mL/min; inj vol 20 µL 

APCI positive mode 

Corona current 2 µA 

CE = 25 eV 

m/z 139  97 

m/z 139  79 

0.01 µg/mL 
0.1-10 µg/ 

mL 

68 
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Table 3. (Continued) 

Matrix Sample 

Preparation 

Analytical 

Instrument 

LC Separation MSD Method Ions/MRM LOD Linear 

range 

Ref 

Solution 

in water 
- 

LC-ESI-MS/MS 

Mass analyzer: 

QQQ 

Mixed C8/C18 (250x2.1 mm x 

5µm). A: 0.1% FA in H2O; B: 

0.1% FA in MeOH; 0-5 min 

(5% B), 5-15 min (5-80% B), 

15-22 min (80% B); 0.2 

mL/min; inj vol 5 µL 

ESI positive mode 

Spray voltage 5 kV 

Capillary temp 200C 

Ion observed in LC-

MS: 

m/z 277 [2M+H]+ 

m/z 161 [M+Na]+ 

m/z 157 

[M+H+H2O]+ 

m/z 139 [M+H]+ 

m/z 97 (product ion) 

[MeP(O)(OH)2H]+ 

 

CE = 20 eV 

Ion observed in 

MS/MS 

m/z 139 (7%), m/z 97 

(100%), m/z 79 (2%) 

- - 

58 

Solution 

in water 

Underivatized and 

Derivatization 

LC-ESI-MS/MS 

Mass analyzer: 

Qtrap 

C18 column (150 mm x 2.1. 

mmx 3 µm). 40˚C. 

A: 1mM ammonium formate 

in H2O; B: 1 mM ammonium 

formate in MeOH; gradient 

used is a 5 to 100% B over 10 

min 

Underivatized: 

ESI negative mode 

Spray Voltage: 4.5 

kV 

 

Derivatized: 

ESI positive mode 

Spray Voltage: 4.5 

kV 

 

CE = 10 – 80 eV - - 

60 

APCI: Atmospheric pressure chemical ionization; CE: Collision energy; CID: Collision-induced dissociation; ESI: Electrospray ionization; FA: Formic acid; HFLLLME: 

Hollow fiber-based three-phase-liquid-liquid-liquid microextraction; HILIC: Hydrophilic interaction chromatography; LC: Liquid chromatography; LIT: Linear ion trap; 

LOD: Limit of detection; LLE: Liquid-liquid extraction; MRM: Multiple reactions monitoring; ODS: Octadecylsilane; PBPB: p-bromophenacylbromide; QQQ: triple 

quadrupole; QTOF: Quadrupole time-of-flight mass spectrometry; Qtrap: quadrupole linear ion traps; RPC: Reverse-phase chromatography; SALLE: Salting-out liquid-

liquid extraction; SAX: Strong anion exchange; SCX: Strong cation exchange; SPE: Solid phase extraction; SRM: Selected reaction monitoring;  THF: Tetrahydrofuran. 
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Table 4. Other analytical techniques used for IMPA analysis 

Matrix Sample Preparation 
Analytical 

Instrument 
Separation LOD Linear range Ref 

Urine 

SPE with Dowex 50WX2 

resin and TMS 

derivatization 

GC-FPD 

CBPI-M50-0.25 column 50 m x 0.25 mm ID. 

100˚C/0 min, 5˚C/min to 200 ˚C hold 5 min, 

5˚C/min to 290 ˚C hold 5 min; flow rate 2 

mL/min 

25 ng/mL - 

34 

Plasma and 

urine 

SPE with SAX type resin 

and then subjected to 

TBDMS derivatization 

GC-MS 

GC: HP-s MS capillary column ( 30 mx0.25 

mm x 0.25µm). 90˚C/1 min, 20˚C/min to 290˚C 

and hold 5 min. Flowrate was 0.8 mL/min. 

Volume injection 1µL 

GC-MS (EIC): 

Plasma: 

30 ng/mL  

 

Urine: 

60 ng/mL 

Plasma: 

75 ng/mL to 2.6 

µg/mL 

 

Urine: 

140 ng/mL to 5.6 

µg/mL 

29 

Water and urine 
HFME with chemosorption 

and derivatization 

GC-MS NCI 

(negative CI)SIM 

GC: DB-5MS column (30 m x 0.25 mm id, 0.25 

µm). 60˚C/1 min, 10˚C/min to 230˚C, 30˚C/min 

to 280˚C and hold 3 min. Flow rate 1 mL/min, 

inj vol 1 µL. 

- - 

42 

Rat Urine 

Filtration with PVDF 

membrane filter (0.2µm) and 

dilution with water 

CE-ESI-MS 

Mass analyzer: LIT 

 

ESI negative mode 

(3.5 kV of spray 

voltage) 

Fused silica capillary (90cmx50µm ID) with 

+20 V for separation voltage.  

FS/30 mM ammonium acetate in 35% aqueous 

MeOH, pH 8.8; 200 mM glycine in 35% 

aqueous MeOH, pH 10 

40 ng/mL - 

57 

Blood and Urine 

Directly pipetted  and dried 

onto the paper spray (PS) 

cartridge 

PS-MS/MS 

Mass analyzer: 

Orbitrap 

 

Spray solvents: 

 Positive mode 

MeOH:H2O with 

0.01% FA (95:5) 

 Negative mode 

MeOH:CCl4 0.01% 

NH4OH (9:1) 

- 

Positive ion mode: 

6 ng/mL 

 

Negative ion mode: 

1.2 ng/mL 

- 

69 
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Table 4. (Continued) 

Matrix Sample Preparation Analytical 

Instrument 

Separation LOD Linear range Ref 

Human serum MIPs CE-UV (366 nm) 

Fused silica capillary (70cmx75µm ID) with -

18V voltage.  

FS/200 mM boric acid, 5 mM 

phenylphosphonic acid, 0.1 mM 

didecyldimethylammonium bromide (DDADB), 

0.2% Triton X-100 pH 3.55 

0.3 µg/mL - 

56 

Serum 
Derivatization with PBPB 

and SPE SI catridge 
LC-FAB-MSMS 

LC: C18 (150 mmx1.5 mm ID). Eluent: 5 mM 

ammonium acetate/ACN (55:45 v/v containing 

0.1% glycerol); 0.1 mL/min. 

Spiked: 1 ng/mL 5-100 ng/mL 

70 

Water SPE (SAX) GC-FPD 

Rtx-5 (5% diphenyl – 95% DMPS) 30 m x 0.53 

mm x 1.5 µm. 

70˚C/0 min, 5˚C/min to 100 ˚C hold 6 min; flow 

rate 8.4 mL/min; inj vol 1 µL. 

Spiked: 6.1 ng/mL - 

71 

CE-MS: Capillary electrophoresis-mass spectrometry; CE-UV: Capillary electrophoresis UV detector; DMPS: Dimethyl polysiloxane; EIC: Extracted ion chromatogram; 

ESI: Electrospray ionization; FAB: Fast atom bombardment; FPD: Flame photometric detector; GC: Gas chromatography;  HFME: Hollow fiber microextraction; LC: Liquid 

chromatography; LOD: Limit of detection; MIP: Molecularly Imprinted Polymers; NCI: Negative chemical ionization; PBPB: p-bromophenacylbromide; PS: Paper spray; 

PVDF: Hydrophilic polyvinylidene fluoride; SAX: Strong anion exchange; SPE: Solid phase extraction; TBDMS: tert-butyldimethylsilyl. 



2.5. Ionization Methods in LC-MS 

In the LC-MS interface, variety of ionization methods are available to produce charged 

species which will be further separated and detected by the MS. The most common ionization 

techniques in LC-MS are based on atmospheric pressure ionization (API), i.e.: electrospray 

(ESI), atmospheric pressure chemical ionization (APCI), and atmospheric pressure 

photoionization (APPI). The API source is designed to operate under atmospheric pressure 

conditions and generally consists of five parts, i.e. (1) the liquid introduction device or spray 

probe, (2) the atmospheric pressure region where the ions are generated by e.g. ESI, APCI, or 

APPI, (3) ion sampling aperture (sampling cone), (4) an atmospheric pressure to vacuum 

interface, and (5) ion optical system, where the ions are transferred into the MS (Figure 8).
72

 

 

Figure 8. Schematic diagram of (A) a Z-Spray ion source and (B) MS/MS employed in this study 

(Adapted with permission of Waters MS Technologies 73) 

The ionization method in API is soft ionization technique which well-suited for the analysis 

of small and large, polar and nonpolar, and thermo-labile compounds.
74–76

 

2.5.1. Electrospray Ionization (ESI) 

ESI can be employed to analyze a large variety of compounds, from small organic and 

inorganic species to polymers and large macromolecules, such as proteins and peptides.
77–79

 

However, ESI-MS is suitable for analytes that can easily be transformed to become ionic by 

i.e. protonation, deprotonation, cation attachment, or anion attachment. Volatile acids or 

bases are frequently added to the mobile phase in order to assist ion formation. In addition, 
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low concentration of metal alkali ions (<10
-3

 M) and volatile buffers can be also added to aid 

the cationization process.
75 

In ESI (Figure 9), the ionized droplets are produced by applying a high voltage to the 

capillary tip carrying the LC eluent. The liquid solution passes through a needle with high 

voltage (typically 2-5kV) and is then sprayed to form an electrostatically charged aerosol of 

micrometer-sized droplets that possess a positive or negative charge, depending on the 

polarity of the needle.
80

 The droplets undergo desolvation, a dramatic reduction to very small 

diameter due to rapid solvent evaporation, aided by using a stream of inert drying gas such as 

N2. As droplets decrease in size, the charge density increases and when the surface tension of 

the droplets can no longer counteract this repulsion, they reach the Rayleigh limit, at which 

point they undergo coulombic explosion and split into smaller droplets. Repetition of this 

process creates droplets capable of producing gas-phase ions. The sprayed ions then are 

transferred into the mass analyzer using the atmosphere-to-vacuum-interphase. 

  
Figure 9. Schematic of the electrochemical processes occurring in the ESI, including Taylor cone 

formation and the disintegration into a fine spray (Adapted from Ref 81 by permission of the author) 

The response of ESI-MS will depend on the physicochemical properties of the analyte (e.g. 

polarity, vapor pressure, ionizability, and molecular size) and solvent (i.e. pH, polarity, 

conductivity, and ion suppression effects).
75,82

 The analytes must be transformed into ion 

forms by modifying the solution chemistry to induce the charge. This can be accomplished by 

adjusting the pH or adding anions or cations to form adducts, eg., OAc
-
, Cl

-
, and NH4

+
.  

The value of the analyte’s pKa is an important factor to estimate the condition for molecule 

ionization.
82

 The pKa value corresponds to the pH at which the concentration of neutral and 

ionized forms are equal. The Henderson-Hasselbalch equation can be derived to predict the 

ion form of the molecule. The molecule will be totally dissociated when the pH is 2 units 

higher or 2 units lower than their pKa. If the solution is more acidic, then the protonated form 



28 
 

dominates the acidic medium. On the other hand, the deprotonated form dominates the basic 

condition. 

In conclusion, the mobile-phase pH affects the analytes’ form in solution, i.e. basic pH for 

negative ions and acidic pH for positive ions. The ions formed by ESI are typically as, for 

instance: [M+H]
+
, [2M+H]

+
, adducts [M+solvent+H]

+
, and [M+solvent+alkali]

+
 in the 

positive ion mode; and [M-H]⁻ in the negative ion mode. Multiply charged ions ([M+nH]
n+

) 

are often observed for large molecules such as in the proteins and peptides analysis.
74,75

 

2.5.2. Atmospheric Pressure Chemical Ionization (APCI) 

APCI can be employed to ionize compounds that have a weak ESI response, such as those 

with intermediate polarity and molecular weight (e.g. PCBs and phthalates), and compounds 

that do not contain acidic or basic sites (hydrocarbons, steroids, alcohols, aldehydes, ketones, 

esters).
75,83–85

 

 

Figure 10. Schematic of an atmospheric pressure chemical ionization source 

In contrast to ESI, APCI is a gas phase ionization technique. APCI employs gas phase ion-

molecule reactions, therefore the gas phase acidity and basicity of the analyte and the solvent 

play an important role. Figure 10 illustrates the ionization mechanism in APCI. Solvent and 

analyte molecules are introduced into the interface using a capillary of similar design to the 

ESI source. Since there is no potential applied to the capillary, the liquid emerged from the 

capillary is surrounded by a flow of the nebulizing gas and then nebulized into the heated 

zone (set to about 400-600˚C) at the atmospheric pressure.
75,86

 In this region, the combination 

of nebulizing gas and heat forms an aerosol, and then rapidly transforms into a vapor form. 

As the vapor leaves the heated nebulizer region, the ionization then occurs on the corona 

discharge. 
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A corona discharge needle is typically operated with a high voltage of e.g. 4-6 kV and is 

situated between the exit of the heated nebulizer and the counter electrode (MS entrance 

plate) to generate a discharge current (a corona discharge) of 1-5 μA.
74,75

 The corona 

discharge then produces energized electrons and ionizes the air gas.  The gas ions produced 

mainly are N2
+
, O2

+
, H2O

+
, and NO

+
 in positive ion mode or O2

-
, O

-
, NO2

-
, NO3

-
, O3

-
, and 

CO3
-
 in negative ion mode. The gas ions react with the solvent vapor molecules to form 

solvent ions and then solvent ions react with analyte vapor to produce sample ions.
74,75,87

 

 

Figure 11. The positive ion mechanism in APCI (Adapted with permission of KNAUER 

Wissenschaftliche Geräte GmbH 88) 

Figure 11 shows the positive ion formation in APCI. In positive mode APCI, the ionization of 

analytes is typically achieved by proton transfer. As shown in Figure 11 step 3, the energetic 

electrons produced by corona discharge ionize the N2 gas to generate positive gas-phase ions. 

The gas-phase
 
ions then react with a solvent molecule (e.g. H2O) to produce H3O

+
. This 

process is followed by proton transfer to produce a positive ion, e.g. [M+H]
+
, where M is 

analyte molecule. 

In negative ion mode, the pathway of step 1 and step 2 (Figure 11) are similar to that in the 

positive ion mode. The differences begin from step 3, in which gas-phase ions have negative 

charges. The negative ion [M-H]
-
 then is formed by the abstraction of a proton.

87,88
 

In addition, adduct formation in positive ion mode and electron capture or anion attachment 

in negative ion mode are also commonly produced in APCI depending on the analyte and 

solvent used.
89

 The analyte ions are then attracted into the mass analyzer using the 

atmosphere-to-vacuum-interphase as in the ESI.  

Since the principle of ion transfer from the ion source to the mass analyzer is similar, the 

APCI and ESI have similar design and can be switched for operations.
90–94

 The APCI has an 
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advantage over ESI in the ability to generate ions from neutral molecules. The APCI is 

suitable to analyze low to medium polarity compounds. However, analytes must be thermally 

stable and have sufficient vapor pressure to form them in the gas phase since APCI involves 

gas phase ion/molecule reactions. 

2.5.3. Introduction to the Unispray source 

ESI and APCI are the most widely used ionization techniques for LC-MS analysis. However, 

the evaluation of these techniques has been reported to produce low ionization and 

transmission efficiency resulting in low sensitivity, especially when ESI is operated at high-

flow rates.
9,95–97

 Bajic (2017) exemplifies the infusion experiments with a fixed analyte 

concentration from flow rates of 10 nL/min to 1 mL/min. He observed that the ion signal 

increased only 20 times at the higher flow rate while the analyte consumption has increased 

by the factor of 100,000. This case indicates that high flow rate ESI has poor ionization 

efficiency due to a number of factors such as droplet size distribution and droplet evaporation 

rates.
9
 

A lot of effort has been performed to increase the source efficiency. An example of this can 

be taken from the development of nanospray that produces smaller droplets at low flow rates 

increasing the ionization and transmission efficiency. However, the application of the 

nanospray ionization technique is limited only for samples with low volume such as the 

analysis of protein. A typical flow rate on the nano-LC (200-350 nL/min) in addition to 

system dead volume, also results in longer run time.
9,95,98,99

 Dead volume is the volume 

available in the system for filling with the mobile phase.
75

 

Continuous researches on the ion source modification have driven to the development of the 

new API source using a high voltage target that is commercialized as ‘Unispray’. According 

to Bajic (2014),
100

 the ionization mechanism in the Unispray source is almost similar to the 

electrospray-type process where gas-phase ions are created by evaporating charged liquid 

droplets. The main difference of the two sources is that in the ESI the high voltage is applied 

to the spray capillary tip (typically 2-5 kV), while in the Unispray the high potential is 

applied to the stainless steel cylindrical rod, a so-called impactor pin or HV target (typically 1 

kV). The impactor pin, with a size of 1.6 mm-diameter and 35 mm-long, is located in 

between the sprayer and the ion inlet orifice of the mass spectrometer.
9,99

  



31 
 

In the Unispray, the high-velocity nebulized sprays are managed to collide with a high 

voltage impactor pin to stimulate the droplets to break up into the smaller size and to 

desolvate them through the coanda effect. The coanda effect is a phenomenon in which a 

fluid flow to attach itself to a nearby surface even if the surface turns away from the initial 

fluid direction (Figure 12-a). This effect aids the droplet desolvation process by enhanced 

mixing and dilution of the water droplet vapor.
9
 

In the impactor pin, the process of the analyte charging resembles electrospray charge 

separation (e.g. deprotonation), spray electrification, or statistical charging such as observed 

in thermospray ionization (i.e. by mix mechanism based on gas phase ion-molecule reactions 

and ion evaporation processes).
9
 The produced ions are similar to that in the ESI technique, 

with foremost of [M+H]
+
 or [M-H]

-
. The product ions are then directed by the gas streamline 

into an ion inlet aperture of the MS (Figure 12-b). 

 

 

(a) 

 

(b) 

Figure 12. Schematic of (a) the Coanda gas flow in a Unispray source, in which the gas flow from the 

nebulizer follows the curvature of the surface of the impactor pin; (b) the Unispray source (Adapted 

with permission of Waters MS Technologies 95,101) 
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3. MATERIALS AND METHODS 

3.1. Materials 

LC-MS hyper grade MeOH and ACN were purchased from Merck (Seelze, Germany). 

Formic acid of high purity analytical grade (≥99%) was purchased from VWR International 

(Leuven, Belgium). Ultrapure distilled water (H2O) was prepared by a Milli-Q purification 

system. The Strata Si-1 silica cartridge (500 mg/6 mL) was purchased from Phenomenex 

(Aschaffenburg, Germany). 

The Quality Control (QC) test mixture for LC-MS, i.e. 2-(Methylpropylamino)ethanol was 

synthesized by VERIFIN (Department of Chemistry, University of Chemistry, Finland); 

dibutyl hydrogen phosphate and tributyl phosphate were purchased from Sigma Aldrich 

(Steinheim, Germany); butyl dihydrogen phosphate was purchased from Sigma Aldrich 

(Milwaukee, WI, USA); butylphosphonic acid and methionine were purchased from 

Lancaster Synthesis (Ward Hill, MA, USA) and ACROS (Schwerte, Germany), respectively.  

Reference chemicals of IMPA were purchased from Sigma Aldrich (Steinheim, Germany), 

while the isotopic-labeled internal standard (IS), d7- IMPA, was purchased from Cerilliant 

(Dorset, England). 

3.2. Samples 

3.2.1. Preparation of QC test mixture solution for LC-MS 

The QC test mixture for LC-MS was prepared by mixing six compounds in ultra-purified 

H2O. The structures of the QC compounds and their exact concentrations in the stock solution 

mixture are shown in Table 5. 
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Table 5. QC test chemicals for LC-MS 

No Chemical Structure 
Concentration in Stock 

Solution mixture 

1 
Butyl dihydrogen phosphate 

(BDP) 
 

13 μg/mL 

2 Butylphosphonic acid (BPA) 

 
 

17 μg/mL 

3 Methionine 

 
 

15 μg/mL 

4 
2-(Methylpropylamino)ethanol 

(MPE)  
 

6 μg/mL 

5 
Dibutyl hydrogen phosphate 

(DBP) 
  

20 μg/mL 

6 Tributyl phosphate (TBP) 

 

10 μg/mL 

 

The QC stock solution mixture was diluted in ultra-purified H2O to achieve concentrations up 

to 10000 times lower than the stock, as working solutions. The dilution ratios were 1:2, 1:5, 

1:10, 1:20, 1:50, 1:100, 1:200, 1:500, 1:1000, 1:2000, 1:5000, and 1:10000. The working 

solutions were run three times in each ion source, to obtain three calibration curves per 

compound (n=3). 

3.2.2. Preparation of IMPA standard solutions 

All aqueous solutions were prepared in ultra-purified H2O. The IMPA was dissolved in H2O 

to a concentration of 12.4 μg/mL as stock solution and stored under 4˚C. The working 

solution was prepared by diluting the stock to the appropriate concentration prior to use.  

3.2.3. Preparation of IMPA and IMPA d7 mixture solution 

The mixture of IMPA and IMPA d7 (as an internal standard, IS), was prepared in ultra-

purified water to obtain the concentration of 2.5 ng/mL for ESI and Unispray, and 100 ng/mL 
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for APCI. The solution was analyzed between every calibration curve in order to assess the 

performance of the instrument, such as instrument accuracy (see section 4.4.2) and 

instrument reproducibility (see section 4.5.2.).  

3.2.4. Pretreatment of urine sample 

In this study, sample preparation of urine is based on one of the methods written in the ROP 

book
25

.  

The urine from healthy human was collected, pooled and divided into aliquots and stored at -

20˚C before the study. Prior to the SPE treatment, 1 mL of urine sample (pH 8) was diluted 

with 5 mL of acetonitrile.  

The following Strata Si-1 SPE procedure was done in the sample to remove impurities from 

the sample before LC-MS analysis. 

Strata Si-1 cartridges were pretreated with 4 mL of 25% H2O in acetonitrile, followed by 3 

mL acetonitrile. The diluted urine sample then was loaded into the Strata Si-1 cartridge. This 

was followed by rinsing the cartridge with acetonitrile (2x1 mL) and with 10% H2O in 

acetonitrile (2x1 mL). The analytes bonded to the Si-1 resins were then eluted with 25% H2O 

in acetonitrile (2.5 mL). The eluant was evaporated to dryness with TurboVab® LV Caliper 

(Espoo, Finland) at 45˚C under 7.5 psi of nitrogen flow for 20 minutes. The residues then 

were reconstituted in 200 μL of 0.1% FA in H2O, vortexed for 5 s using IKA MS3 basic 

shaker (Wilmington, USA), followed by 1 minute of centrifuging at 2000 rpm using Thermo 

Scientific Heraeus Multifuge X1R (Am Kalkberg, Germany), and then transferred to a 400-

μL polypropylene screw-top autosampler vial. 

3.3. LC-MS/MS Analysis 

The analyses were carried out on an ACQUITY UPLC I-Class system equipped with a binary 

pump, auto-sampler and a column compartment (Waters, Milford, USA). Chromatographic 

separations were performed with a 2.1x 100 mm Acquity UPLC BEH C18 (1.7 μm particle 

size) column. The mobile phase consisting of solvent A (0.1% FA in water) and solvent B 

(0.1% FA in MeOH). The applied LC gradient was the following: 5% B (0-0.6 min), 5 to 

100% B (0.6-2.3 min), 100% B (2.3 – 4.0 min), 100 to 5% B (4.0 – 4.3 min), and 5% B (4.3 – 

5.5 min). 
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The flow rate for QC test solution run was 0.600 μL/min for ESI and Unispray source, while 

the APCI was 0.500 μL/min.  

For IMPA analysis, flow rates from 0.300 μL/min to 0.600 μL/min were applied for all three 

ion sources. The column and autosampler were maintained at 60˚C and 15˚C, respectively. 

The injection volume was 5 μL. The UPLC system was coupled to a Xevo TQ-XS triple 

quadrupole mass spectrometer equipped with ESI (Z-spray source), APCI, and Unispray ion 

sources. The ion sources were operated in both positive and negative modes. 

3.3.1. Parameter set up in the API system for QC test solution 

The full scan mode MS was operated for the analysis of QC test solution. Parameters of the 

LC-MS used are listed in Table 6. 

Table 6. LC-MS Instrumentation set-up 

Parameters ESI Unispray APCI 

Probe position 

(both in + and – modes) 

Angle: 6 mm 

Height: 6 mm 

Angle: 4.5 mm 

Height: 2.6 mm 

Angle: 7 mm 

Height: 8 mm 

Capillary voltage 
(+) mode = 3 kV 

(-) mode = 1 kV 
N.A. N.A. 

Impactor pin charge N.A. 
(+) mode = 1 kV 

(-) mode = 1 kV 
N.A. 

Corona charge N.A. N.A. 
(+) mode = 3 kV 

(-) mode = 1.7kV 

Cone voltage 
(+) mode= 20 V 

(-) mode=30 V 

(+) mode= 20 V 

(-) mode=30 V 

(+) mode = 25 V 

(-) mode = 35 V 

Source temperature 150˚ C 150˚ C 150˚ C 

Probe and Desolvation 

temperature 
600˚ C 600˚ C 600˚ C 

Desolvation gas (N2) 1000 L/h 1000 L/h 1000 L/h 

Scan range m/z 70-600 m/z 70-600 m/z 70-600 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; N.A.: Not available 

3.3.2. Parameter set up in the API system for targeted IMPA analysis 

The MS/MS experiment was carried out for IMPA analysis using individually optimized 

MRM transitions. ESI was operated in both negative and positive ion mode, whereas 

Unispray and APCI performed analyses only in a negative ion mode. Parameters of the LC-

MS/MS used are presented in Table 7. 
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Table 7. LC-MS/MS Instrumentation set-up 

Parameters ESI Unispray APCI 

Capillary voltage 
(+) mode = 3 kV 

(-) mode = 1 kV 
N.A. N.A. 

Impactor pin charge N.A.  (-) mode = 1 kV N.A. 
Corona charge N.A. N.A.  (-) mode = 1.5 kV 

Cone voltage 
(+) mode= 20 V 

(-) mode=20 V 
(-) mode= 20 V (-) mode = 20 V 

APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; N.A.: Not available 

For MRM transitions optimization, the collision energy was varied from 14 to 30 eV, 

depending on the precursor ions selected, i.e. precursor ions of m/z 137 (IMPA) and m/z 144 

(IMPA d7) were used in negative ion mode; while m/z 139 (IMPA) and m/z 146 (IMPA d7) 

were used in positive ion mode. For data analysis, the confirmation and quantification were 

performed only in negative ion mode. The ion transitions with highest peak area and 

intensity, i.e. ion m/z 95 for IMPA and m/z 96 for IMPA d7, were selected for quantification 

(Q), whereas peak with lowest background interference, m/z 77 for IMPA, was selected for 

confirmation (q).  

Argon was used as collision gas and continually flowing into the collision cell during LC-

MS/MS operation. The source temperature, nitrogen desolvation gas, and probe temperature 

were in the same setting with those for QC test solution analysis. The tandem MS (product 

ion mass spectra) data were acquired from m/z 40-200. 

Data processing and system control were performed by MassLynx 4.2 software (Milford, 

MA, USA) which was provided with the instrument. Combinations of automated and manual 

integration were used for quantitative data analysis. 

 

Figure 13. Difference Schematic of the ion sources in XEVO TQ-MS (Adapted with permission of 

Waters MS Technologies 91,102,103) 
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3.4. Validation protocols 

3.4.1. Calibration curve for IMPA standard solutions 

The calibration curves were generated by diluting the IMPA stock solution (see section 3.2.2) 

to obtain concentration levels of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, and 50 ng/mL. These 

working solutions were used to evaluate instrument LOD and LOQ for IMPA analysis in 

water using ESI and Unispray (see section 4.4.1), and matrix effects (see section 4.5.6). 

Concentration levels of 5, 10, 25, 50, 100, 250, 500, 1000 ng/mL were prepared for APCI 

analysis (see section 4.4.1). Linearity was obtained from the correlation coefficients. 

3.4.2. Calibration curve for urine sample 

The urine sample was subjected to an SPE treatment before spiking. The calibration curves 

for IMPA analysis using ESI and Unispray were generated by spiking known amounts of 

IMPA into the SPE treated urine to achieve concentrations of 0.5, 1.0, 2.5, 5.0, 10, 20, and 50 

ng/mL. The IS (IMPA d7) in water then was spiked into all samples to give the concentration 

of 2.5 ng/mL. 

For APCI, the spiked amounts of IMPA were 10, 25, 50, 100, 250, 500, 1000, and 2000 

ng/mL, while the IS concentration was 100 ng/mL. 

The validation runs were conducted at three consecutive days. Three calibration curves were 

obtained per day for three days (n=9). The true value for concentrations of calibration 

standards, their accuracy, LOD, and LOQ were calculated from the nine calibration curves.  

3.4.3. Precision 

The precision with ESI and Unispray was evaluated by employing three different 

concentrations of treated urine samples equal to 1, 5, and 20 ng/mL; while for APCI using a 

concentration of 25, 100, and 500 ng/mL. Each sample was run three times per day to obtain 

within-run repeatability (n=3), while the between-run repeatability was evaluated by injecting 

the same solution within three days (n=9). 

3.4.4. Matrix effect evaluation 

For determining matrix effect in ESI and Unispray, the treated blank urine samples were 

spiked with IMPA to obtain concentration levels 1, 5, and 20 ng/mL IMPA; while the spiked 
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IMPA sample for APCI analysis were 25, 100, and 500 ng/mL. The obtained results were 

compared with the results from the pure standard IMPA analysis. 

3.4.5. Sample preparation for recovery test 

The recovery test was used to test the efficiency of the sample pretreatment process. 

Therefore, the recovery tests were carried out only in the ESI source. 

The reference standard of IMPA was spiked into the pooled urine sample to achieve 

concentration levels 5, 10, and 20 ng/mL. The spiked samples then were treated with the SPE 

Strata Si-1. The IS (IMPA d7) in water was spiked into the treated spiked-urine to obtain the 

concentration of 2.5 ng/mL prior to LC-MS analysis. The results of these runs were compared 

with results obtained from the calibration curves. The fresh series of the calibration curve was 

prepared as described in section 3.4.2. 

 

Figure 14. The steps performed in the general sample preparation of urine (left), and in the sample 

preparation for recovery test (right) 
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3.5. Safety Precautions 

The material and techniques carried out in this study do not pose any special hazards. Safety 

precautions such as wearing appropriate personal protective equipment when handling 

chemicals and urine sample have been considered. Sample preparations and dilutions were 

carried out in the fume hood. The high voltage employed in the API sources was also 

considered as a hazard, therefore the safety instructions provided by the instrument 

manufacturer were followed. 
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4. RESULTS AND DISCUSSION 

A validated analytical method for quantitative analysis is critical in order to ensure that the 

data are reliable by addressing certain key parameters such as selectivity, accuracy, precision, 

LOD, LOQ, and recovery. Before validating the method, the method should be optimized to 

define the best operating conditions for analysis. Since the instrument used in this study was 

recently purchased by VERIFIN, optimal parameters for running the instrument had not yet 

been determined. Therefore, this study focused on the optimization of the mass spectrometry-

based analysis of the QC test mixture for the LC-MS/MS, employing three different ion 

sources. Furthermore, the three ion sources were evaluated and compared for the trace 

analysis of the sarin metabolite IMPA. The data obtained from the validation parameters were 

used to compare the ion sources performance for IMPA analysis.  

4.1. Mass Spectrometry Optimization Using QC Test Mixture 

MS optimization was carried out by injecting the quality control sample (i.e. QC test mixture 

sample) into the LC-MS/MS system, which employs three different ion sources, i.e. ESI, 

Unispray, and APCI. The MS needs to be optimized in order to obtain reliable data. Besides 

tuning the MS according to the manufacturer’s instructions, additional mass calibration 

should be performed.  

The reason for choosing this mixture is by virtue of the similarity of the structural compounds 

that are generally analyzed at VERIFIN. Hence, the optimized method later can be used as a 

standard running method for screening authentic samples. For the LC-API/MS, VERIFIN 

uses a mixture of six compounds as shown in Table 5. The concentrations of each compound 

are in the range of 6 to 20 ppm. 

The QC test mixture is run every analysis day to monitor the performance of the instrument. 

If the QC data do not fulfill the performance criteria, instrument maintenance should be 

performed until the criteria are passed. The QC spectra should fulfill the criteria listed in 

Table 8.
25

 The peaks of the test chemicals should be clearly visible, and the abundances of all 

peaks should be higher than 1 x 10
6
. All six compounds (see Table 5) are detectable in 

positive ion mode since they can be easily protonated, while compounds 4 and 6 (see Table 

5) cannot be observed in the negative ion mode.  
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Table 8. Spectra requirement for the QC test 25 

Positive ion mode Negative ion mode 

The m/z value of the TBP ion [M+H]+ should 

deviate less than 0.4 mass units from the integer 

value 

The m/z value of the DBP ion [M-H]- should 

deviate less than 0.4 mass units from the integer 

value 

The abundance of the isotopic ion of TBP (13C) is 

about 13.4%±2.5% 

The abundance of the isotopic ion of DBP (13C) is 

about 9.0%±1.5% 

The abundance of the isotopic ion of methionine 

(34S) is about 5.1%±0.6% 

The abundance of the isotopic ion of methionine 

(34S) is about 5.1%±0.6% 
TBP: Tributyl phosphate 

DBP: Dibutyl hydrogen phosphate 
13C: Carbon-13 

34S: Sulphur-34 

The separation of the QC test mixture using the RPLC technique has been successfully 

performed in this study. The mobile phase composition and gradient elution used in the 

method were good to assist analyte separation in the chromatography column and to aid 

ionizations occur in the ion sources. 

Three different ion sources were evaluated after optimization at various parameters, such as 

ion source probe positions, positive/negative ion mode, cone voltage, capillary tip voltage 

(for ESI),  impactor pin voltage (for Unispray), and corona discharge voltage (for APCI). 

Many different variations of these parameters were tested to obtain the good chromatographic 

peak shape for all the compounds, best peak resolution, signal to noise (S/N), best peak signal 

(i.e. integrated peak area), and the isotopic ratio to be fit within the guidance’s criteria. The 

optimized parameter results for ESI, Unispray, and APCI were presented in Table 6. 

4.2. Partial Validation for QC Test Mixture Analysis 

Instead of performing full validation, partial validation was conducted for the analysis of QC 

test sample since the purpose of the QC is not for analyte quantification. Furthermore, the 

full-scan mode was utilized for analyzing the QC test sample, as this scan mode is utilized by 

VERIFIN when monitoring instrument performance and when screening for unknown 

analytes. For monitoring instrument performance, the data obtained from the QC analysis are 

used to evaluate if the instrument meets the requirement for use, and to verify the mass 

calibration and resolution. 

Besides fulfilling the spectra requirement as described in Table 8, the parameters such as 

retention time variation (defined as a relative standard deviation, RSD), LOD, and LOQ were 

calculated for the partial validation. 
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LOD is the minimum analyte amount that can be detected by the instrument with a signal-to-

noise ratio (S/N) of 3, while the LOQ was defined with the S/N of 10. The LOD and LOQ 

were determined using the standard solution in water. For this particular study, a proper 

number of calibration points was used to build one curve with three replicates (n=3), based 

on the integrated chromatography peak areas of the different compounds, in order to 

determine the LOD and LOQ of each analyte for both positive and negative modes. The LOD 

and LOQ were calculated using the formulas 1-4. 

The equation obtained from the calibration curve: 𝑦 = 𝑚𝑥 + 𝑛 

If n > 0, LOD =
3×𝑆𝑇𝐷𝐸𝑉(𝑛)

𝑚
        (1) 

If n < 0, LOD =
3×𝑆𝑇𝐷𝐸𝑉(𝑛)−𝑛

𝑚
       (2) 

If n > 0, LOQ =
10×𝑆𝑇𝐷𝐸𝑉(𝑛)

𝑚
       (3) 

If n < 0, LOQ =
10×𝑆𝑇𝐷𝐸𝑉(𝑛)−𝑛

𝑚
      (4) 

Where STDev(n) is the standard deviation of the intersections, “m” is the slope, and “n” is 

the intersection of the calibration curve. 

Tables 9 and 10 show the calculated partial validation results for six analytes in the QC test 

mixture analyzed by ESI, Unispray, and APCI.  

For APCI, the retention times of the compounds are different from those in ESI and Unispray 

because of the different mobile-phase flow rate. The flow-rate applied in APCI was 0.500 

mL/min while in ESI and Unispray were 0.600 mL/min. The S/N of peaks to the baseline was 

always higher than three-to-one in the calibration points. This is fulfilling the World Anti-

Doping Agency’s (WADA) criteria, in which the S/N ratio should be at least three-to-one.
104

 

The calculated LODs and LOQs for each compound are presented in Table 9 (for positive ion 

mode) and Table 10 (for negative ion mode). Each compound has different values of LOD 

and LOQ depending on the nature of the analyte and the ionization mechanism in each ion 

source. 
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Table 9. The calculated partial validation results for positive mode 

ESI 

Positive mode TBP DBP MPE Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
1 to 10,000 2 to 20,000 0.6 to 6,000 

1.5 to 

15,000 
1.7 to 17,000 1.3 to 13,000 

Average RT (min) 2.61 2.28 0.44 0.53 1.5 1.27 

RSD (%) 0 0.4 0 1 0.2 0.8 

LOD (ng/mL) 48 28 12 43 143 1812 

LOQ (ng/mL) 128 92 39 152 477 4639 

Unispray 

Positive mode TBP DBP MPE Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
1 to 2,000 2 to 4,000 0.6 to 1,200 1.5 to 3,000 1.7 to 3,400 1.3 to 2,600 

Average RT (min) 2.61 2.27 0.44 0.53 1.5 1.27 

RSD (%) 0.2 0.2 1.2 0 0.4 - 

LOD (ng/mL) 23 16 1.1 2.4 83 - 

LOQ (ng/mL) 45 53 3.8 8.0 133 - 

APCI 

Positive mode TBP DBP MPE Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
50 to 10,000 

100 to 

20,000 
30 to 6,000 

75 to 

15,000 
85 to 17,000 65 to 13,000 

Average RT (min) 2.75 2.48 0.53 0.63 1.68 1.48 

RSD (%) 0 0,9 1 0,6 0,3 - 

LOD (ng/mL) 177 753 169 293 3642 - 

LOQ (ng/mL) 273 1746 410 729 5444 - 

Footnotes:  

 APCI: Atmospheric pressure chemical ionization; BDP: Butyl dihydrogen phosphate; BPA: 

Butylphosphonic acid; DBP: Dibutyl hydrogen phosphate; ESI: Electrospray ionization; LOD: Limit of 

detection; LOQ: Limit of quantification; MPE: 2-(Methylpropylamino)ethanol; QC mix: Quality control 

sample; RSD: Relative standard deviation; RT: Retention time; TBP: Tributyl phosphate. 

 The data given in Tables 9 have been calculated using real concentration 
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Table 10. The calculated partial validation results for negative mode 

ESI 

Negative mode DBP Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
2 to 20,000 1.5 to 15,000 1.7 to 17,000 1.3 to 13,000 

Average RT (min) 2.29 0.53 1.5 1.28 

RSD (%) 0.5 0 0.3 0.9 

LOD (ng/mL) 123 80 134 287 

LOQ (ng/mL) 409 265 448 671 

Unispray 

Negative mode DBP Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
2 to 4,000 1.5 to 3,000 1.7 to 3,400 1.3 to 2,600 

Average RT (min) 2.28 0.52 1.51 1.3 

RSD (%) 0.2 0 0.5 1.8 

LOD (ng/mL) 73 21 122 208 

LOQ (ng/mL) 244 70 360 353 

APCI 

Negative mode DBP Methionine BPA BDP 

Concentration range 

in the QC mix(ng/mL) 
100 to 20,000 75 to 15,000 85 to 17,000 65 to 13,000 

Average RT (min) 2.48 0.64 1.68 1.48 

RSD (%) 0.9 0 0.3 0.5 

LOD (ng/mL) 856 469 4074 - 

LOQ (ng/mL) 1497 1563 7173 - 

Footnotes:  

 APCI: Atmospheric pressure chemical ionization; BDP: Butyl dihydrogen phosphate; BPA: 

Butylphosphonic acid; DBP: Dibutyl hydrogen phosphate; ESI: Electrospray ionization; LOD: Limit of 

detection; LOQ: Limit of quantification; QC mix: Quality control sample; RSD: Relative standard deviation; 

RT: Retention time. 

 The data given in Tables 10 have been calculated using real concentration. 

 

In regards to the range of concentrations used in the QC test working solution, Unispray used 

lower concentration levels than that used in ESI and APCI. In Unispray, the highest 

concentration used for the working solution was the QC stock with the dilution of 1:5 (see 

section 3.2.1), while ESI and APCI used up to the maximum concentrations of the stock 

solution mixture as listed in Table 5. The concentration ranges of the working solutions were 

described as footnotes of Tables 9 and 10. The reason for using these ranges is because the 

peak chromatograms obtained in Unispray for this QC test mixture sample was quite high in 

the concentration level of 1:5 dilutions. This is indicating that Unispray is more sensitive than 

ESI in analyzing QC test mixture. 



45 
 

The minimum number of calibration points according to the EURACHEM Guide “The 

Fitness for Purpose of Analytical Methods” is six concentration levels plus blank.
105

 

However, for BPA analyzed using APCI in both positive and negative ion mode, the points 

collected were only three since this compound was only detected at three highest 

concentration levels, i.e. BPA in stock solution (17 μg/mL), BPA after 1:2 dilution (8.5 

μg/mL), and after 1:5 dilution (3.4 μg/mL). Three points for the calibration curve is 

acceptable according to ISO standard 11095:1996 since the analyte used is a reference 

material.
106

 Therefore the LOD and LOQ of BPA, in this case, can be calculated. 

For BDP in the positive ion mode of Unispray and APCI, the mass spectrometer could only 

identify the analyte once, at the highest concentration level (i.e. BDP at 2.6 μg/mL using 

Unispray, while 13 μg/mL using APCI), and therefore the partial validation parameters 

cannot be defined. The same case is also occurring in the APCI negative mode, in which the 

BDP was only detected at the two highest concentration levels of the working solutions (i.e. 

BDP in stock solution, 13 μg/mL, and BDP after 1:2 dilution, 6.5 μg/mL), therefore only 

average RT which can be calculated. 

4.3. Results for IMPA Analysis 

After ensuring that the mass spectrometer meets the requirement for use by using QC test 

mixture data, the next purpose of this study was conducting analysis of IMPA using ESI, 

Unispray, and APCI as an ion source, respectively.   

To accomplish the goal on comparing the capability of three different ion sources to analyze 

the target analyte IMPA, several parameters were optimized, such as positive/negative mode, 

cone voltage (for ESI, Unispray, and APCI), capillary voltage (for ESI), impactor pin voltage 

(for Unispray), and corona discharge voltage (for APCI). 

4.3.1. ESI source optimization 

The mobile phase pH used in this analysis was the same mobile phase as in the QC test 

mixture runs (pH=2.71). Since the pKa of IMPA is 2.2, they were deprotonated but not in 

total. The mobile phase was not adjusted to basic condition (high pH) to reduce interference 

from other compounds which also ionized at the basic pH. 
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In regards to its properties, IMPA is an acidic compound, which readily forms an anion in 

both water and urine sample (pH 6 to 9) making it easy to ionize under the negative ion 

mode. Ionization in the positive ion mode could produce IMPA dimer (m/z 277) and 

sometimes have multiple adduct ions.
58,59,68

 In contrast, the MS spectra of the negative ion 

mode were relatively simple without adduct ions observed resulting in the improvement of 

the chromatographic peak area and signal-to-noise ratio (S/N). The comparison of peak area 

and S/N obtained from positive and negative ion mode can be seen in Figures 15 and 16.  

  

Figure 15. Optimization of (a) capillary and (b) cone voltages for negative ion mode (ESI) 
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Figure 16. Optimization of (a) cone and (b) capillary voltages for positive ion mode (ESI) 

In the optimization study (Figure 15 and Figure 16), the highest intensity and peak area were 

obtained at the sample cone voltage of 25 V for negative ion mode, whereas for positive ion 

mode was 20 V. The value between 20 and 25 V did not pose a relatively huge difference, 

moreover, the S/N of 20 V is better than that at 25 V. Therefore, 20 V was selected as the 

optimum cone voltage for both positive and negative ion mode. For the capillary voltage, 

negative ion mode required lower voltage in comparison to the positive ion mode, i.e. 2 kV 

for positive ion mode and 1 kV for negative ion mode.  

The positive ion mode produced smaller peaks than the negative ion mode. In addition, the 

positive ion mode generated a lower intensity of the [M+H]
+
 (m/z 138) compared to the ion 

of [M-H]
- 
(m/z 137) generated by the negative ion mode, whereby these ions later were used 

for the MRM analysis as the precursor ions. The weak signal of ion [M+H]
+
 was caused by 

the high levels of in-source fragmentation observed for IMPA in all three ionization 

techniques. Thus, based on these reasons, the negative ion mode was chosen for further 

experiments in ESI with a cone voltage of 20 V and a capillary voltage of 1 kV. 
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4.3.2. Unispray and APCI optimization 

The negative ion mode was selected for further experiments not only in ESI but also in APCI 

and Unispray source. The optimization of Unispray was performed through the direct 

infusion of 1 μg/mL IMPA into the Unispray source. The optimum condition for the impactor 

pin was 1 kV, whereas sampling cone voltages was 20 V.  

For the APCI source, the same optimization methods as those in the ESI were applied. 

However, the runs were carried out only in the negative ion mode since it was observed that 

negative ion mode gave obviously better results than the positive ion mode. According to the 

graphs shown in Figure 17, the optimum condition for IMPA analysis using APCI as the ion 

source is 20 V and 1.5 kV for the cone voltage and corona voltage, respectively. 

 

Figure 17. Optimization of (a) corona and (b) cone voltages for negative ion mode (APCI) 
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4.3.3. Daughter scans or product ion scans 

After deciding to use negative ion mode and optimizing the ion source parameters, the next 

step was optimizing the collision energy (CE) to observe daughter ions of IMPA and IMPA-

d7. 

Since ESI, Unispray, and APCI are categorized as soft ionization techniques that produce a 

very simple mass spectra, they are less suitable for the identification purpose. Therefore, 

MRM method was used to increase selectivity by producing distinct product-ion spectra that 

give sufficient information for the identification. In addition, MRM increased the signal-to-

noise ratio. 

In the negative ion mode, the tandem mass spectrum of IMPA exhibited product ion of m/z 

95 (from m/z 137  m/z 95) due to propene loss from O-isopropyl group attached to the 

phosphorus, followed by the loss of neutral H2O yields the ions at m/z 79. Another product-

ion spectrum was found at m/z 77. Table 11 shows the proposed ions produced by the 

MS/MS in both positive and negative modes, while Figure 18 shows the product ions mass 

spectra of IMPA and IMPA d-7. 

Table 11. Product ions in positive and negative mode 

Precursor ion Product ion (m/z) Structural product ion 

Positive mode 

m/z 139 

m/z 97 

 

m/z 79 

 
Negative mode 

m/z 137 

m/z 95 

 

m/z 79 

 

m/z 77 
 

 
Note: IMPA molecular weight is 138 



50 
 

 

Figure 18. Tandem product ion mass spectra of (a) IMPA in positive mode, (b) IMPA in negative 

mode, and (c) IMPA-d7 in negative mode.  

IMPA and IMPA-d7 were first analyzed using a product ion scan in order to establish the 

MRM method condition. The MRM condition was optimized by direct infusion into the ion 

sources and by normal injection runs. The direct infusion was performed by infusing a 1 

μg/mL IMPA and IMPA-d7 in water into the sources, separately, and then the collision-

induced dissociation (CID) energy or CE was adjusted manually. The normal injection runs 

using different value of the CE were also used for the comparison. The optimized CEs were 

chosen based on the high intensity of the peaks, and the optimized conditions for each ion 

source are shown in Table 12. 

Table 12. The MRM transition and collision energies for IMPA and IMPA-d7 in negative ion mode 

Ion source Compound Precursor Product ions CE Q or q 

ESI 
IMPA m/z 137 

m/z 95 14 eV Q 

m/z 79 25 eV - 

m/z 77 25 eV q 

IMPA-d7 m/z 144 m/z 96 14 eV Q 

Unispray 
IMPA m/z 137 

m/z 95 14 eV Q 

m/z 79 25 eV - 

m/z 77 25 eV q 

IMPA-d7 m/z 144 m/z 96 14 eV Q 

APCI 
IMPA m/z 137 

m/z 95 14 eV Q 

m/z 79 20 eV - 

m/z 77 21 eV q 

IMPA-d7 m/z 144 m/z 96 14 eV Q 
APCI: Atmospheric pressure chemical ionization; CE: Collision energy; ESI: Electrospray ionization; IMPA: 

Isopropyl methylphosphonic acid; IMPA-d7: Deuterated IMPA; q: Qualifier ion; Q: Quantifier ion. 

a 

b 

c 
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Table 12 summarizes the optimum MRM transitions and CEs for IMPA and IMPA-d7 

analyzed using three different ion sources. As can be seen from the table, the overall CEs 

consumed to breakdown the precursor ion to become their product ions are similar among the 

three ion sources. This can be understood since the collision is not taking place in the ion 

source but in the mass spectrometry second quadrupole (Q2). However, the slightly different 

CE used in APCI and ESI/Unispray is caused by the fluctuation when observing the peak 

intensity throughout the direct infusion. 

In addition, Table 12 also shows the ion transitions used for qualitative and quantitative 

purposes. One ion transition was used as the quantifier ion (Q) and the second one was used 

as the qualifier ion (q). For IMPA, ion m/z 95 was selected as a quantifier because of the 

highest peak area, while ion m/z 77 was used as a qualifier because it is more stable and has 

lower background than ion m/z 79. 

4.3.4. Flow-rate variation 

The mobile phase flow-rate is an important parameter to be observed. Figure 19 illustrates the 

relative effect of the mobile-phase flow-rate with respect to the response given from 

Unispray, ESI, and APCI technique. The mobile phase flow-rate is one of the factors 

affecting the ionization efficiency. In ESI, theoretically, the ionization efficiency depends on 

a number of factors such as droplet size distribution and droplet evaporation rates (Equation 

5). Smaller droplet is evaporated more efficiently at low source residence time resulting in 

the increase of the ionization efficiency and the peak area.
9
 

𝑅 = 1.73 ×  10−5 √(
𝐹

𝑙
)

23

      (5) 

Where R = droplet radius (in μm) at the Rayleigh limit, F = eluent flow-rate (in μl/min), and l 

= total spray current (in Ampere).
74

 

Data in Figure 19 were acquired by monitoring the ion current at m/z 95 (Q) and m/z 77 (q) 

generated from IMPA transition ions.  
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Figure 19. Flow rate effects on chromatography peak area (from top: m/z 95, m/z 77) count in 

Unispray, ESI, and APCI. Note: IMPA concentration analyzed using US and ESI was 2.5 ng/mL, 

while IMPA concentration analyzed using APCI was 250 ng/mL. 

Equation 5 shows that reducing the droplet size by decreasing the liquid flow-rates is 

productive, as the droplets charge that is converted to gas phase charge increases. Therefore, 

it can be proved that in the ESI and Unispray, which employ spray currents (l) on their 

techniques, the mobile-phase flow-rate affects the ionization efficiency. The faster the liquid 

flow-rate, the droplet radius from the spray is bigger, causing lower efficiency and smaller 

peak area. On the other hand, APCI shows higher peak area when applying faster mobile-

phase’s flow-rate. 

 

Diagram 1. Flow-rate effect on chromatographic peak area in ESI and Unispray. 
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Another observation that can be noticed from Figure 19 is that the Unispray generates bigger 

peak area compared to the ESI even though they show a similar response with respect to the 

flow rate variation. 

The liquid flow rates used for the optimization were 0.300; 0.400; 0.500; and 0.600 μL/min 

for ESI and Unispray. For these flow rate variations, IMPA was eluting within the gradient 

time, i.e. RT = 1.38 min; 1.56 min; 1.79 min; and 2.15 min, respectively. For APCI in this 

particular instrument, conducting analysis with a flow rate above 0.500 μL/min was about to 

reach the limit of the maximum recommended pressure. Therefore, the optimization was only 

performed using a flow rate between 0.300 and 0.500 μL/min. 

In order to achieve high sensitivity to produce bigger peak area, high resolution, and shorter 

analysis time, the author decided to use flow-rate of 0.400 μL/min as the optimum result for 

ESI and Unispray, while 0.500 μL/min for APCI.  

4.4. Partial Validation Results for IMPA in Ultra-Purified Water 

Partial validation was conducted instead of full validation since the purpose of this section 

was to measure the instrument’s performance for IMPA analysis in pure water. The methods 

were evaluated by observing LOD, LOQ, linearity, and accuracy for each ion-source. Later, 

these results were compared to the data obtained from the analysis of IMPA spiked in urine in 

order to demonstrate whether the urine as a matrix has any impact on the validation 

parameters. 

4.4.1. LOD, LOQ, and linearity of IMPA  

Figure 20 shows the average calibration curves generated from one curve with three 

replicates (n=3) analyzed using ESI, Unispray, and APCI sources, respectively. The solutions 

used for determining instrumental LOD and LOQ were IMPA in water with the level of 0.2–

50 ng/mL for ESI source; 0.05–50 ng/mL for Unispray source; and 5–2000 ng/mL for APCI 

source. These concentrations have been considered to have similarity in the obtained peak 

area, therefore, comparison can be evaluated. The linear working ranges for these ion sources 

were 0.2–50 ng/mL; 0.1–20 ng/mL, and 25–1000 ng/mL for ESI, Unispray, and APCI, 

respectively. The LOD and LOQ obtained from the calculations (Eq 1 – 4) are presented in 

Table 13. 
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Figure 20. Average calibration curve (n=3) of IMPA in water analyzed using (from top) ESI, 

Unispray, and APCI 

 

Table 13. Summary of LOD and LOQ for IMPA in negative ion mode 

Sample Matrix 
ESI Unispray APCI 

LOD 

(ng/mL) 
LOQ 

(ng/mL) 
LOD 

(ng/mL) 
LOQ 

(ng/mL) 
LOD 

(ng/mL) 
LOQ 

(ng/mL) 

H2O 0.1 0.3 0.04 0.2 16 35 
Footnote: 

 APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; LOD: Limit of detection; 

LOQ: Limit of quantification 

 The peak area of quantifier ion, ion m/z 95, was used for the LOD and LOQ calculation. 
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4.4.2. Instrument accuracy 

A standard sample mixture of IMPA and IMPA d7 was used to determine the accuracy of the 

method analysis. The accuracy measures the degree of closeness of calculated value to its 

true value. The accuracy was determined by injecting triplicate (n=3) of the standard sample.  

The calculated concentration of the sample, which was obtained after being plotted to the 

standard calibration curve (Figure 20), were compared with the true value i.e. 2.5 ng/mL for 

ESI and Unispray, 100 ng/mL for APCI. The difference between a calculated and true value 

indicates a measurement error, which can be divided into two components, random error and 

systematic error (bias). The random error is related to the instrument while the systematic 

error occurs from human errors, for instance, balance, pipet, or purity of the standard 

compound. Equation 6 and 7 were used for bias calculation, while the data for observed 

means, bias, and relative bias (%) are presented in Table 14.  

 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑏𝑖𝑎𝑠 = 𝑚𝑒𝑎𝑛 𝑎𝑛𝑎𝑙𝑦𝑠𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 − 𝑡𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒      (6) 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑎𝑠 (%) =  
|𝑚𝑒𝑎𝑛 𝑎𝑛𝑎𝑙𝑦𝑠𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 −𝑡𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒|

𝑡𝑟𝑢𝑒 𝑣𝑎𝑙𝑢𝑒
 × 100%    (7) 

 

Table 14. Bias results from a 2.5 ng/mL standard sample (ESI and Unispray), 100 ng/mL (APCI), 

n=3 

ESI Unispray APCI 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

2.4 - 0.1  2.8 2.9 0.4 14 33 -67 67 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization 

The observed mean of the IMPA in the standard sample mixture in comparison to the true 

value was lower in ESI, while it denoted higher in the Unispray with the relative bias of 14 

%. The higher identification obtained in Unispray could risk of false-positive results in term 

of quantification, thus it is recommended to calculate ratios between qualifier and quantifier 

ions peak area in order to eliminate this risk. The q/Q ratios were calculated for the selectivity 

test in section 4.5.1. 

For APCI, both absolute and relative biases are very high. According to the US Department 

of Health and Human Services Food and Drugs Administration’s (FDA) instructions, the 

acceptance criteria for accuracy values should not deviate by more than 15%.
107

 The high 
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bias in the APCI can be caused by the incompatibility of the source technique with the nature 

of the IMPA, which is polar and non-volatile analyte. As a hypothesis, the analyte was not 

totally vaporized in the APCI source and then accumulated in the corona discharge needle 

causing the reduction of sensitivity. The sensitivity can be returned back to normal after 

cleaning the corona needle every single day after daily analysis. This issue can be minimized 

by using an internal standard to normalize the results in order to get better inter-day relative 

biases. However, since the sensitivity of the corona discharge is decreased by time, therefore, 

it can be proved and concluded that APCI is not an efficient technique to analyze polar 

compound such as IMPA. 

4.5. Validation Result for IMPA in Urine Sample 

The method validation was performed with IMPA spiked in urine to represent an authentic 

biomedical sample. The validation was only performed regarding the LC-MS/MS system (by 

ignoring the optimization of sample preparation method) since the main concern of this study 

was to compare IMPA analysis on three different ion-sources. 

The methods were evaluated by observing the selectivity, reproducibility, LOD, LOQ, 

linearity, matrix effect, recovery, intraday and inter-day repeatability under the optimized 

condition for each ion-source. The data points were generated by integrating the peak area of 

IMPA that was normalized to the internal standard peak (IMPA d7) in order to calculate all 

the validation parameters, except for recovery. 

4.5.1. Selectivity 

The selectivity was tested with the injections of ultra-purified water and a blank sample of 

SPE treated urine during validation. Three selective transitions for IMPA (m/z 137  m/z 95, 

m/z 79, and m/z 77) and one transition for IMPA d7 (m/z 144  m/z 96) in MRM analysis 

were used to investigate possible interference in the blank samples. The results were good, as 

there was no analyte or interference present in the blank samples (Figure 21). The injection 

mode of ‘partial loop and double click’ was used, in order to avoid the problem of carryover 

and to assure that the LC system is clean. Partial loop means that the sample is injected up to 

50% of loop volume, while the ‘double click’ is used to reduce carry over in the next 

injection by actuating the valve during the run. In the double click mode, the material that 
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may be left in the valve was pushed into the sample loop and then ‘injected’ during the end of 

the gradient.
108

 

The representative chromatograms of the blank ultra-purified water and urine are shown in 

Figure 21.  

 

Figure 21. (a) MRM chromatogram of ultra-purified water. (b) MRM chromatogram of treated blank 

urine. (c) MRM chromatogram of treated blank urine spiked with 2,5 ng/mL IMPA (tr = 1.79 min) 

and 2,5 ng/mL IMPA d7 (tr = 1.78 min) 

In order to eliminate the risk of false-positive results, the ratio of IMPA two selective 

transitions in MRM analysis (Q and q) were calculated as presented in Table 15.  

Table 15. Selectivity comparison for ESI, Unispray, and APCI (Q = m/z 95, and q = m/z 77), (n=3) 

q/Q ESI Unispray APCI 

Average (%) 4.2 3.5 5.2 

STDev 0.3 0.1 0.7 

RSD (%) 7.7 3.6 13 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; q: Qualifier ion; Q: Quantifier 

ion; RSD: Relative standard deviation; STDev: Standard deviation. 

a b c 
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The average q/Q ratios were 4.2% and 3.5% for ESI and Unispray, respectively. According to 

WADA’s criteria, if the average of q/Q ratio is below 5%, the maximum tolerance for relative 

ion intensities to ensure appropriate confidence in identification is ± 50%.
104

 As can be seen 

from Table 15, the calculated relative difference (RSD) for IMPA identification in ESI and 

Unispray was 7.7% and 3.6%, which are good and fulfill the WADA criteria. In the case of 

APCI, the average q/Q ratio was over 5%. If the value of the q/Q ratio is between 5% and 

25%, then the criteria for the acceptable different is ± 5%. Therefore, 13% of RSD shows that 

the APCI method is not that selective according to WADA.  

4.5.2. Reproducibility 

The mixture sample of IMPA and IMPA d7 in water was analyzed between every calibration 

curve to monitor reproducibility and the performance of the instrument after running the 

urine-sample validation runs. The reproducibility was investigated by calculating the standard 

deviation (STDev) and RSD of the replicate measurements of the mixture sample, while the 

instrument sensitivity can be observed through the value of the peak area. 

The quantifier ion of both IMPA (m/z 95) and IMPA d7 (m/z 96) were used to quantify their 

peak area. The STDev and RSD were calculated from the ratio of IMPA and IMPA d7. In 

this case, the internal standard IMPA d7 was used to control the consistency of the injection 

runs. IMPA d7 was treated in the same way with the IMPA. Since they have similar but not 

identical physicochemical properties, IMPA d7 has experienced the same ionization 

environment as the IMPA. 

Table 16. Intra-day performance for a standard sample IMPA and IMPA d7 in water (2.5 ng/mL for 

ESI and US, 100 ng/mL for APCI) (n=3) 

 The ratio’s average STDev RSD 

 Day 1 Day 2 Day3 Day 1 Day 2 Day3 Day 1 Day 2 Day3 

ESI 1.4 1.5 1.6 0.01 0.08 0.04 0.9 5.3 2.5 

Unispray 1.3 1.4 1.4 0.1 0.08 0.05 4.6 6.0 3.3 

APCI 1.4 1.4 1.5 0.04 0.03 0.02 2.9 2.2 1.1 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; RSD: Relative standard 

deviation; STDev: Standard deviation 

All the analyses using ESI and Unispray were performed at the concentration of 2.5 ng/mL, 

whereas the APCI used the concentration of 100 ng/mL. These concentration levels were 

chosen as they were above the LOD for IMPA analysis and situated within the calibration 

curve ranges. 
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As can be seen in Table 16, the LC-MS/MS reproducibility was very satisfactory with the 

RSD below 6 % for the IMPA quantifier ion (m/z 95). The RSD in the Unispray is relatively 

higher compared to the ESI source because of the higher background produced in the 

Unispray source. However, the peak area obtained in the Unispray is bigger than that in the 

ESI indicating that Unispray produces more ions than ESI source. 

Table 17. Inter-day performance for a standard sample IMPA and IMPA d7 in water (2.5 ng/mL for 

ESI and US, 100 ng/mL for APCI) (n=9) 

Parameter 
ESI Unispray APCI 

Peak Area IMPA/ IS Peak Area IMPA/ IS Peak Area IMPA/ IS 

Average 1.5 1.4 1.4 

STDev 0.05 0.05 0.06 

RSD 3.5 3.4 4.5 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; IMPA: Isopropyl 

methylphosphonic acid; IS: Internal standard (i.e. deuterated-IMPA); RSD: Relative standard deviation; STDev: 

Standard deviation 

Table 17 shows the comparison of inter-day performance for the three ion sources. Since the 

intra- and inter-day precisions were below 8%, the results were reproducible.
62

 

4.5.3. LOD and LOQ 

The LOD and LOQ were determined by spiking different concentrations of IMPA at seven 

parallel samples. The concentrations ranged for ESI and Unispray were from 0,5 ng/mL to 50 

ng/mL, while the concentrations used for APCI analysis were from 10 to ng/mL 2000 ng/mL. 

The samples then were run three times per-day during three consecutive days, therefore the 

total calibration curves were nine (n=9). The LOD and LOQ were calculated using the 

formulas 1-4. The quantifier ions of IMPA (m/z 95) and IMPA d7 (m/z 96) were used to 

quantify the peak area.   

Figure 22 shows the equations obtained from nine calibration curves analyzed using ESI, 

Unispray, and APCI source. 

The example of calculated LOD and LOQ for ESI is shown below. 

𝐿𝑂𝐷 =  
3 × 0.094

1.6054
= 0.175 𝑛𝑔/𝑚𝐿 

𝐿𝑂𝑄 =  
10 × 0.094

1.6054
= 0.583 𝑛𝑔/𝑚𝐿 
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The obtained LOD and LOQ are presented as the ratio of IMPA and IMPA-d7, therefore the 

final results must be multiplied with the concentration of the IMPA-d7 (2,5 ng/mL).  

 

 

Figure 22. Average calibration curve (n=9) of IMPA analyzed using ESI, Unispray, and APCI 

Therefore, the calculated LOD and LOQ for ESI as an ion source were 0.44 ng/mL and 1.46 

ng/mL, respectively. These values compare favorably to those achieved by Unispray source, 

in which the LOD and LOQ were 0.42 and 1.38 ng/mL, respectively. The least sensitive ion 

source for IMPA analysis was APCI, attained 40 times higher for its LOD and LOQ value, 

i.e. 18.5 ng/mL and 61.5 ng/mL. 

All the calibration curves of the peak area ratios of IMPA to IMPA-d7 were linear with the 

correlation coefficient above 0.999; considering that the linearity was satisfactory. The 
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linearity was assessed from the correlation coefficient of the average calibration curve. 

According to the experiment, the linear range of IMPA was from 1 ng/mL to 50 ng/mL for 

both ESI and Unispray, while APCI’s was from 25 ng/mL to 1000 ng/mL. 

4.5.4. Precision  

The method precision was evaluated using data from nine parallel urine samples (n=9) spiked 

with three different concentrations (Table 18). The three concentration levels of the spiked 

IMPA were low, middle, and upper values of the calibration curves. Variances within group 

and between groups were calculated using the ratio of IMPA and IMPA d7 quantifier ions, 

m/z 95 and m/z 96, and the results are presented in Table 18.  

According to the FDA, the precision was determined at each concentration level by 

calculating the % RSD of the found concentrations and it should not exceed 15%.
107

 For this 

experiment, the variances between group and within group were insignificant for ESI and 

Unispray, always under 4%. For APCI, the values were higher but still within the FDA range 

criteria.  

Table 18. Precision of IMPA determination (n=9) 

IMPA 

(ng/mL) 
Within-run RSD (%) Between-runs RSD (%) 

ESI 

1 1.0 3.3 

5 2.2 2.9 

20 0.5 1.3 

Unispray 

1 1.5 3.0 

5 3.0 3.2 

20 0.4 2.7 

APCI 

25 3.5 8.9 

100 6.4 5.7 

500 5.1 5.4 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; IMPA: Isopropyl 

methylphosphonic acid; RSD: Relative standard deviation. 

4.5.5. Accuracy 

The accuracy was examined by spiking the known amount of IMPA and IMPA-d7 in the 

treated urine sample and it was calculated for each standard level (Table 19). Equation 6 and 

7 were used to calculate the bias.   
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As can be seen in Table 19, the relative bias of quantifier ion (m/z 95) for Unispray is lower 

than that in ESI, even though the results for both ion sources were satisfactory except the 

lowest concentration when it was 1 ng/mL. For APCI, the accuracy was considered good 

except for the two lowest concentrations which gave relatively huge biases of 20 % and 17%, 

respectively. 

Table 19. Bias results from spiked urine samples 

ESI Unispray APCI 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

Observed 

mean 

(ng/mL) 

Bias 

(ng/mL) 

Relative 

bias 

(%) 

1 ng/mL spiked urine sample 25 ng/mL spiked urine sample 

0.4 - 0.6 58 0.4 -0.6 59 30 4.9 20 

2,5 ng/mL spiked urine sample 50 ng/mL spiked urine sample 

2.4 -0.1 4.3 2.4 -0.1 2.6 58 8.5 17 

5 ng/mL spiked urine sample 100 ng/mL spiked urine sample 

4.9 -0.1 2.4 5.0 0.03 0.6 102 2.0 2 

10 ng/mL spiked urine sample 250 ng/mL spiked urine sample 

10.3 0.3 3.3 10.3 0.3 2.4 246 -4.0 1.8 

20 ng/mL spiked urine sample 500 ng/mL spiked urine sample 

21 0.8 4.3 20.7 0.7 3.5 490 -9.5 1.9 

50 ng/mL spiked urine sample 1000ng/mL spiked urine sample 

49.6 -0.4 0.8 49.7 -0.3 0.6 1008 8.1 0.8 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization. 

According to the FDA guidelines, the relative bias should be under 15% of the actual value or 

not deviate by more than 20% at the LOQ.  The two lowest concentration used in APCI, i.e. 

25 ng/mL and 50 ng/mL IMPA spiked in urine, are still below the LOQ (the LOQ of IMPA 

analyzed using APCI was at 62 ng/mL, see section 4.5.3), therefore the relative biases are 

still within the acceptable ranges, i.e. not more than 20%. In regards to high accuracy biases 

at the low concentration levels is perhaps caused by the matrix effect. Nevertheless, the use 

of internal standard IMPA-d7 which normalizes the peak area of IMPA assisted the observed 

bias to become insignificant. 

4.5.6. Matrix effects  

Matrix effect can be investigated by comparing the quantifier ion (Q) of IMPA at any given 

concentration spiked into urine to the quantifier ion (Q) of IMPA in ultra-purified water 

(Equation 8).
109

 The concentration levels used for the matrix effect assessment were 1, 5, and 

20 ng/mL. 

𝑀𝐸 (%) =  
𝑆𝑢

𝑆𝑤
× 100%         (8) 
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Where ME is matrix effect in percent, Su is the peak area of IMPA in urine, and Sw is the 

peak area of IMPA in water. If ME is 100%, it indicates that no matrix effect was observed. 

Table 20. Matrix effect data (n=9) 

IMPA 

(ng/mL) 

Matrix effect (%) 

Ion transition m/z 95 

ESI 

1 30 

5 28 

20 26 

Unispray 

1 43 

5 39 

20 36 

APCI 

25 69 

100 54 

500 49 
APCI: Atmospheric pressure chemical ionization; ESI: Electrospray ionization; IMPA: Isopropyl 

methylphosphonic acid. 

Table 20 shows that the matrix effect was observed and influenced the MS/MS signal of 

IMPA. It can be noticed from the data that the higher the concentration of IMPA spiked to the 

urine resulting in higher matrix effects. In addition, it is interesting to note that the ion 

suppressions patterns were detected in all three ion sources. As can be seen in Table 20, the 

peak areas of IMPA in spiked urine were less than 50% for ESI and Unispray, while in APCI 

was below 70% in comparison to the peak area of IMPA in water, indicating that there was 

co-eluting substance influencing the ionization of the analytes.  

The different mechanism of ionization is also affecting the matrix effect, since the efficiency 

of analyte ion formations in the presence of the same co-eluting interference extracted from 

the urine sample may be different. The yield in Unispray is better than that in ESI indicating 

that the ion suppression in ESI is higher than in Unispray. However, the ME% is still 

considered high for these ion sources. APCI, on the other hand, has less matrix effect 

compared to both ESI and Unispray with the value of above 50% for spiked IMPA at the 

concentration of below 500 ng/mL. 

These data confirm that the IMPA was not well separated from matrix components in the 

urine. Thus, the sample preparation technique should be optimized to avoid the influence of 

interference for IMPA determination. 



64 
 

4.5.7. Recovery 

In this study, the recoveries for the analyte were examined only in the ESI source. The reason 

for choosing this source is because of its stability for IMPA analysis and this source is 

commonly used not only in Waters instrument but also from other manufacturers. Moreover, 

recovery study is preferably set to measure the effectiveness of the sample preparation 

method instead of the ionization efficiency of the ion source. 

The recoveries were identified by spiking nine parallel urine samples (n=9) at three different 

concentration levels of 5 ng/mL, 10 ng/mL, and 20 ng/mL.  After sample treatment, the 

internal standard IMPA-d7 was spiked at the concentration of 2.5 ng/mL. Table 21 presents 

the average recovery results, which are under 40% for all the concentrations. The low 

recovery in this study is maybe a consequence of the weak extraction efficiency in the sample 

preparation method and some matrix effect involved during LC-MS/MS analysis. 

Nevertheless, the RSD’s of the recovery results in this study was good with only from 7-9%. 

This value shows that the method is precise and consistent. 

Table 21. The recovery results for IMPA using ESI source (n=9) 

Standard level (ng/mL) Average recovery (%) Average STDev Average RSD (%) 

5 34 2.4 7 

10 34 3.1 9 

20 38 3.1 8 
ESI: Electrospray ionization; RSD: Relative standard deviation; STDev: Standard deviation 

The principal of sample preparation performed in this study is explained in the next section.  

4.5.8. Factors that may be affecting recovery with respect to sample preparation 

method 

Many steps in the sample preparation method may affect the analyte lost causing low 

recovery results. Strata Si-1 silica resin, which is an NP-based SPE with the polar sorbent, 

should retain the polar analyte such as IMPA. However, since IMPA mostly was in the ionic 

form at the urine’s pH (pH = 8), therefore the ionic IMPA might flow through together with 

the non-polar interference which was not retained to the sorbent. 

Next, when the SPE column was rinsed with 10% H2O in acetonitrile (2x1 mL) in order to 

remove interference which was weak retained to the silica sorbent, some amount of IMPA 

could also be rinsed away and discarded from the sorbent causing lower recovery. The IMPA 
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elution was done by disrupting the interactions between IMPA and sorbent functional groups 

using 2.5 mL of 25% H2O in acetonitrile. As can be seen in Figure 23, water is the most polar 

at the mobile phase solvent scale. Therefore, water can be placed as the strongest eluent to the 

nature of the silica sorbent where the competition for the analyte molecules occurs. The 

higher the water content, the higher it adsorbs to the strongest of the silanol group, leading to 

reduced retention of the analyte. 

 

Figure 23. Mobile phase polarity spectrum (Image courtesy of Waters Inc, Ref 110) 

The eluant was then evaporated to dryness to remove the acetonitrile. The acetonitrile cannot 

be injected directly to the C18 analytical LC column because the IMPA would be in the flow 

through without retaining to the LC column. The evaporation to dryness may contribute to 

the low recovery as analyte could be lost during this step. Hamelin et al and Schulze et al 

used the Si-1 cartridge as this study did, but they did not evaporate the eluent to dryness since 

they employed HILIC column which used acetonitrile-water as the mobile phase.
31,32

 

Mawhinney et al (2007) performed a similar sample preparation technique as in this study 

and obtained a recovery of 59%.
30

 However, Mawhinney used the HILIC column on their LC 

analysis. It can be understood that the analyte separations in the chromatography system 

could also affect the recovery in the LC-MS analysis. In HILIC, the IMPA can be separated 

better to the other polar species present in urine, leading to decrease the coeluting 

interference and then the observed result is better than that in the RPLC. However, the 

recovery results obtained by this method were still under 60%. 

As has been discussed in the recovery section, this method is virtually considered as 

consistent but not reproducible. Further study on the sample preparation (sample clean-up) 

needs to be done in order to increase the recovery. Two possible sample clean-up techniques 

can be evaluated such as by using C-18 cartridge or ion-exchange cartridges. Ciner et al used 

SAX cartridge and acidic methanol to elute IMPA from the column cartridge.
27

 This eluent 

composition was compatible with the mobile phases used in RPLC-MS and obtained a good 
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result. For C-18 SPE cartridge, the pH of the urine solution should be considered since the 

targeted analyte should be in their intact molecular form to be retained to the C-18 sorbent. 

After finding the optimal sample preparation methods, one can do more observation on the 

matrix effect in the LC-MS/MS analysis. 

5. CONCLUSIONS AND FUTURE RESEARCH 

The today most widely used ionization techniques for LC-MS, ESI and APCI, were evaluated 

and compared to the new API source called Unispray, for the analysis of sarin metabolite 

IMPA in human urine. Both IMPA identification in ultra-purified water and urine sample 

were performed to investigate the instrument performance for IMPA analysis with and 

without the influence of matrix effect.  

Various validation parameters such as LOD, LOQ, precision, and accuracy were defined to 

evaluate the quantitative performance of the method in three different ion sources, 

respectively. For ESI and Unispray, the method provides a satisfactory detection limit, 

precision, and accuracy. In contrast, APCI has weaknesses in the analysis of polar 

compounds, by showing higher LOD and LOQ values both in water and urine. The method 

selectivity and precision for all three ion sources are acceptable, except for APCI, where 

selectivity is slightly above the criteria set by the WADA. 

The method accuracy for urine sample is within the acceptable range for IMPA 

concentrations of above 2.5 ng/mL analyzed in ESI and Unispray. For APCI, the accuracy 

bias is also acceptable for IMPA concentration of above 25 ng/mL. However, for IMPA in 

water, APCI shows poor accuracy with the relative bias of 67%. The matrix component 

clearly influences the method accuracy, and this is not only occurring in APCI, but also in 

ESI and Unispray.  

Based on the validation results, the methods applied in ESI and Unispray are suitable for use 

in the trace analysis of the sarin metabolite IMPA in urine samples. Unispray was proven to 

be better than ESI in terms of its sensitivity since the Unispray produces more ions and 

therefore higher peak areas. This high sensitivity also gives a drawback by producing higher 

background noise. However, the MRM method performed in this study, which is a selective 

method, can overcome this matter and become a powerful method for reliable detection and 
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verification of the use of sarin nerve agent. On the other hand, the ionization technique in the 

APCI does not show good performance, therefore it is not recommended to employ APCI for 

IMPA analysis. 

The study needs to be continued for sample clean-up for the urine matrix. The poor results of 

the recovery study indicate that the sample preparation technique is not very selective for 

IMPA extraction. Further study on the optimization of sample preparation method for urine 

matrix should allow for significant improvements in our capacity to reduce the matrix effect, 

to increase recovery value, and then to produce a more sensitive and selective method for 

IMPA trace analysis in the urine samples. 
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