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Abstract 

 
MECHANISM AND USE OF PAIRED ION ELECTROSPRAY IONIZATION (PIESI) IN 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY 

(HPLC-MS) FOR SENSITVE ANALYSIS OF ANIONIC COMPOUNDS 

 

Hongyue Guo, Ph.D. 

 

The University of Texas at Arlington, 2016 

Supervising Professor: Daniel W. Armstrong 

In recent years, the paired ion electrospray ionization (PIESI) technique has been 

emerged as a promising alternative to overcome the inherent low sensitivity of negative 

ESI-MS. This research has focused on further understanding the mechanism of PIESI-

MS and how it leads to signal enhancement and is affected by sample matrices. 

Additional novel applications of PIESI-MS in sensitive and selective analysis of 

challenging anionic compounds were considered. 

Specifically, this dissertation describes research in two areas:  

1) A further investigation into the mechanism of PIESI-MS by which the detection 

of anions is enhanced. This was done using two rational designed surface-active ion-

pairing reagents. As compared to their corresponding non-surface-active ion-pairing 

reagents, the detection sensitivities obtained with surface-active ion-pairing reagents 

were further enhanced. It was found that surface activity plays a critical role in the 

detection sensitivity for anions with PIESI-MS.  

2) Novel applications of PIESI-MS in trace analysis of anionic sugars, 

metabolites of abused drug and dicamba residues were demonstrated in Chapter 3, 4 

and 5 respectively. Chapter 3 demonstrates that PIESI provided LODs for anionic sugars 
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one to two orders of magnitude lower than negative ESI-MS. Chapter 4 describes the 

development of a HPLC-MS/MS method based on PIESI for trace analysis of abused 

drugs by detecting their glucuronate and sulfate conjugates in urine. As compared to 

other reported negative ESI based methods, one to three orders of magnitude 

improvement in detection sensitivity was obtained. Chapter 5 describes the application of 

PIESI-MS for analysis of dicamba residues in complex raw agricultural commodities with 

enhanced sensitivity and selectivity. The performance of PIESI in reduction of matrix 

effects was demonstrated in Chapter 6. As compared to negative ion mode, PIESI-MS 

was less susceptible to matrix effects in groundwater and urine. Overall, the PIESI 

strategy should be widely used for trace analysis of other types of anionic compounds 

and samples. 

3)  
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  Chapter 1

Introduction 

 
 Trace analysis of anionic compounds 1.1

Trace-level analysis of inorganic and organic anions is essential in a variety of 

scientific and technical fields. Most commonly it is utilized in the analysis of samples such 

as environmental pollutants,
1-3

 biological intermediates,
4,5

 drug metabolites,
6,7

 food and 

beverage ingredients,
8,9

 as well as surfactants.
10-12

 Due to their anionic nature, trace 

analysis of these compounds sometimes can be a challenging task.
12

 The polarity and 

high water solubility of most anionic compounds make their selective extraction 

(particularly at trace-level) and chromatographic resolution from potentially interfering 

components in complex matrices very difficult. The often low retention of many anionic 

compounds on conventionally used reversed-phase liquid chromatography (RPLC) 

stationary phases, such as C18, make their analyses complicated. The most commonly 

used methods for anionic compound analysis include ion chromatography,
13-16

 flow 

injection analysis,
17-19

 ion pair chromatography
4,20,21

 and capillary electrophoresis
22-24

 

coupled with UV, conductivity, MS, ICP-MS (inductively coupled plasma mass 

spectrometry) or more recently, ion mobility spectrometry.
25

 However, none of these 

techniques are completely satisfactory because they are either not universal or lack 

sensitivity. Indirect methods such as gas chromatography have also been used for 

anionic compound analysis. However, additional sample preparation steps (at low 

concentrations) often introduce various impurities, irreproducible yields and increased 

analysis times.
26

 

Currently, HPLC-MS equipped with electrospray ionization (ESI) interface has 

become the preferred platform for trace analysis due to advantages of improved 



2 

throughput, selectivity and sensitivity.
4,27

 The negative ion mode ESI-MS is the most 

common way for the detection of anionic compounds. However, the detection sensitivities 

provided in the negative ion mode are more moderate and sometimes inadequate for 

trace analysis.
28,29

 Compared to the positive ion mode, corona discharge and arcing are 

more prevalent in negative ion mode, which may lead to an unstable Taylor cone and 

consequently reduced detection sensitivity and signal instability.
27,30,31

 Other limitations of 

detection in negative ion mode are that small, polar anionic compounds tend to be less 

efficiently ionized and produce signals in a higher noise background region of the 

spectrometrum.
27,28,32

 

 Paired Ion Electrospray Ionization (PIESI) 1.2

A novel technique named paired ion electrospray ionization (PIESI), was 

developed by the Armstrong group for the enhancement of detection sensitivity of anionic 

compounds at trace levels.
12,28,31

 Briefly, it utilizes a very small amount (μM) of a multiply 

charged (positive) ion-pairing reagent to associate with anionic compounds by infusion of 

a dilute solution at a post-column position but before the ESI interface. Therein, positively 

charged analyte/ion-pairing reagent complex ions are formed. These complex ions are 

vaporized, detected and quantitated in positive ESI. With the use of optimal ion-pairing 

reagents, sub-picogram (pg) levels of limits of detection (LOD) were achieved for 

inorganic and organic anions, which were from one to four orders of magnitude more 

sensitive as compared to other methods reported in the literature.
12,28,31,33-36

 Several 

factors contribute to this high sensitivity: a) the detection is performed in the sensitive 

positive ion mode; b)the detection of the analyte is moved from the low mass-to-charge 

(m/z) region where the noise background in MS is higher, to a higher m/z region where 

the noise background is lower; c) the surface-activity of the analyte/ion-pairing reagent 
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complex is significantly higher than either the analyte or the ion-pairing reagent alone, 

resulting in improved ionization efficiency and further enhanced sensitivity.
37,38

 

Figure 1-1 shows the typical instrumental configuration of HPLC-PIESI-MS. A 

Secondary LC pump was employed to introduce the ion-pairing reagent solution 

(dissolved in methanol or water) into the sample stream at a post-column position. The 

ion-pairing reagent was then mixed with the HPLC mobile phases at the center of the Y-

type mixing tee (low dead volume), and the newly formed analyte/ion-pairing reagent 

complex ions were then monitored in the positive scan, single ion monitoring (SIM) or 

selected reaction monitoring (SRM) mode. 

 

 

 

 

 

 

 

 

 

Figure 1-1 Instrumental setup of HPLC-PIESI-MS 

 
1.3 Development of Ion-Pairing Reagents Used for PIESI Technique 

Conventional ion-pairing reagents are often used as mobile phase additives in 

ion pair chromatography to promote the formation of ion pairs with charged analytes.
39

 

These reagents are comprised of an alkyl chain with an ionizable terminus (such as 

ammonium and sulfonate). When used with standard RPLC stationary phases, these ion-
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pairing reagents can sometimes selectively increase the retention and separation of 

charged analytes. However, the high concentrations of these conventional ion-pairing 

reagents used in HPLC-MS (mM level) often causes severe ion suppression and ion 

source contamination.
4,20,21,40

 The ion-pairing reagents used in PIESI were initially 

synthesized for use as high-stability ionic liquids.
41

 These novel ion-pairing reagents often 

have two or more charged moieties (i.e., tetraalkylammonium, substituted imidazolium, 

substituted pyrrolidinium or substituted phosphonium groups) that were separated by one 

or several alkyl linkage chains. Another distinction from traditional ion-pairing reagents is 

that it is introduced into the sample stream at a post-column position with concentrations 

at the µM level, which can avoid MS source contamination and column deterioration. 

Furthermore it results in an enhanced signal rather than a suppressed signal. 

1.3.1 Dicationic Ion-Pairing Reagent 

The initially used ion-pairing reagents were tetraalkylammonium, methylimidazole 

and butylpyrrolidium based symmetrical and dicationic ion-pairing reagents, in which the 

charged moieties were joined by a long alkyl chain.
2,42

 These ion-pairing reagents were 

synthesized in their bromide and iodide form, and were ion-exchanged to their fluoride 

form to maximize complexation with other anions, according to the procedure reported 

previously.
2
 An early use of these ion-pairing reagents was for the improvement of 

detection sensitivity and selectivity of perchlorate and iodide in breast milk, urine and 

environmental water samples with the use of ion chromatography (IC) coupled with ESI-

MS.
2,42,43

 Limits of detection as low as 25 parts per billion (ppb) were obtained for 

perchlorate with these ion-pairing reagents.
2
 In 2007, Martinelango et al. further 

investigated the effect of factors such as the alkyl chain length, concentration and anionic 

form of the ion-pairing reagent, Me3N
+
-(CH2)n-NMe3

+
 on detection sensitivity of 

perchlorate. It was found that LOD of perchlorate at 20 ppb was obtained with the 
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optimized conditions (the alkyl chain length n=6, concentration at 5 μM and in the fluoride 

form) of the tretramethylammonium based dication.
44

 In 2007, the PIESI technique was 

combined with a HPLC system for the sensitive analysis of 34 singly charged inorganic 

and organic anions. These anions were monitored in both positive SIM and SRM mode 

with the use of an imidazolium based dicationic ion-pairing reagent. The fragmentation 

pathways of the analyte/ion-pairing reagent complex ions in SRM mode were also 

identified in this study.
28

 

Remsburg et al. extended the dicationic ion-pairing reagents into 23 structurally 

different ion-pairing reagents (21 linear and 2 cyclic ion-pairing reagents).
29

 LODs at ppb 

and ppt levels were able to be obtained with the use of the structurally optimized 

dicationic reagents. Compared to some of the rigid dicationic ion-pairing reagents, the 

ion-pairing reagents composed of two charged moieties that are separated by an alkyl 

linkage chain have relatively flexible geometries, which enable them to bend around and 

more tightly associate with some anions. It was also found that the detection sensitivities 

for the representative inorganic and organic anions (differing in mass, size-to-charge 

ratio, chaotropic nature, and overall complexity) were highly dependent on the structure 

of the ion-pairing reagent used. Overall, four ion-pairing reagents (shown in Table 1-1) 

were identified as most effective for the sensitive detection of inorganic and organic 

anions and are now commercially available in Sigma-Aldrich. 

 

Table 1-1 Structures, abbreviations, and exact masses of the four best ion-pairing 

reagents 

Ion-pairing reagent Abbreviation Structure 

Exact 
mass 
of the 

dication 
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Table 1-1—Continued    

1, 5-pentanediyl-bis-(1-
butypyrrolidinium) 

difluoride 
C5(bpyr)2 

 

324.4 

1, 9-Nonanediyl-bis(3-
methylimidazolium) 

difluride 
C9(mim)2 

 

290.3 

1,3-Propanediyl-
bis(tripropylphosphonium) 

difluoride 
C3(triprp)2 

 

362.3 

1, 5-Pentanediyl-bis(3-
benzylimidazolium) 

difluoride 
C5(benzim)2 

 

386.3 

 

 
1.3.2 Tricationic Ion-Pairing Reagents 

Encouraged by the success of using dicationic ion-pairing reagents in sensitive 

detection of singly charged anions in the positive ion mode, similar approaches of using 

tricationic ion-pairing reagents to detect doubly charged anions were developed in 

2008.
33,34,45

 A total of thirty three linear and trigonal tricationic ion-pairing reagents were 

newly synthesized for the assay. These studied showed that flexible linear trications 

generally provided better detection sensitivities for divalent anions than rigid trigonal 

tricationic ion-pairing reagents.
45

 However, trigonal ion-pairing reagents provided 

complementary performance to the linear trications in some cases. Further enhanced 

sensitivities by one to three orders of magnitude were achieved in SRM mode when 

compared to those obtained in SIM mode.
33,45
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1.3.3 Tetracationic Ion-Pairing Reagents 

In 2010, Zhang et al. successively developed eighteen novel tetracationic salts 

with diverse structures as ion-pairing reagents for the detection of trivalent anions in 

positive ion mode ESI-MS.
46

 Compared to the LODs obtained in the negative ion mode, 

one to four orders of magnitude enhanced detection sensitivity for these trivalent anions. 

It was also indicated from this study that the overall geometry and structure of the 

cationic moieties of the ion-pairing reagents are critical factors in their effectiveness for 

sensitive detection of anions.
46

 

1.4 Application of PIESI in Sensitive Analysis of Anionic Compounds 

It was found from previous studies that chaotropic anions had the lowest 

detection limits, with some analytes such as PFOA detected down to femtograms (fg) 

levels
2,29,34,44

. PIESI was also employed for the sensitive analysis of arsenic species in a 

tap water sample both with and without chromatographic separation.
28

 

From 2008 to 2010, small divalent and trivalent inorganic and organic anions with 

diverse masses, size-to-charge ratios, chaotropic nature and different degrees of 

complexity were sensitively detected in positive ESI-MS with newly synthesized tricationic 

and tetracationic ion-pairing reagents.
33,34,45,46

 Detection limits down to pg levels were 

obtained with the use of the optimized ion-pairing reagents in PIESI-SIM or PIESI-SRM 

mode.
45

 For the analysis of the challenging bisphosphonate based compounds (lack of 

chromophores, multiple charge states in solutions and polar), ion-pairing reagents were 

also pre-column introduced into mobile phases to improve both the detection sensitivity 

(in positive ESI-MS) and retention for these bisphosphonates on reversed-phase C18 

stationary phase.
33

 

Analysis of biologically important compounds often is a big challenge in analytical 

chemistry due to their very low concentrations and complex matrices such as blood, 
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plasma and tissue. Many of these biological metabolites and intermediates are anionic or 

can be negatively charged (e.g. nucleotides and phospholipids). Due to their inherently 

low detection sensitivities in negative ESI-MS, PIESI can be the method of choice. In 

2010, Dodbiba, et al. evaluated the feasibility of using the PIESI approach for the 

sensitive analysis of nucleotides, including nucleotide mono-, di-, and tri-phosphates; di- 

and tri-nucleotides and cyclic nucleotides.
35

 When compared to the detection limits 

obtained in the negative ion mode, the results showed that up to 750 times LOD 

improvement were obtained with the use of optimal dicationic, tricationic and tetracationic 

ion-pairing reagents.
29,33,34,45,46

 In the following year, Dodbiba, et al. further applied PIESI 

to the sensitive analysis of zwitterionic phospholipids combined with hydrophilic 

interaction liquid chromatographic (HILIC) and RPLC separations.
36

 The detection limits 

of the selected phospholipids were improved by one to six orders of magnitude as 

compared to the LOD values obtained in negative ion mode without the use of ion-paring 

reagents.
36

 

Although the PIESI technique has been used since 2005,
2
 the name “paired ion 

electrospray ionization (PIESI)” was firstly appeared in a 2013 publication by Armstrong 

and co-workers, when the technique was applied for the sensitive analysis of acidic 

pesticides in environmental water samples.
31

 Four now commercially available dicationic 

ion-pairing reagents were used for the detection (see Table 1-1). The LOD values of the 

nineteen selected acidic pesticides ranged from 0.6 pg to 19 pg with the use of the 

optimal ion-pairing reagent. Notably, the developed method was one to three orders of 

magnitude more sensitive than other reported HPLC-MS methods with different ionization 

interfaces and negative ion mode operation.
31

 Most recently, the PIESI approach was 

used for the trace analysis of sphingolipids and anionic surfactants.
12,47
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1.5 Application of PIESI in Sensitive Analysis of Metal Cations 

Metal cations have poor detection sensitivity in positive ion mode ESI-MS, 

because metal cations have small m/z values, which make them reside in high noise 

background region.
2,27

 These highly solvated metal cations also have relatively low 

ionization efficiency in ESI-MS.
28,48

 The most common ESI-MS approach for sensitive 

detection of metal cations involves the use of chelating agents with the metal ions and 

detecting the organometallic complex in negative ion mode. However, the negative ion 

mode is generally less sensitive than the positive ion mode. Dodbiba and Xu, et al. 

reported a novel strategy for the ultra-sensitive detection of metal cations in the positive 

ion mode based on PIESI.
48,49

 Briefly, the ion-pairing reagent was introduced to associate 

further with the chelated metal cations, and subsequently positively charged ternary 

complex ions were formed and were ultimately detected via positive ESI-MS.
48,49

 With the 

use of optimal ion-pairing reagents and chelating agents, the detection sensitivity were 

from one to three orders of magnitude better than negative ion mode(with LODs down to 

sub-pg levels). The nature of ion-pairing reagents and chelating agents both affected the 

detection sensitivities of the selected metal cations. Therefore, it was recommended to 

optimize ion-pairing reagents and chelating agents for certain metal cations prior to 

sample analysis. Also, the optimum sample solution pH was found to be between 5 to 

7.
48,49

 

1.6 Mechanism of PIESI 

In ESI-MS, the ionization of analyte from solution phase to gas phase often 

involves the following process. First of all, charge separation is produced at the surface of 

the sample liquid with the high applied capillary voltage (2-5 kV), and subsequently a 

“Taylor Cone” is formed.
50

 When the solution that comprises the Taylor Cone reaches the 

point at which coulombic repulsion of the surface charge is equal to the surface tension of 
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the solution (known as the Rayleigh limit
51

), droplets that contain an excess charge was 

dispersed from its tip. For small molecules, the generation of the charged analyte ions 

from droplets is described in the ion evaporation model (IEM). In IEM, ions are directly 

ejected from the droplet surface resulting from the solvent evaporation, which causes 

coulombic repulsion to overcome the liquid’s surface tension.
52

 The charge residue model 

(CRM) is suitable for the explanation of the mechanism of large molecules’ ionization 

from the liquid phase to gas phase ions. This model assumes that large droplets are 

divided into smaller and smaller droplets due to solvent evaporation and thus increased 

charge density. Eventually, the charge of the vanishing droplet is transferred to the 

analyte.
53

 The final step is that analyte ions in the gas phase are selectively transferred 

from atmospheric pressure to the mass analyzer. 

ESI responses can vary significantly among different analytes that have identical 

concentrations.
27

 A classic example is that the ESI response of decyltrimethylammonium  

(DTMA) was more than ten times higher than cesium (Cs
+
) using the equimolar mixture 

solution (both in their bromide form).
54

 This difference arises from the higher surface-

activity of DTMA ions.
27

 Several other studies also found that analytes with high surface-

activity had higher ESI response.
54-60

 Cech et al. proposed the equilibrium-partitioning 

model (EPM) to rationalize the effect of surface-activity on ESI response.
61-63

 The EPM 

was developed based on competition among the ions in the solution for the limited 

number of excess charge sites on the surface of the ESI droplet.
63

 Briefly, the interior of 

the droplets was assumed electrically neutral, and consisted of cations and anions that 

balance each other in charge. The neutralized analytes or ion-paired analytes would not 

be observed mass spectrometrically because they would evaporate to form neutral salts. 

Only analytes that could become part of this excess charge phase on the surface of the 

ESI droplet would be responsive to ESI. Therefore, the more surface-active an analyte, 
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the higher its capability to transfer to the surface of the ESI droplet, resulting in out-

competing other ions for the limited excess charge sites on the ESI droplet surface.
27,63

 

Tang et al. provided an experimental verification of the EPM by photographing the 

colored surfactant deposition on a grounded metal plate after electrospray.
60

  

Recently, the mechanism for the significantly enhanced sensitivity for anions 

obtained by PIESI was investigated by our group.
37

 Since the system involves a process 

of anion/ion-pairing reagent complexation and the partitioning of ions in the aerosol 

droplets, both the binding constant of anion/ion-pairing reagent and the surface activity of 

the complex were considered. Experimental results showed that the binding constant 

obtained in the gas phase was approximately two orders of magnitude greater than the 

solution phase. The surface activity of anion/ion-pairing reagent complex was 

substantially increased over that of either the anion or the ion-pairing reagent alone. 

According to EPM, the enhanced surface activity is the driven force for the ultra-high 

sensitivities of PIESI. As the complexes form and the droplet shrink, the anion/ion-pairing 

reagent has a large affinity for the droplet surface which enhances ionization efficiency. 

When the binding equilibrium in the center of the droplet is disrupted by the continuous 

partitioning of the complex to the surface, more complex is formed in the center of the 

droplet to maintain the equilibrium constant. The surface-active nature of the anion/ion-

pairing reagent complex ions helps the analyte outcompete other ions for the limited 

space of the droplet surface, and thus the ionization efficiency of the analyte is 

enhanced.
37,64

 

1.7 Research Objectives and Organization of the Dissertation 

The dissertation is focused on the mechanism and the novel application of PIESI 

in HPLC-MS for sensitive analysis of biologically clinically, and environmentally 

challenging anionic species. The first portion of the dissertation (Chapter 2) concentrates 
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on the development of unsymmetrical ion-pairing reagents for ultra-sensitive detection of 

anions and further discussion of the mechanism of PIESI. Since the surface-activity was 

a critical factor affecting the ionization efficiency of anions as well as the effectiveness of 

PIESI based on the previous mechanism study,
37

 it was logical to design more surface-

active ion-pairing reagents to further enhance the detection sensitivities of anions. Thus, 

a long alkyl chain was introduced into the structure of symmetrical ion-pairing reagents. 

The effectiveness of these newly synthesized unsymmetrical ion-pairing reagents in 

detection sensitivity was evaluated and compared to two closely related symmetrical ion-

pairing reagents. The mechanism of PIESI was further discussed in this chapter. 

The second portion of the dissertation (Chapters 3 to 6) focuses on the 

development of HPLC-MS methodologies based on PIESI for the sensitive analysis of 

biologically, clinically and environmentally challenging anionic compounds. Chapter 3 

describes the application of PIESI in sensitive detection of anionic sugars. Compared to 

conventionally used negative ESI, one to two orders of magnitude lower LODs were 

obtained with the utilization of the PIESI approach. A HPLC-PIESI-MS method was 

developed for the separation of the selected anionic sugars particularly the isomeric 

sugar phosphates. Chapter 4 describes the development of HPLC-PIESI-MS method for 

ultra-sensitive analysis of abused drugs including performance-enhancing drugs in urine 

by detecting their glucuronide and sulfate conjugates. It was found that detection limits 

down to sub-pg levels were obtained with the use of the optimal ion-pairing reagents. As 

compared to other reported methods, the detection sensitivities for steroid metabolites 

were up to three orders of magnitude better. Chapter 5 describes the application of PIESI 

in sensitive and selective determination of dicamba residues in raw agricultural 

commodities (RACs). The developed HPLC-MS method based on PIESI provided 

enhanced detection sensitivity and selectivity for dicamba residue analysis with excellent 
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quantitative linearity, accuracy and precision. Further investigation of ionization effects 

indicated that minimal matrix effects were present in RACs with the use of the developed 

HPLC-PIESI-MS/MS method.  

When comparing PIESI and conventional approaches for analysis of actual 

biological and/or environmental samples, PIESI often appeared to be less subject to 

matrix effects. No studies have examined whether or not the PIESI approach mitigates 

matrix effects. Consequently, a controlled study was done using easily reproduced 

synthetic groundwater and urine matrices to evaluate the effectiveness of PIESI in 

reduction of matrix effects (Chapter 6). As compared to the negative ion mode, PIESI 

provided less ionization suppression in both matrices when examined on two MS 

platforms, a Thermo LXQ linear ion trap and a Shimadzu triple quadrupole MS. Using 

PIESI-MS, less dilution of the sample is needed to eliminate ionization suppression 

which, in turn, permits lower limits of detection and quantitation. Finally, a general 

summary is presented in Chapter 7. 
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  Chapter 2

Mechanism and Sensitivity of Anion Detection Using Rationally Designed Unsymmetrical 

Dications in Paired Ion Electrospray Ionization (PIESI) Mass Spectrometry 

 

Abstract 

Paired ion electrospray ionization (PIESI) mass spectrometry was developed as 

a useful technique that provides sensitive detection for anions in the positive ion mode. 

The ion-pairing reagent utilized plays an essential role affecting the detection limits. This 

work describes the design and synthesis of two novel dications with unsymmetrical 

structures and their utilization for anion detection and mechanistic insights. The 

performance of dications was evaluated for seven selected anions in both single ion 

monitoring (SIM) mode and selected reaction monitoring (SRM) mode. The 

unsymmetrical dications allowed sensitive detection for these anions with down to sub-

picogram limits of detection (LOD), and an improved sensitivity from 1.5 to 12 times as 

compared to the corresponding symmetrical dications. The enhanced sensitivity could be 

attributed to the surface activity of the unsymmetrical dications, which results in a 

concurrent strong partitioning of the anion to the aerosol droplet surface. Surface activity 

measurements of the anion/ion-pairing reagent complex were conducted and a 

correlation between the observed ESI responses and the surface activity of the complex 

was found. The mechanism was further explored and explained based on the concepts of 

the equilibrium partitioning model (EPM). 

2.1 Introduction 

The use of electrospray ionization (ESI), introduced by Fenn et al.,
65-68 with mass 

spectrometry (MS) has grown tremendously in the last few decades. The power and 

broad applicability of ESI-MS has been demonstrated in the analysis of different classes 
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of molecules, ranging from extremely large molecules, such as proteins,
68-70 

polymers,
71,72 and oligonucleotides,

73 to small molecules, such as lipids,
74,75 and amino 

acids.
76,77 The majority of ESI-MS analyses are conducted in the positive ion mode, 

where the analyte cation produced from protonation/adduct formation is measured, 

whereas the detection of analyte anions is less preferable.
78 Anion detection by ESI-MS, 

which is not as extensively explored as the detection of cations, was primarily hampered 

by the low sensitivity and signal instability in the negative ion mode, resulting from the 

increased tendency toward electrical (corona) discharge and the inherent chemical 

noise.
30,79,80  

Previously, we investigated the possibility of sensitive detection of anions in the 

positive ion mode by ESI-MS,
2,28,29,31,36,45,48,49 and introduced an innovative approach 

named paired ion electrospray ionization (PIESI) mass spectrometry. This technique 

involves adding very low concentrations of multiple charged ion-pairing reagents into the 

sample stream, thereby allowing the anionic molecules to be measured with extremely 

high sensitivity in the positive ion mode as the anion/ion-pairing reagent associated 

complexes. With the use of optimal ion-pairing reagents, limits of detection (LOD) have 

been pushed down to sub-picogram for small organic anions,
29,31 and to low picogram for 

inorganic anions.
28,45 This technique was recently reviewed by Breitbach et al.

81 The 

advantages of PIESI were particularly notable when detecting inorganic ions (such as the 

halides), since they were previously hardly detectable in negative ion mode ESI-MS. 

Compared to the more common analytical anion detection techniques, such as ion 

selective electrodes, ion chromatography with conductivity detection, or atomic 

spectroscopy,
82-86 PIESI-MS has shown superior performance in terms of both specificity 

and sensitivity. PIESI-MS also has been shown to be highly advantageous for the 

analysis of moderately size lipophilic molecules such as anionic and zwitterionic 
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phospholipids.
36 The reported LODs were from 3 to 6 orders of magnitude better than 

those of other known methods. It is important to note that this approach is already being 

successfully employed in a number of actual applications involving naturally occurring 

samples and matrices.
2,28,31,87  

While these results have been impressive and of potential value, the use of 

polycationic ion-pairing agents is highly structurally dependant. For example, diquat 

difluoride (dication XXII in ref.29) performed more than 500 times worse than structurally 

optimized dications used to detect singly charged anions.
29 Some common features of 

these “unsuccessful” ion-pairing reagents usually include a relatively rigid structure 

and/or not containing any flexible linkage chain between the cationic moieties.
29,37 This 

dichotomy of highly sensitive and insensitive detection by using structurally different 

dications indicates the need for a more comprehensive understanding of the 

characteristics of the ion-pairing reagents, as well as the formation and ionization 

mechanism of the ion-pairing reagent/anion complex, which could affect the observed 

sensitivity of this methodology. 

Surface activity has been considered one of the important properties that affect 

all aerosol-based analytical methodologies including ESI-MS. Early on the role of 

surfactants and surface tension were noted for aerosol-based analytical techniques of 

atomic absorption and flame emission spectroscopy.
88 Subsequently similar effects were 

observed for ESI-MS.
54,57,60-63,89-92 Tang and Kebarle observed that tetraalkylammonium 

ions, which are known to be surface active, give much higher ESI ion signals than alkali 

metal cations.
57 While the higher sensitivity of tetraalkylammonium ions can be attributed 

to their lower solvation energy (less solvated) and a consequent higher ion evaporation 

rate compared to alkali metal cations, they also suggested that the surface activity of the 

analytes may play an important role. The surface-active analyte ions, which are expected 
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to be enriched on aerosol droplet surfaces, should leave the droplets and become gas-

phase ions more readily and thus have a higher ESI response, according to the ion 

evaporation model (IEM) proposed by Iribarne and Thomson.
52,58,93 Subsequently the 

mechanistic interpretation was also extended to capillary electrophoresis (CE) with ESI-

MS detection. Rundlett and Armstrong addressed a modified aerosol ionic redistribution 

(AIR) mode and qualitatively explained the analyte signal quenching when using modest 

concentrations of anionic surfactants in CE-ESI-MS.
89 Enke’s equilibrium partitioning 

model (EPM) provided insight regarding the effect of analyte/solvent characteristics on 

the ESI response.
61-63 They proposed that the ionic species in the ESI droplet partition 

between two phases: an interior phase which is solvated and electrically neutral and a 

surface phase which carries the excess charge determining the observed ion response. 

The higher response of the surface active ion species can be therefore quantitatively 

explained by their higher equilibrium partition coefficients (K), which allow them to 

favorably complete the excess charge sites on the droplet surface as was previously 

outlined by Rundlett and Armstrong.
89 Tang and Smith photographed the colored 

surfactant deposition on a grounded metal plate after electrospray, and observed both 

the satellite and the progeny droplets generated during the ESI fissioning process are 

significantly surfactant-enriched.
60 This provided an experimental verification of the 

assumption that surface-active species preferentially reside on the droplet surface during 

the electrospray process. Brodbelt et al. extended the equilibrium partitioning model to 

host-guest complexation systems, and accurately modeled the ESI response to the host-

guest complexation interactions.
91,92 Recently, we investigated the mechanism for the 

greatly enhanced sensitivity obtained for anions by PIESI with consideration of both the 

binding behavior between anion and ion-pairing reagent and the surface activity of the 

anion/ion-pairing reagent complex.
37 Since the system involves the process of anion/ion-
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pairing reagent complexation and the partitioning of ions in the aerosol droplets, both the 

binding constant of anion/ion-pairing reagent and the surface activity of the complex were 

considered. It was found that an appropriate binding constant in both the solution phase 

and gas phase was necessary but not sufficient for high detection sensitivity. 

Interestingly, the surface activity of anion/ion-pairing reagent complex, which was greatly 

increased compared to either the anion or ion-pairing reagent alone, seems to be the 

most crucial factor leading to improved sensitivity.
37

 

Based on the aforementioned proposed mechanism and model,
37 we attempted, 

for the first time, to rationally design two novel dications with unsymmetrical structures, 

with the purpose of further improving the sensitivity for anion detection in the positive ion 

mode by PIESI-MS. The performances of the unsymmetrical dications were evaluated in 

terms of limits of detection, which were determined for seven selected anions in both 

single ion monitoring (SIM) mode and selected reaction monitoring (SRM) mode. A 

comparison of structurally related symmetrical and unsymmetrical dications was made. 

The surface activity of the anion/ion-pairing reagent complex and its correlation to the 

observed ESI responses were evaluated, which provides support for the proposed 

mechanism.
37

 The results from this work may also provide a basis for the design of future 

PIESI reagents. 

2.2 Experimental 

 Dicationic Ion-Pairing Reagents 2.2.1

Names, abbreviations and structures of the dications are listed in Table 2-1. 1-

butyl-1-[5-(1-butyl-1-pyrrolidiniumyl)pentyl]pyrrolidinium difluoride (SDC I) and 

N
1
,N

1
,N

1
,N

5
,N

5
,N

5
-hexamethyl-1,5-pentanediaminium diiodide (SDC II) were 

commercially available from Sigma-Aldrich (St. Louis, MO). Materials, synthetic 

procedures and elemental analysis for 1-butyl-1-[5-(1-tetradecyl-1-
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pyrrolidiniumyl)pentyl]pyrrolidinium dibromide (UDC I) and N
1
-dodecyl-N

1
,N

1
,N

5
,N

5
,N

5
-

pentamethyl-1,5-pentanediaminium dibromide (UDC II) are described in Figure 2-1 and 

Table 2-2 respectively. To maximize the production of dication/anion complex in the 

solution phase, the bromide and iodide dications were converted to fluoride form by using 

the anion-exchange resin. The procedure for anion-exchange was described previously
2
 

and was provided as following. An 1.5 cm × 5cm (diameter × length) anion exchange 

column was packed with Amberlite® IRA-400 chloride anion exchange resin (Sigma-

Aldrich , St. Louis, MO). The column was first wet with deionized (DI) water, and was 

then rinsed with 10 times column volume of 1M NaOH converting the resin from chloride 

form to hydroxide form. The resin column was then washed with 10 times column volume 

of DI water. Then, 10 times column volume of 0.5 M NaF was added to the column so 

that the OH
-
 ion on the resin was exchanged to F

-
 ion. The column was again equilibrated 

with 10 times column volume of DI water. The dication bromide salt, which was 

completely dried in vacuum oven, was carefully weighed and made to 0.1 M solution in 

water. The above 1 mL of dication bromide salt solution was added dropwise to the resin 

bed, and the dication was then eluted with MS water into a 10 mL volumetric flask. The 

final solution will be 10 mM solution of ion-pairing reagent in F
-
 form. Anionic analytes 

were purchased as the sodium/potassium salt or as the free acid from Sigma-Aldrich (St. 

Louis, MO, USA). These structures are shown in Table 2-1. 

 

Table 2-1 Names, abbreviations and structures of dications and anions used in this study 

Dication Name (Abbreviation) 
Structure 

symmetrical dication I (SDC I)  
2F

-
 

N N
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Table 2-1—Continued  

unsymmetrical dication I (UDC I) 

(Surfactant)  
2F

-
 

symmetrical dication II (SDC II)  
2F

-
 

unsymmetrical dication II (UDC II) 

(Surfactant) 
 

2F
-
 

Analyte Anion Name (Abbreviation) Structure 

benzenesulfonate (BZSN
-
) 

 

iodide (I
-
) I

-
 

benzoate (BZO
-
) 

 

arsenate monobasic (ASN
-
) H2AsO4

-
 

monochloroacetate (MCA
-
) 

 

thiocyanate (SCN
-
)  

etidronate (HEDP
-
) 

 
 

 

 

 

Figure 2-1 Synthesis of 1-butyl-1-[5-(1-tetradecyl-1-pyrrolidiniumyl)pentyl]pyrrolidinium 

dibromide (UDC I, 3) and N1-dodecyl-N1,N1,N5,N5,N5-pentamethyl-1,5-

pentanediaminium dibromide (UDC II, 4) 

N N

N N

N N

S

O

O

O

O

O

O

O
Cl

S C N

P P

OH
HO OH

OO
HO O

N

N N

H
N

N BrN BrBr

BrDMF 90 °C

Br

DMF 40 °C

2.
1. NaH 2Br

DMF 90 °C
1

2

3

N Br N N
N

Br 2BrDMF 90 °C
4
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Table 2-2 Elemental Analysis Data of UDC I and UDC II 

Dication 
Empirical 
formula 

  Calculated (%)   Found (%) 

   
C H N Br 

 
C H N Br 

UDC I C31H64Br2N2  
59.61 10.33 4.48 25.58 

 
57.15 10.1 4.38 24.89 

UDC II C22H50Br2N2   52.59 10.03 5.58 31.81   52.54 10.47 5.46 28.33 

 

 

 PIESI-MS Analyses 2.2.2

Studies were performed using a Finnigan LXQ (Thermo Fisher Scientific, San 

Jose, CA) mass spectrometer in the positive ion mode with Xcalibur 2.0 as data analysis 

software. They were carried out at a spray voltage of 3 kV and a capillary voltage of 11 V. 

The temperature of the ion transfer capillary was held at 350 ºC. Normalized collision 

energy in the selected reaction monitoring (SRM) mode was set at 30, the activation time 

was set at 30 ms, and the Q value was set at 0.25. PIESI-MS analysis was performed by 

using the above ESI-MS system and with an additional HPLC pump which was used for 

post-column reagent addition of the cationic ion-pairing reagent. A schematic and 

description of the instrumental configuration of PIESI-MS has been given in Figure 1-1 

and in detail in our previous publications.
31,49 Except as otherwise noted, a Surveyor MS 

pump (Thermo Fisher Scientific, San Jose, CA) provided a 300 µL/min (33% H2O/67% 

MeOH, by volume) carrier stream into the mass spectrometer, which was merged with a 

flow of 40 µM aqueous dicationic ion-pairing reagent solution delivered by a Shimadzu 

LC-6A pump (Shimadzu, Columbia, MD) at rate of 100 µL/min. The sample was injected 

into the carrier stream through a six-port injection valve prior to the mixing tee. This 

setting results in an overall solvent composition of 50% H2O/50% MeOH containing 10 

µM of dicationic ion-pairing reagent flowing into the mass spectrometer (400 µL/min). 

Detection limits were taken to be a signal-to-noise ratio of 3 using a Genesis Peak 
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Detection Algorithm with 5 replicate injections. Monoisotopic masses were used to 

monitor the dication/ion-pairing reagent complex ions in both SIM and SRM mode, which 

will result in the isotope of highest abundance being selected. 

 Surface Tension Measurements. 2.2.3

The surface tensions were measured with a Fisher Model 20 tensiometer (Fisher 

Scientific, Fair Lawn, NJ) by the duNouy ring technique. The platinum ring used has a 

ring/wire radius ratio of 53.21 and a mean circumference of 5.940 cm. Measurements 

were taken at 23 ± 0.1 °C. The surface tension measurement for the dication/ion-pairing 

reagent solution were performed through a titration experiment where the sodium 

thiocyanate was successively added into the bulk solution of SDC I and UDC I resulting 

in 0.1 M dication solutions containing a concentration of thiocyanate anion from 0.02 to 

0.2 M being measured. Deionized water was titrated with thiocyanate anion as a blank. 

Each data point represents the average value of triplicate measurements. 

2.3  Results and Discussion 

2.3.1 Unsymmetrical Dicationic Ion-pairing Reagents 

Previous empirical observations have suggested that the performance of 

symmetrical dications could be greatly influenced both by the length of the alkyl linkage 

chain and the nature of the cationic moieties. In this study, identical, five carbon 

(methylene groups) linkage chains were used for all of the dicationic agents (Table 2-1). 

This spacing between cationic moieties avoided the formation of bolaform surfactants, 

which may spontaneously fold in solution and therefore result in an unpredictable surface 

activity.
94,95 SDC I and SDC II have pyrrolidinium or ammonium charged moieties 

respectively (Table 2-1). The structures of the unsymmetrical dications were specifically 

designed to be surface active versions of the corresponding symmetrical dications, and 

thus a definitive comparison between the two types of dications can be made. The 
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increased surface activity was achieved by attaching a long alkyl chain on one end of the 

symmetrical dication. The positively charged polar portion of these pairing agents was 

necessary to enable the association with the anion analytes of interest, while the 

hydrophobic portion was included to increase the fraction of the complex that preferably 

resides at the gas-solvent interface of the aerosol. 

2.3.2 A Comparison of the LODs Obtained by Using Unsymmetrical Dications and 

Symmetrical Dications 

The analytes selected represent a cross section of anion types that include both 

inorganic and small organic anions. The detection limits for the seven selected anions 

with the use of unsymmetrical dications and symmetrical dications in the single ion 

monitoring mode are given in Table 2-2. The results indicate that the LOD improved for 

six out of seven anions, using 1 µM UDC I (1.5 to 5 times) compared to using same 

concentration of SDC I. The LODs for six out of seven anions (using UDC II) improved 

1.6 to 7.5 times. Note that the symmetrical dications are already known to improve the 

sensitivity of anion detection in the positive ion mode mass spectrometry (compared to 

the negative ion mode) often by orders of magnitude. However, the symmetrical dications 

are not surface active until paired with an appropriate anion.
37 These observations (Table 

2-2) tend to support the concept of the equilibrium partitioning model. Since the 

unsymmetrical dications are known to have greater surface activity than symmetrical 

cations, the anion/ion-pairing reagent complex formed from unsymmetrical dications 

should also be more surface active, and thus the anion would partition to the droplet 

surface more efficiently resulting in a higher signal response. To investigate the effect of 

dication concentration on detection limit of anions, the LODs of seven anions were 

evaluated at a higher concentration level of dication (Table 2-3). It is shown that the LOD 

for five out of seven anions, using 10 µM UDC I, were 2.5 to 7.3 times better than using 
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same concentration of SDC I. The LODs of four out of seven anions, using UDC II, were 

2.5 to 12 times improved compared to SDC II. Further increases in the concentration of 

the unsymmetrical pairing agent resulted in significant decreases in the LODs. For 

example, the LODs of BZSN
-
, I

-
, and SCN

-
 obtained when using 200 µM UDC I were 

found to be 320 pg, 60 pg, and 35 pg respectively, which were 27 times, 40 times, and 44 

times worse compared to those obtained by using 1 µM UDC I respectively (Table 2-3). 

This observation also is in accordance with what would be expected with the equilibrium 

partitioning model, as will be explained in subsequent paragraphs. 

In this study, it is clear that having the concentration of pairing reagents between 

1 µM to 10 µM is an appropriate range for enhanced detection without causing significant 

suppression the analyte ion signal. Figure 2-2 shows the PIESI mass spectra of iodide by 

using SDC I and UDC I, where the ion signal observed for iodide by using the UDC I was 

approximately 3.6 times higher as compared to using SDC I indicating the improved 

performance of the unsymmetrical dications. 

2.3.3 Surface Tension Measurements 

To further investigate the surface activity of the anion/ion-pairing reagent 

complex and to better explain the aforementioned results, surface tension measurements 

of the anion/ion-pairing reagent complex were performed (Figure 2-3). It was observed 

that the surface tension of neat water dropped only slightly (by a Δγ less than 1.5 

dynes/cm (where Δγ is the change in the surface tension)) upon addition of SCN
-
, while 

the surface tension of the symmetrical dication solution dramatically decreased as SCN
-
 

was added. This behavior was noted previously and formed the basis of the proposed 

mechanism of PIESI-MS signal enhancement.
37 As shown in Figure 2-2, at 0.02 M of 

SCN
-
 added (the molar ratio of the anion and ion-pairing reagent was 1:5), the surface 

tension for neat water was 73.1 dynes/cm while the surface tension for the



 

 

3
1

 

Table 2-3 Comparison of limits of detection (LOD) of anions obtained with the use of unsymmetrical dications (UDC I and UDC II) 

and symmetrical dications (SDC I and SDC II) in the SIM mode by PIESI-MS 

Anion 1 µM of Dication
a
 10 µM of Dication

a
 

 UDC I SDC I    UDC II SDC II   UDC I SDC I     UDC II SDC II     

 
LOD

b
 (pg) LOD

b
 (pg) Improvemen

c
 LOD

b
 (pg) LOD

b
 (pg) Improvement

c
 LOD

b
 (pg) LOD

b
 (pg) Improvement

c
 LOD

b
 (pg) LOD

b
 (pg) Improvemen

c
 

BZSN
-
 12 24 2.0 + 12 30 2.5 + 8.0 20 2.5 + 6.0 28 4.7 + 

I
-
 1.5 6.5 4.3 + 4.0 5.0 1.3 ◌ 15 110 7.3 + 50 45 0.9 ◌ 

BZO
-
 40 200 5.0 + 60 450 7.5 + 30 18 0.6 ◌ 33 84 2.5 + 

ASN
-
 2400 4000 1.7 + 4000 21000 5.3 + 480 1800 3.8 + 100 1200 12 + 

MCA
-
 16 24 1.5 + 9.0 40 4.4 + 7.2 20 2.8 + 9.0 12 1.3 ◌ 

SCN
-
 0.80 1.6 2.0 + 5.0 8.0 1.6 + 4.0 12 3.0 + 200 160 0.8 ◌ 

HEDP
-
 8000 4000 0.5 - 17000 35000 2.1 + 4000 4800 1.2 ◌ 1600 13000 8.1 + 

a
The concentration refers to the final dication concentration that flowed in into the MS.  

b
LOD was defined as the lowest analyte amount in picograms (pg) yielding a S/N = 3.  

c
Factor of improvement of LOD of unsymmetrical dication vs. LOD of symmetrical dication. “+”: better; “-”: worse; “◌”: similar. 
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symmetrical dication was 56.4 dynes/cm. This indicates that the presence of the 

symmetrical dication leads to a 16.7 dynes/cm surface tension decrease (Δγ1) for the 

anion solutions. The increased surface activity achieved through complexation allows for 

an enhanced partitioning of the anion/dication complex to the aerosol droplet surface, 

which results in improved detection sensitivity. The surface tension of purely aqueous 

unsymmetrical solution of the dication (Figure 2-2 at [SCN
-
] = 0 M) was observed to be 

lower than that of the symmetrical dication (by 17.7 dynes/cm between SDC I and UDC I) 

as expected.  

 

Figure 2-2 PIESI mass spectra of iodide by using SDC I and UDC I. Concentration of I
-
 

was 1 µM and the molar ratio of dication to I
-
 was 20:1. [SDC I + I

-
]
+
 m/z: 451.3; [UDC I + 

I
-
]
+
 m/z: 591.5. The spectra were recorded separately in the single ion monitoring mode. 

 

It is interesting that the addition of SCN
-
 did not cause a rapid decrease in the 

surface tension for the unsymmetrical dication as it did for the symmetrical dication 

(Figure 2-3). The surface tension of the unsymmetrical dication solution decreased by 5.4 
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dynes/cm over the entire titration range with SCN
-
. Nonetheless, it is shown that the 

unsymmetrical dication still has a greater effect on lowering the surface tension of a 

solution containing the anionic analyte (SCN
-
). The surface tension of the solution 

containing both the unsymmetrical cation and 0.02 M SCN
-
 was 25.3 dynes/cm lower 

than neat water and was 8.6 dynes/cm (Δγ2) lower compared to the analogous 

symmetrical dication solution (Figure 2-3). Consequently, it is expected that the presence 

of the unsymmetrical dication would lead to an increased concentration of the 

anion/dication complex at the aerosol droplet surface (Figure 2-4A). This would lead to 

better detection sensitivity. 

 

Figure 2-3 Surface tension measurements when titrating SDC I and UDC I with SCN
-
. 

Concentration of SDC I and UDC I was 0.1 M. The data points at [SCN
-
] = 0 M represent 

surface tension of neat water (blank line), 0.1 M aqueous solution of SDC I (blue line) and 

0.1 M aqueous solution of SDC I (blue line) and 0.1 M aqueous solution of UDC I (red 

line), respectively. The vertical arrows denote [SCN
-
] of 0.02 M. It is noted that the 

amount of dication used for PIESI was always in large excess to the anion. 
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Figure 2-4 Schematic showing the partitioning of an analyte anion between the surface of 

an aerosol droplet and the bulk interior. When the concentration of the dicationic 

surfactant is low (“A” above), it resides mainly at the surface of the droplet as will any 

associated anions. When the concentration of surface of the dicationic surfactant is high 

(“B” above), monolayer can be formed and all additional surfactant resides in the interior 

bulk solution. Thus the anionic analyte has increased partitions to the interior bulk 

solution. 

 
It should be noted that another scenario is possible with this system. Since the 

unsymmetrical dication is an excellent surfactant even in the absence of an anionic 

analyte, it is initially enriched at the aerosol droplet surface. This is somewhat different 

from the case of the symmetrical dicationic reagent that is not surface active until it binds 

an anion.
37 Only then does the symmetrical dication/anion complex partition to the 

aerosol surface. Therefore, in the case of the unsymmetrical dicationic reagent, there is a 

competition between the two highly surface active ionic species (i.e., one paired with the 

anionic analyte and the other unpaired). Once the surface of the aerosol droplet in 

A B

Anion Anion
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saturated (monolayer) with the unsymmetrical dicationic surfactant, additional material 

can only be solubilized in the interior of the droplet (Figure 2-4B). These “inner solution” 

dications will compete for any anionic analytes. Note that micelle formation in the inner 

solution would even more effectively compete for anions. In this case, some signal 

suppression could occur because of surface dilution of the anion/dication complex. 

Ultimately this limits the advantage of having increasingly surface active ion-pairing 

agents. 

2.3.4 Partitioning Behavior of the Species in the Aerosol Droplet 

The partitioning behaviors of the dications and anion/ion-pairing reagent 

complexes were evaluated. In this experiment, the ESI responses of thiocyanate/UDC I 

complex were measured by infusing (10 µL/min) increasing concentrations of solutions 

containing 10:1 UDC I:SCN
-
 (Figure 2-5, black line). It is shown that the response of the 

thiocyanate/SDC I complex initially increases linearly (R
2
 = 0.970) in the concentration 

range from 1 × 10
-6

 M to 5 × 10
-5

 M. However, signal saturation occurs when the 

concentration of the solution reaches approximately 5 × 10
-5

 M. This saturation behavior 

indicates the equilibrium for the ionic species partitioning between droplet surface and 

droplet interior is different at dication concentrations before and after 5 × 10
-5

 M. When 

the concentration of dication is greater than 5 × 10
-5

 M, where uncomplexed UDC I 

strongly competes with other paired ion species for the limited number of surface 

positions, the equilibrium for the thiocyanate/UDC I complex shifts to the droplet interior 

and consequently leads to a decrease in the amount of thiocyanate/UDC I complex that 

resides on the surface (a suppressed signal). This observation indicates that in the 

previous experiments, where 200 µM (2 × 10
-4

 M) ion-pairing reagent was used, surface 

saturation of the aerosol droplets by the surfactant had occurred. The methanol 

molecules in the solvent were easily protonated and initially carry the majority of 
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charges.
61 The ESI response of the protonated methanol ions was shown to be 

suppressed when the concentrations of thiocyanate/UDC I solution exceeded 2 × 10
-5

 M, 

at approximately the same concentration when curvature and leveling off of the ESI 

responses of thiocyanate/UDC I complex occurs (Figure 2-5, red line). This signal 

suppression behavior is a result of the thiocyanate/UDC I complex ions outcompeting the 

solvent ions for limited numbers of excess charges on the droplet surface. According to 

Enke’s equilibrium partitioning theory, the concentration of excess charge [Q] can be 

expressed as 

[𝑸] =  
𝑰

𝑭𝚪
                                  ( 1 ) 

in which [Q] is the excess charge in molar concentration, I is the total droplet 

current in amperes, F is the Faraday’s constant (96,485 coulomb/mol), and Γ is the flow 

rate of sample solution in L/s.
63 The value of [Q] determined by using Equation 1 was 

equal to 5.1 × 10
-5

 M, which means that the total charge ([Q]) will run out when the 

analyte concentration reaches 5.1 × 10
-5

 M. This suggests that there would be a charge 

limitation to the analyte response at higher concentration levels. Notably, the 

concentration at this charge limitation (5.1 × 10
-5

 M) is consistent with the concentration 

at which signal saturation of the thiocyanate/UDC I complex ion occurs (5 × 10
-5

 M). To 

prove that the leveling off of the ESI response observed is due to the lack of any more 

available surface area and/or the charges on ESI droplet rather than due to a saturation 

of detector response, a calibration curve of threonine, which is not a surface active 

species, was made (Figure 2-6). The ESI response of the ThrH
+
 was linear over a 

concentration range of 3 × 10
-6

 to 1 × 10
-3

 M. Since the discontinuity with our “ion-pairing 

surfactants” occurs at 5 × 10
-5

 M (well below that of the threonine saturation) this can only 
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be due to the surface activity of the reagent causing it to saturate the droplet surface at 

the lower concentration. 

 

 

Figure 2-5 ESI-MS response to the dication/SCN
-
 complex ion (in black) and ESI-MS 

response to the protonated methanol ion (in red) for solutions containing UDC I and SCN
-
 

(UDC I : SCN
-
 = 10 : 1) as the dication concentration increased from 1 × 10

-6
 to 5 × 10

-4
 

M. The intensity of the dication/SCN
-
 complex ion and the protonated methanol ion were 

recorded by monitoring the +1 dication/SCN
-
 complex ion ([UDC I + SCN]

+
 m/z: 522.5) 

and the solvent ion (MeOH)6H
+
 (m/z: 193.1) respectively in the SIM mode. Samples were 

directly infused at 10 µL/min. 
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Figure 2-6 ESI-MS response to the ThrH
+
 ion as the concentration of threonine solution 

increased from 3 × 10
-6

 to 1 × 10
-3

 M. The ion intensity was recorded by monitoring the 

ThrH
+
 ion (m/z: 120.1) in the SIM mode. 

 

The competition behavior of the unsymmetrical and symmetrical dications also 

was evaluated by simultaneously measuring the ESI responses of SDC I and UDC I (by 

direct infusion (10 µL/min)) as a function of their concentrations (Figure 2-7A). It is shown 

that the response curve was fairly linear at concentrations from 2 × 10
-7

 M to 10
-4

 M with 

R
2
 = 0.999 for UDC I and R

2
 = 0.986 for SDC I, and saturation behavior clearly occurs at 

a concentration of 10
-4

 M. Also, it was observed that the responses of the two dications 

were similar at the low concentration region from 2 × 10
-7

 M to 2 × 10
-5

 M. However, at 

higher concentrations the response of UDC I was significantly higher than that of SDC I 

(at concentrations greater than 2 × 10
-5

 M). This behavior could be explained by the 

competition between unsymmetrical and symmetrical dications for the limited number of 

charge positions on the droplet surface at higher concentrations. Since the partitioning of 
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UDC I (the surface active reagent) is more favorable, signal suppression occurs for SDC I 

leading to a gradually decreased response at its higher concentrations. These 

observations are in agreement with Enke’s prediction using the equilibrium partitioning 

model for analytes with different equilibrium partition coefficients
63 as well as Kebarle and 

Tang’s experimental data.
57

 It should be noted that the discontinuous “jump” in response 

factor exhibited at concentrations between 10
-5

 to 10
-4

 M is not constant with the 

theoretical predictions and the experimental observations in Kebarle and Tang’s study.
57

 

This is likely due to the high surface activity of the unsymmetrical dications used in this 

study and also the symmetrical dication/anion associated complexes. The symmetrical 

ions used in Kebarle and Tang’s study
57 did not have such pronounced surface activity. 

The highly surface active species (i.e., the unsymmetrical dications used in this study) 

would rapidly form a monolayer at the droplet surface and then exhibit further behaviors 

such as aggregate/micelle formation in the interior of the aerosol droplet. This would 

result in a change in the ion distribution in the droplet and in turn affect the surface 

concentration of the analyte. 

Ion responses of the anion/ion-pairing reagent complexes were examined for 

increasing concentrations of SCN
-
, in the presence of equimolar amounts of UDC I and 

SDC I (Figure 2-7B). It was shown that increasing the concentration of SCN
-
 led to a 

concomitantly linear increase in ion response for both the thiocyanate/UDC I complex 

and thiocyanate/SDC I complex. This suggests that the addition of SCN
-
 has little effect 

on the relative partitioning of each complex to the droplet surface. The response of the 

thiocyanate/UDC complex started to exhibit a saturation behavior when the concentration 

SCN
-
 reached 1 × 10

-4
 M, while the response of the thiocyanate/SDC complex did not. 

The early surface saturation of thiocyanate/UDC complex results in a smaller difference 

between response of the thiocyanate/UDC complex and the response of the 
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thiocyanate/SDC complex at higher concentrations (difference in response is 6.3 time at 

[SCN
-
] = 10

-6
 M while 3.4 times at [SCN

-
] = 2 × 10

-4
 M). 

 

 

Figure 2-7 (A) ESI-MS response to the dications for equimolar solutions of SDC I and 

UDC I as the concentration increased from 2 × 10
-7

 to 2.5 × 10
-3

 M. The ion intensity was 

recorded by simultaneously monitoring the +2 charged dications ([SDC I]
2+

 m/z: 162.2; 

[UDC I]
2+

 m/z: 232.2) in SIM mode. (B) ESI-MS response to the dication/SCN
-
 complex 

ion for solutions containing 10
-4

 M of SDC I and UDC I as the concentration of SCN
-
 

added increased from 1 × 10
-6

 M to 2 × 10
-4

 M. The ion intensity was recorded by 

simultaneously monitoring the +1 charged dication/SCN
-
 complex ion ([SDC I + SCN

-
]
+
 

m/z: 382.3; [UDC I + SCN
-
]
+
 m/z: 522.5) in SIM mode. 

 
2.3.5 LODs Determined with the Use of Unsymmetrical Dications in the SRM Mode 

SRM experiments were performed for the same anions with the use of the same 

unsymmetrical dications and symmetrical dications (Table 2-4). It was observed that the 

SRM mode usually provided somewhat better sensitivity (1.2 to 9 times) than the SIM 

mode. This is understandably due to the enhanced analytical specificity and reduction in 

the chemical noise. It should be noted that these SRM experiments utilized collision 
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induced dissociation (CID) and monitored a fragment of the anion/ion-pairing reagent 

complex, and therefore the observed LODs are hardly correlated to the properties of the 

analytes without considering other factors involved, such as efficiency of fragmentation 

and ion transmission. 

 

Table 2-4 Comparison of limits of detection (LOD) of anions obtained with the use of 

unsymmetrical dications (UDC I and UDC II) and symmetrical dications (SDC I and SDC 

II) in the SRM mode by PIESI-MS. The concentration of the dication used was 10 µM. 

Anion UDC I  SDC I Improvement
b
 UDC II SDC II Improvement

b
 

 
LOD

a
 (pg)  LOD (pg) 

  
LOD (pg) LOD (pg) 

 
BZSN

-
 2.3 3.5 1.5 ◌ 10 28 2.8 + 

I
-
 3.2 0.72 0.2 - 1.2 3.4 2.8 + 

BZO
-
 1.5 3.2 2.1 + 2.0 4.0 2.0 + 

ASN
-
 100 320 3.2 + 16 600 38 + 

MCA
-
 0.16 3.2 20 + 1.8 2.4 1.3 + 

SCN
-
 —

c
 — 

  
— — 

  
HEDP

-
 30000 660 0.02 - 500 2700 5.4 + 

a
LOD was defined as the lowest analyte amount in picogram yielding a S/N = 3.  

b
Factor of improvement of LOD of unsymmetrical dications vs. LOD of symmetrical dications. “+”: better; “-”: 

worse; “◌”: similar.  

c
Not detected. 

 

2.4 Conclusions 

The two unique unsymmetrical dications that were synthesized and evaluated 

proved useful for enhancing and understanding paired ion electrospray ionization mass 

spectrometry (PIESI-MS). The use of surface active ion-pairing agents provides lower 

detection limits for anions (from 1.5 to 12 times) than symmetrical ion-pairing agents 

(which are not surface active species). This bias in the performance of anion detection 

between unsymmetrical and symmetrical dications confirms that the surface activity is 
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one crucial factor for sensitivity enhancement in PIESI-MS. The effective concentration 

range was shown to be 1 µM to 10 µM. Further increases in the concentration of the 

unsymmetrical pairing agent resulted in a decrease in the LODs of all anions. It was 

proposed that this limitation of sensitivity at high dication concentration was attributed to 

the enrichment of surface active ion-pairing agents in the interior of the aerosol droplet, 

which compete for the anions on the droplet surface leading to a surface dilution of the 

anion/dication complex. This study further sheds light on the PIESI-MS signal 

enhancement mechanism. It is proposed that the use of unsymmetrical dicationic ion-

pairing reagents results in the formation of highly surface active anion/dication complex 

and thus an enhanced partitioning of the anion to the droplet surface. This assumption 

was further experimentally supported by the results of surface tension titration studies 

and the correlation between surface activity of the unsymmetrical dication and the ESI 

response of the anion/dication complexes. In addition, a discontinuity in the ion response 

versus dication concentration was found. The reason for the discontinuity in response 

factor exhibited at concentrations region between 10
-5

 to 10
-4

 M is likely due to the 

formation of surfactant aggregates/micelles in the bulk interior solution of the aerosol 

droplets in the electrospray process. This would influence the ion partitioning/distribution. 

Future studies will be focused on quantitative prediction of the ESI responses of the 

anion and symmetrical/unsymmetrical dication complexes. 
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  Chapter 3

Sensitive Detection of Anionic Sugars with Paired Ion Electrospray Ionization Mass 

Spectrometry (PIESI) 

 
Abstract 

The analysis of anionic sugars is of primary importance in understanding 

biological regulatory mechanisms and diagnosis of health related diseases. However, 

traditional analytical methods face challenges regarding detection sensitivity and 

selectivity. In this study, paired ion electrospray ionization mass spectrometry (PIESI) 

was employed for the ultra-sensitive detection of anionic sugars. The detection limits 

(LODs) for the selected anionic sugars ranged from 15 to 200 picograms (pg) with the 

use of the optimal ion-pairing reagent. Compared to the negative ESI, the LODs were 

improved from 2 to 167 fold in the PIESI mode. A mixed-mode vancomycin stationary 

phase was employed for the separation of anionic sugars especially the isomeric sugar 

phosphates. The separated analytes were sensitively detected in the PIESI mode. 

3.1 Introduction 

Of all the relevant metabolites involved in various intracellular metabolic 

pathways in all biological organisms, anionic sugars are among the most fundamental 

and abundant compounds.
4
 Their structures consist simply of carbohydrate moieties and 

one or several acidic terminal groups such as phosphate and/or carboxylate. As key 

intermediates, anionic sugars play essential roles in biological systems as communication 

media,
5 energy sources (such as ATP), and bio-synthesis precursors. In addition to these 

functions, their concentration and distribution induced by environmental or naturally 

occurring genetic variability in the cell pool can serve as indicators of the metabolic 

state.
4 Further, their reliable analytical measurement is of prime significance in 
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quantitative metabolomics,
96-98 and in the diagnosis of metabolic defect related diseases 

such as RPI (ribose-5-phosphate isomerase) and TALDO (transketolase and 

transaldolase) deficiency.
21,99-102

 

Due to their hydrophilicity, low in vivo concentrations (pM ~ nM), poor UV 

absorbance, low volatility and thermal stability, the quantitative analysis of anionic sugars 

can be challenging. Further, these analytes exist in complicated biological matrices, and 

exist as various structural isomers with similar fragmentation patterns in MS/MS.
103 In the 

past, anionic sugars had been analyzed by enzyme-based methods.
104-106 However, 

these approaches have inherent drawbacks such as interferences by other sample 

components and their time-consuming, low throughput nature. These methods also are 

limited by the availability of enzymes.
5 Derivatization is often required to analyze these 

non-volatile compounds when using gas chromatography (GC). The main disadvantages 

associated with derivatization protocols are the time, labor, sample loss, incomplete 

derivatization and thermal instability of target compounds such as sugar phosphates in 

the GC oven.
96,107,108 Capillary electrophoresis (CE) is a promising tool for these ionic 

sugar metabolites analyses, but it has the disadvantages of insensitivity and 

irreproducibility.
24,109,110 Conventionally used reversed-phase liquid chromatography 

(RPLC) has poor retention of these polar compounds. While anion-exchange 

chromatography (AEC) might be a good candidate for the analysis of anionic sugars, 

which has been routinely used for the analysis of sugar phosphates and carboxylic 

sugars with pulsed amperometric,
111 potentiometric

112 or conductometric detector.
113,114

 

Although AEC in past approaches showed improved separation resolution and efficiency, 

considerable concentration of samples are required to complement the moderate 

sensitivity of AEC based methods. When coupled with MS detection, the high ionic 

strength required to elute the analytes from AEC column often causes deposition of non-
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volatile salts at the ion source inlet, which can lead to contamination of MS 

components.
4,24

 

To date, LC combined with MS detection has become one of the core techniques 

for the analysis of biological samples, due to the excellent figures of merit such as 

universality, high throughput, two dimensional resolution, and sensitivity.
115

 MS with an 

electrospray ionization (ESI) interface is ideally suited to biochemical analysis, because it 

allows for large, non-volatile molecules to be analyzed directly from the liquid phase, and 

thus can be coupled to separation techniques such as high performance liquid 

chromatography.
27

 There are two modes used for the ionization process, the positive and 

negative ion mode. Most reported LC-ESI-MS based methods routinely utilized the 

negative ion mode to detect anionic sugars due to their anionic nature.
4,5,21,24,99,116

 

However, the negative ion mode often is not preferred as it can produce higher 

background noise and lower electrospray stability compared to the positive ion mode due 

to possible corona discharge and arcing in the negative ion mode.
27,117

 Paired ion 

electrospray ionization (PIESI), which was developed by Armstrong and co-workers in 

recent years, has been applied for ultral-sensitive detection of anionic compounds 

including acidic pesticides,
26,31

 anionic and zwitterionic phospholipids,
36

 nucleotides,
35

 

anionic surfactant
12

 and performance-enhancing drugs.
118

 Sub-pg levels of detection 

limits for these compounds were obtained with PIESI, which were often one to four orders 

of magnitude more sensitive as compared to other reported methods.
31,36,118

 Briefly, this 

approach utilizes the introduction of a small amount (tens of μM) of chaotropic and 

multiply charged ion-pairing reagents to associate with anionic compounds in the sample 

stream. Thus positively charged complexes can be formed and be detected in the 

positive ion mode. PIESI improves sensitivity in several ways. First, it avoids detection in 

the negative ion mode. Second, it moves the detection of the analyte to a higher mass-to-
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charge ratio (m/z) region, where the background noise is lower. In addition, the surface 

activity of anion/ion-pairing reagent complex ions in the aerosol droplets is often greatly 

increased compared to either the anion or the ion-pairing reagent alone, which results in 

enhanced ionization efficiency of the anion/ion-pairing reagent complex and further leads 

to higher sensitivity.
37,119

 In this study, the feasibility of using PIESI to enhance the 

detection sensitivity of representative anionic sugars was evaluated. The lack of a 

chromophore for optical detection as well as the poor chromatographic selectivity of 

these anionic sugar compounds, make the development of an HPLC-MS method for 

simultaneous separation and sensitive detection of these selected anionic sugars with the 

PIESI approach quite attractive. 

3.2 Experimental 

3.2.1 Materials 

A list of the studied anionic sugars is given in Table 3-1. All of them were 

purchased from Sigma Aldrich (St. Louis, MO, USA), either in their acid, or sodium form. 

Acetonitrile (ACN), methanol (MeOH) and water of HPLC grade (Honeywell Burdick and 

Jackson, Morristown, NJ, USA), ACS grade formic acid (88%, J. T. Baker. Inc., 

Mallinckrodt Baker, UK) were used for the preparation of the mobile phases and standard 

solutions. The Astec Chirobiotic V column was supplied by Supelco (column size: 250 

mm length × 2.1 mm i. d.; particle size: 5 μm; pore size: 100 Ă; Supelco, St. Bellefonte, 

PA, USA), which is prepared by covalently bonding the amphoteric glycopeptide 

vancomycin to the surface of silica gel.
120,121

 The unique structure of vancomycin 

provides stereoselective and hydrophilic/ion exchange mixed-mode properties in 

chromatographic separations. The structure of the ion-pairing reagents used in this study 

is shown in Table 3-2. They were originally synthesized in their bromide form in our 
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laboratories
29,46

 and were anion-exchanged to their fluoride form to maximize the 

complexation formation between the ion-pairing reagent and the anions.
2,28

 

 

Table 3-1 Names, abbreviations, structures and exact masses of the studied anionic 

sugars 

Analyte
1
 Abbreviation Structure 

Exact 
Mass

2
 

N-Acetyl 
neuraminic acid 

NANA 

 

308.1 

N-Acetyl-2,3-
dehydro-2-

deoxyneuraminic 
acid 

DANA 

 

290.1 

D-Glucuronic 
acid 

GLA 

 

193.0 

D-Galacturonic 
acid 

GAA 

 

193.0 

D-Saccharic acid 
potassium salt 

SCA 

 

209.0 

α-D-Glucose 1-
phosphate 

disodium salt 
hydrate 

G-1-P 

 

258.0 
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Table 3-1—Continued 

α-D-Glucose 6-
phosphate 
sodium salt 

G-6-P 

 

259.0  

D-Ribose 5-
phosphate 

disodium salt 
hydrate 

R-5-P 

 

228.0  

    

D-Fructose 6-
phosphate 

disodium salt 
hydrate 

F-6-P 

 

258.0 

D-Fructose-1,6-
bisphosphate 
trisodium salt 

F-1,6-BP 

 

337.0 

1
The anionic sugars were bought either in their acid or sodium salt form 

2
The exact masses of the structures of sugar anions 
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Table 3-2 Structures of ion-pairing reagents used in this study with their abbreviations, 

exact masses and charges 

Ion-pairing 
reagent 

Structure 
Exact 
mass 

Charge 

C5(bpyr)2 

 

324.3 +2 

C3(triprp)2 

 

362.3 +2 

C5(benzim)2 

 

386.3 +2 

C9(mim)2 

 

290.3 +2 

Tet 1 

 

1062.5 +4 

Tet 2 

 

910.5 +4 

Tet 3 

 

842.5 +4 
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3.2.2 Instrumental 

All experiments were carried out on a Thermo Finnigan HPLC-MS system, which 

consisted of an electrospray ionization source of a LXQ linear ion trap MS (Thermo 

Fishier Scientific, San Jose, CA, USA). The system was controlled by X-calibur 2.0 

software (Thermo Fishier). The ion-pairing reagent solution was introduced by an 

independent LC pump (Shimadzu, Columbia, MD, USA), and post-column mixed with the 

sample stream via a Y-type mixing device. The schematic of the instrumental 

configuration was shown in Figure 1-1. The MS parameters were optimized by the 

standard tuning method provided in the instrument handbook. The values were set as 

follows: ionization voltage, 3 kV; capillary voltage, 11 V; capillary temperature, 350 °C; 

sheath gas flow, 37 arbitrary units (AU); and the auxiliary gas flow, 6 AU. In selective 

reaction monitoring (SRM) mode, the normalized collision energy, Q value and activation 

time were set at 30 V, 0.25 and 30 ms respectively. The six-port switching valve served 

as an injector valve for both LOD measurement and chromatographic separation 

experiments. The volume of the injection loop was 5 μL. 

3.2.3 LOD Measurements 

As can be observed in Figure 1-1, a carrier flow consisting of a 2:1 volume ratio 

of MeOH and water at 300 μL/min was transferred by the HPLC pump to the mixing 

device. Meanwhile, a 40 μM ion-pairing reagent aqueous solution was directed by the 

independent LC pump at a speed of 100 μL/min and was mixed with the carrier flow at 

the center of the device, resulting a total flow rate of 400 μL/min with the final solvent 

composition of 50% MeOH and 50% water and with the final concentration of the ion-

pairing reagent at 10 μM. The MS was operated in both the positive and negative SIM 

and SRM modes. The m/z peak width monitored for each analyte was set 5. Serial 

dilution of stock solutions of each standard with HPLC grade water was performed to 
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obtain the desired concentration that gives an averaged signal-to-noise ratio (S/N) of 

three with five replicate injections of each standard. The data was processed based on 

Genesis Peak Detection Algorithm provided by X-calibur 2.0 software. The LODs 

obtained in the negative ion mode was used for comparison to the positive ion mode 

PIESI results. To have equal LC conditions as PIESI mode, a direct mobile phase 

consisting of 50/50 MeOH/water (v/v) at a flow rate of 400 μL/min was used for the 

determination. The optimized MS parameters in the negative ion mode were as following: 

spray voltage, 4.5 kV; capillary voltage, -30 V; capillary temperature, 400 
o
C; sheath gas 

flow, 40 arbitrary units (AU); and the auxiliary gas flow, 5 AU. Due to multiple charges of 

some selected anionic sugars, the most intensive m/z of the analyte/ion-paring reagent 

complex ion and MS/MS fragment ion were selected as the precursor and the daughter 

ion respectively.   

3.2.4 Chromatographic Separation Conditions 

The chromatographic separations were carried out on a Chirobiotic V column 

(Supelco, Sigma-Aldrich) with eluent A (0.5% formic acid in ACN) and eluent B (0.5% 

formic acid in water). The gradient profile was displayed as follows: 0-10 min, 50 % A, 10-

20 min, 50% A to 40% A. HPLC mobile phases at a flow rate of 300 μL/min were 

introduced into the mixing device, and mixed with the ion-pairing reagent solution which 

was pumped at 100 μL/min. The best ion-pairing reagent obtained from the LOD 

measurement experiment was used for the MS detection in PIESI mode. The selected 

ion-pairing reagent was dissolved in MeOH to increase the ionization efficiency. Each 

analyte/ion-pairing reagents was monitored in PIESI-SIM mode with m/z peak width set 

at 3. The concentration of each standard in the mixture solution was 100 ng/mL. 
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3.3 Results and Discussion 

3.3.1 Detection Limits (LOD) 

Three types of anionic sugars were selected for the evaluation (see Table 3-1). 

N-acetyl neurameric acid (NANA) and N-acetyl-2,3-dehydro-2-deoxyneuraminic acid 

(DANA) are important sialic acids and are frequently used for screening sialic acid 

storage diseases.
122

 Sugar carboxylic acids including glucuronic acid (GLA), galacturonic 

acid (GAA) and saccharic acid (SCA), as well as sugar phosphates including glucose 1-

phosphate (G-1-P), glucose 6-phosphate (G-6P), ribose 5-phosate (R-5-P), fructose 6-

phosphate (F-6-P) and fructose 1,6-bisphosphate (F-1,6-BP) are key intermediates in 

multiple intracellular metabolic pathways such as glycolysis, tricarboxylic acid cycle and 

the pentose phosphate pathway.
4
 Sugar phosphates are often used for diagnosis of 

metabolic defect related diseases such as ribulose-5-phophate epimerase and ribos-5-

phosphate isomerase (RPI) deficiency, as well as transketolase and transaldolase 

(TALDO) deficiency.
21,101,102

 The four dicationic and the three tetracationic ion-pairing 

reagents (see Table 3-2) were selected based on previous studies: the four dicationic 

ion-pairing reagents out-performed other developed reagents in sensitive detection of 

anions containing carboxylic group.
28,29,31

 and the three tetra-cationic ion-pairing reagents 

gave the lowest LODs for phosphorylated compounds such as nucleotides and 

phospholipids.
35,36,46

 Since sugar phosphates are multiply charged, the complex ions of 

sugar phosphate/ion-pairing reagent are also multiply charged. The most abundant 

complex ion was selectively detected in both the SIM and SRM mode. In PIESI-SRM 

mode, the most sensitive fragment of analyte/ion-pairing reagent complex was used as 

the daughter ion for the detection of the analyte. 

The LODs obtained in the negative ion mode are shown in Table 3-3. The 

detection limits for these anionic sugars ranged from 500 to 12500 pg. The SRM mode is 
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often thought to provide improved sensitivity due to its selectivity. However, the SRM 

mode was not advantageous in improving the sensitivity for many of these highly polar 

and hydrophilic anionic sugars (see Table 3-3).  

With the use of ion-pairing reagents, the detection limits of these anionic sugars 

were improved in the positive ion mode (see Table 3-4). Overall, the tetra-cationic ion-

pairing reagent Tet 3 gave the lowest LOD values for all these anionic sugars. The LOD 

values ranged from 15 to 200 pg obtained with Tet 3. As is observed in Table 3-4, the 

LODs for the same analyte differed when other ion-pairing reagents were used, indicating 

that the structure of ion-pairing reagents is a critical factor affecting the PIESI 

effectiveness. Further the LODs among these ten anionic sugars were different from 

each other with the use of the same ion-pairing reagent, which suggests that the nature 

of the analyte also plays a role in detection sensitivity. Therefore, it is useful to optimize 

ion-pairing reagents for a particular type of analyte before analysis.  

Table 3-5 compares the LODs obtained with PIESI to those obtained in the 

negative ion mode without the use of ion-pairing reagents. The LODs obtained with the 

use of the best ion-pairing reagent, Tet 3 ranged from 2.5 to 167 fold lower as compared 

to the LODs obtained in negative ion mode. These improvements demonstrate the high 

sensitivity of PIESI for the detection of anionic sugars. 

Compared to other LC-ESI-MS methods reported in the literature,
4,21,123-125

 the 

absolute LOD values of the anionic sugars obtained in PIESI mode (15 to 200 pg) were 

one to three orders of magnitude lower, further indicating the high sensitivity of the PIESI-

MS approach (see Table 3-6) 
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Table 3-3 Limits of detection (LODs) of anionic sugars obtained in negative ion mode 

without using ion-pairing reagents 

Analyte 
LOD (pg)

3
 

SIM
1
 SRM

1
 

NANA 1500 NA
2
 

DANA 500 NA
2
 

GLA 1500 1500 

GAA 4000 500 

SCA 1500 NA
2
 

G-1-P 2500 2500 

G-6-P 12000 4000 

R-5-P 2500 NA
2
 

F-6-P 3000 1000 

F-1,6-BP 12500 NA
2
 

1
For the multiply charged anionic sugar, the most sensitive m/z of the analyte was used as the precursor ion in both negative 

SIM and SRM mode. 
2
Not detectable due to weak background noise 

3
The limits of detection (LODs) were reported in absolute values (pg) 
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Table 3-4 Limits of detection (LODs) of anionic sugars obtained in PIESI mode with the use of ion-pairing reagents 

Analyte 

C9(mim)2 C3(tprp)2  C5(benz)2 C5(bpyr)2 Tet 1 Tet 2 Tet 3
3
 

SIM
1
 SRM SIM

1
 SRM SIM

1
 SRM SIM

1
 SRM SIM

1
 SRM SIM

1
 SRM SIM

1
 SRM 

NANA 750 500 500 2000 200 800 1750 200 500 2500 450 450 300 50 

DANA 525 350 250 625 310 155 400 100 655 1000 310 310 150 45 

GLA 250 400 125 250 150 200 500 40 750 1250 1000 225 15 35 

GAA 500 700 200 325 300 500 500 75 1000 1500 1000 500 250 200 

SCA 1250 2000 350 450 900 2250 500 2500 600 1000 400 60 650 25 

G-1-P 1000 1750 500 600 650 750 3000 600 1750 750 3750 NA 250 100 

G-6-P 1000 1000 350 350 375 500 1750 1250 1250 625 1000 500 25 60 

F-6-P 900 1200 350 350 400 500 2100 1250 2000 240 1000 225 175 20 

F-1,6-BP 1650 3000 1500 NA4 2000 5000 NA
4
 NA

4
 7500 2000 >2500 2500 75 75 

R-5-P 450 1250 500 350 400 750 20000 500 2500 75 >500 250 375 20 

1
The most sensitive m/z of the analyte/ion-pairing reagent complex ion was selected as the precursor ion in PIESI-SIM mode. 

2
The most abundant fragment of the precursor ion used in PIES-SIM mode was selected as the daughter ion in PIESI-SRM mode 

3
The ion-pairing reagent that gave the best detection sensitivities for these selected anionic sugars were highlighted in bold font. 

4
Not detectable due to weak background noise 
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Table 3-5 Comparison of detection limits of anionic sugars between PIESI and negative 

ion mode 

Analyte 

LOD (pg) 
 

Negative ion mode PIESI-MS (Tet 3) 
Improvement 

factor
1
 

SIM SRM SIM SRM 
PIESI vs. 
Negative 

NANA 1500 NA
2
 300 50 30 

DANA 500 NA
2
 150 45 11 

GLA 1500 1500 15 35 100 

GAA 4000 500 250 200 2.5 

SCA 1500 NA
2
 650 25 60 

G-1-P 2500 2500 250 100 25 

G-6-P 12000 4000 25 60 160 

R-5-P 2500 NA
2
 375 20 125 

F-6-P 3000 1000 175 20 50 

F-1,6-BP 12500 NA
2
 75 75 167 

1
LOD obtained in negative ion mode divide by LOD value obtained in PIESI mode with the use of the best 

performed ion-pairing reagent Tet 3. 
2
Not detectable due to weak noise background 
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Table 3-6 Comparison of detection limits of anionic sugars obtained in PIESI mode with 

other negative ESI based HPLC-MS methods reported in the literature 

Method Mode Related compounds Importance of analysis 
Absolute LOD 

(pg) 
Reference 

No. 

IP-HPLC-ESI-

MS
1

 
Negative SRM 

Sugar phosphate 
(F-6-P, R-5-P, G-6-P) 

Disease signaling 100-400 [4] 

HILIC-ESI-

MS/MS
2

 
Negative SRM 

G-6-P, F-6-P, F-1,6-
BP, R-5-P 

Metabolomics 50-1000 [120] 

IP-RPLC-ESI-
MS/MS1 

Negative SRM 
G-6-P, F-6-P, F-1,6-

BP, R-5-P 
Metabolomics 300-1000 [26] 

HPLC-ESI-
MS/MS 

Negative SRM NANA Disease signaling ˃1350 [113] 

IP-RPLC-ESI-
QQQ1,3 

Negative-SRM 
F-6-P, R-5-P, G-1-P, 

G-6-P, F-1,6-BP 
Metabolomics 240 - 15000 [96] 

D-HPLC-ESI-

QTOF
4

 

Positive full 
scan 

F-6-P, R-5-P, G-6-P, 
F-1,6-BP 

Disease signaling 1200 -100000 [122] 

Current method 
Positive 

SIM/SRM 
The ten selected 
anionic sugars5 

Disease signaling and 
metabolomics 

15-200  

1
IP: Ion-pairing reversed phase liquid chromatography; 

2
HILIC: hydrophilic interaction liquid chromatography; 

3
QQQ: Triple-quadrupole;

 3
QTOF: quadrupole coupled with time of flight mass analyzer;  

 

3.3.2 Chromatographic Separation 

Chromatographic selectivity is a major problem for the analysis of anionic sugars 

due to similarities in their weight, charge and structure. Recently, ion pairing-reversed 

phase liquid chromatography (IP-RPLC), utilizing hydrophobic stationary phases (mostly 

C18) and MS compatible solvents were used to separate ionic compounds. Addition of 

oppositely charged volatile ammonium salts into the mobile phase was necessary and 
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appeared to be an alternative to the analysis of such anionic metabolites. It has been 

shown to provide robust and versatile separations with good selectivity for metabolites in 

several biological matrices.
4,21,99,126

 However, severe ion suppression occurred when 

these hydrophobic reagents (often added into mobile phases at mM levels) were 

introduced into the ESI-MS, rendering these methods suitable only for negative ESI. 

Moreover, those additives have a high propensity to adhere to the components of LC-MS 

instrumentation, and are thus responsible for the long term contamination of the 

chromatographic and MS system. To ensure a robust and reproducible chromatographic 

separation, a substantial number of injections of samples and longer time in conditioning 

columns are often required.
40

 

In this study, hydrophilic interaction chromatography (HILIC) stationary phases 

such as aminopropyl, ZIC-HILIC, β-cyclodextrin and cyclofructan were tested. However, 

the resolution and selectivity toward isomeric and isobaric anionic sugars were not 

satisfactory. Porous graphitic carbon (PGC) was also tested for the separation. Despite 

the exceptional stability of PGC over the entire pH range and quite different 

chromatographic behavior in contrast to other RP and HILIC stationary phases, the 

resolution of sugar isomers was still not improved. It was shown that this stationary phase 

had very strong retention for sugars phosphates. In recent years, several types of mixed-

mode stationary phases have emerged which show good selectivity for hydrophilic 

compounds. The mixed mode stationary phase Primesep SB, packed with reversed 

phase material carrying strong embedded basic ion-paring groups, was first used for the 

separation of Calvin cycle intermediates (mostly anionic sugars) with the combination of 

MS detection.
127

 Better selectivity for anionic sugar isomers was achieved on a 3-

aminoquinuclidine-derived reversed phase/weak anion exchange based stationary 

phase.
103

 However, the elution conditions used for the separation were not MS 
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compatible. Consequently a less sensitive charged aerosol detector had to be used 

instead.  

The vancomycin based Chirobiotic stationary phase is widely used in chiral 

separations due to its excellent separation efficiency and selectivity. These advantages of 

chirobiotic V stems from its unique structure, which can provide π-π, weak anion/cation 

exchange, hydrogen bonding, hydrophilic and inclusion complexion interactions.
128

 This 

multiple-mode property proved to be beneficial and to give unique selectivities for 

isomeric compounds. Thus the mixed-mode Chirobiotic V stationary phase was utilized 

for the improvement of the selectivity of isomeric and anomeric anionic sugar compounds 

in this study. MS-friendly mobile phases (0.5% formic acid in methanol and water) were 

employed for the separation. The best performing ion-pairing reagent, Tet 3, was used for 

PIESI detection. As shown in Fig. 2, sialic acids and carboxylic sugars were separated 

from sugar phosphates on the chrobiotic V column. GAA and GLA were partially 

separated with each other. Notably, the isomeric sugar phosphates, G-1-P and G-6-P 

that could not be separated by most stationary phases were baseline separated by the 

column. Additionally, the column showed high separation efficiency for DANA. Other 

compounds were resolved by LC-MS due to their different m/z values. 
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Figure 3-1 Chromatographic separation of selected anionic sugars and MS detection 

based on PIESI. The chromatographic and MS conditions were shown in section 3.2.2 

and section 3.2.4 respectively. The concentration of each injected standard was 100 

ng/mL. The MS was operated in positive SIM mode with the use of the optimal ion-pairing 

reagent Tet 3. The m/z values detected for each analyte in PIESI mode were listed as 

follow: GLA/GAA (345.5); DANA (377.4); G-6-P and G-1-P (367.3) and R-5-P (357.4). 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

Time (min) 

EIC: 345.3 

EIC: 377.4 

TIC 

GAA/GLA 

G-6-P 

R-5-P 

G-1-P 

DANA 

EIC: 367.3 

EIC: 357.4 
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3.4 Conclusions 

The PIESI approach was successfully applied for the sensitive detection of 

anionic sugars. Instead of detecting these anionic compounds in the less sensitive 

negative ESI, they were detected in positive ESI with the use of multiple charged ion-

pairing reagents. LODs ranging from 15 to 200 pg were obtained with the optimal ion-

pairing reagent Tet 3, which were 2 to 167 fold lower as compared to those obtained in 

negative ESI. Compared to other reported LC- ESI-MS based methods, the detection 

sensitivities for these selected sugar acids and sugar phosphates were one to three 

orders of magnitude better with the PIESI approach. It was also observed that the nature 

of analyte and ion-pairing reagent both affect the detection sensitivity. A HPLC-PIESI-MS 

method was developed for simultaneous analysis of anionic sugars in a single run. The 

separation was based on a mixed-mode vancomycin based stationary phase with MS-

friendly LC mobile phases. The isomeric sugar phosphates, G-1-P and G-6-P, which 

could not be separated by most other HPLC columns, were baseline separated on the 

vancomycin column, and were sensitively detected with the optimized ion-pairing 

reagent, Tet 3 in PIESI mode. Overall, the PIESI approach was suitable for sensitive 

analysis of anionic sugars and should be applied for real sample analysis. 
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  Chapter 4

Sensitive Detection of Anionic Metabolites of Drugs by Positive Ion Mode  

HPLC-PIESI-MS 

 

Abstract 

The detection window for drugs of abuse, including performance-enhancing 

drugs is limited by the sensitivity of analytical methodologies. Herein, paired ion 

electrospray ionization mass spectrometry (PIESI-MS) was employed for sensitive 

analysis of performance-enhancing drugs and drugs of abuse by detecting their 

glucuronide and sulfate conjugates. The proposed approach provides enhanced 

sensitivity for these drug metabolites, and overcomes the drawbacks of the less sensitive 

negative ion mode ESI-MS by detecting the anionic metabolites in the positive ion mode 

at higher m/z where the background noise is less. Absolute LODs down to sub-pg levels 

were obtained with the use of the optimal symmetrical or unsymmetrical ion-pairing 

reagents. One to three orders of magnitude improvement were obtained compared to 

other reported methods performed in the negative ion mode. Structurally similar steroid 

conjugates were chromatographically separated and detected by HPLC coupled with 

PIESI-MS. Finally, an off-line solid phase extraction (SPE) protocol was successfully 

developed to eliminate any matrix effects in the analysis of human urine samples. 

4.1 Introduction 

Detection times and elimination times of drugs and their metabolites in humans 

are of clinical and forensic interest.
129,130

 In the case of performance-enhancing drugs; the 

“detection window” subsequent to the administration or consumption of such drugs is 

particularly relevant and can vary considerably. The pharmacokinetics and 

pharmacodynamics of most drugs are known, but these are usually for highly controlled 
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single dose experiments.
131-135

 Further, it is well known that different classes of drugs and 

even different drugs within a class can have unique metabolic pathways and therefore 

very different elimination half-lives.
135-139

 In the case of performance-enhancing drugs, 

several mitigating factors can affect individual drug-metabolite 

elimination/lifetimes/detection times. These include: an individual’s duration of use, the 

dosage, the form of the drug (e.g., salt, neutral molecule, crystal structure if solid, particle 

size, diluents or excipients present), the nature of administration, inter-individual 

differences and the matrix to be analyzed (e.g., urine, blood, saliva).
129,130

 The analyst 

has no control over any of these factors except perhaps, in limited cases, the latter.  

However, the analyst does control one important factor that profoundly affects drug 

detection, the analytical methodology. 

In general the detection time of a drug is increased if the analysis is performed 

on: a) the most persistent metabolite, b) the optimal biological fluid and c) using the most 

sensitive method of analysis. Therefore, it is not surprising that the plethora of papers 

published on drug detection often involve new and improved instrumental approaches. 

These are often accompanied by sample pre-concentration and/or pre-treatment steps 

such as enzymatic hydrolysis and derivatization.
6,140-160

 Indeed the quest for more 

sensitive and reliable methods continues unabated, usually with a focus on hyphenated 

separations and mass spectrometric approaches.
161-176

 While many recent papers have 

focused on glucuronide and sulfate conjugates of steroids, these types of metabolites are 

relevant for most performance-enhancing drugs, and drugs of abuse, even 

ethanol.
6,141,171,175,177

  

A study of anabolic steroid glucuronides concluded that chemical background 

noise and fragmentation are less with electrospray ionization mass spectrometry (ESI-

MS) than with atmospheric-pressure chemical ionization (APCI).
144

 In addition to being 
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more sensitive, the positive ion mode produced more abundant and diagnostic fragment 

ions than the negative ion.
144,154

 In this work we focus on mass spectrometry (MS) and 

MS/MS detection methods that use very small amounts of specifically designed and 

synthesized agents for the ultra-sensitive detection of anionic metabolites in the positive 

ion mode. This approach is known as “paired ion electrospray ionization” 

(PIESI).
2,12,28,29,31,34-37,45,119

 PIESI provides a facile approach for doing ESI-MS and ESI-

MS/MS of negatively charged analytes in the positive ion mode. Further it moves the 

detection of analytes away from a higher noise, low m/z region to a relatively lower noise, 

high m/z region.
2,29

 The ionization efficiency also appears to be enhanced in PIESI.
37,119

 

However, an anion’s response can be quite different when using different cationic pairing 

agents. Thus choosing the optimal agent is important. 

The goal of this work was to examine the feasibility of adapting the PIESI 

approach for the sensitive detection and quantitation of drug metabolites, specifically, 

glucuronide and sulfate conjugates. This is compared to direct MS and MS/MS analysis 

of these anionic metabolites in the negative ion mode, as well as the commonly used 

HPLC-MS methodologies previously reported in the literature. The optimized PIESI 

approach was then coupled to HPLC for the analysis of selected metabolites in urine 

samples.   

4.2 Experimental 

4.2.1 Reagents and Chemicals 

Acetonitrile (ACN), methanol and water were of HPLC-MS grade and purchased 

from Honeywell Burdick and Jackson (Morristown, NJ, USA). The chemical structures 

and abbreviations of the symmetrical and unsymmetrical ion-pairing reagents used in this 

study are shown in Table 4-1. These ion-pairing reagents were originally synthesized in 

our laboratories,
29,31

 and were anion exchanged from bromide to their fluoride salt form 
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prior to analysis to maximize ion-pairing reagent/anion complex formation.
2
 Notably, four 

of our symmetrical ion-pairing reagents have become commercially available from 

Sigma-Aldrich. The more recently developed unsymmetrical ion-pairing reagents were 

selected as they provided enhanced detection sensitivity for some anions.
119

 Ethyl-β-D-

glucuronide (EtG), ethyl sulfate (ES), morphine-3β-D-glucuronide (M3G), oxazepam 

glucuronide (OxaG) and 5-androsten-3β-ol-17-one sulfate (dehydroepiandrosterone 

sulfate, DHEAS) were gifts from Cerilliant (Round Rock, TX, USA). 5α-androstan-3α-ol-

17-one sulfate (androsterone sulfate, AS), androstadiene-3-one-17β-ol (boldenone 

sulfate, BS), 5α-androstane-17β-diol (17β-dihydroepiandrosterone sulfate,17β-DHEAS), 

5-androsten-3β-ol-17-one glucuronide (dehydroepiandrosterone glucuronide, DHEAG), 4-

androsten-17β-ol-3-one glucosiduronate (testosterone glucuronide, TG) and 4-androsten-

17β-ol-3-one sulfate (testosterone sulfate, NTS) were purchased from Steraloids, Inc. 

(Newport, RI, USA). Their structures are listed in Table 4-2. The internal standard, d6-

dehydroepiandrosterone-3-sulphate (d6-DHEAS) was obtained from Sigma Aldrich (St. 

Louis, MO, USA). ACS grade formic acid (88%, w/w, J. T. Baker. Inc., Mallinckrodt Baker, 

UK) was used as the additive for the chromatographic separations. 
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Table 4-1 Structures, abbreviations, and exact masses of the symmetrical and 

unsymmetrical ion-pairing reagents used in this study.  

 
Ion-pairing reagent 

Abbreviation Structure 

Exact 
mass 
of the 
dicati-

on 

1, 5-pentanediyl-bis-(1-
butypyrrolidinium) difluoride 

C5(bpyr)2 

 

324.4 

    

1, 9-Nonanediyl-bis(3-
methylimidazolium) difluride 

C9(mim)2 

 

290.3 

1,3-Propanediyl-
bis(tripropylphosphonium) 

difluoride 
C3(triprp)2 

 

362.3 

1, 5-Pentanediyl-bis(3-
benzylimidazolium) 

difluoride 
C5(benzim)2 

 

386.3 

    

1-butyl-1-[5-(1-tetradecyl-1-
pyrrolidiniumyl)pentyl]pyrroli

dinium difluoride 

UDC1 
 

 

464.5 
 

    

N1-dodecyl-
N1,N1,N5,N5,N5-
pentamethyl-1,5-

pentanediaminium difluoride 

UDC2 

 

342.4 
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Table 4-2 Structures, abbreviations, and exact masses of the drug metabolites used in 

this study 

Analyte Abbreviation Structure 
Exact 
mass 

Ethyl-β-D-
Glucuronide 

EtG 

 

222.1 

Morphine-3-β-D-
Glucuronide 

M3G 

 

461.2 

Oxazepam 
Glucuronide 

OxaG 

 

462.1 

Dehydroepiandro
s-terone 

Glucuronide 
DHEAG 

 

464.2 

Testosterone 
Glucuronide 

TG 

 

464.2 



 

68 

Table 4-2—Continued 

Ethyl Sulfate EtS 

 

125.0 

Dehydroepiandro
sterone Sulfate 

DHEAS 

 

367.2 

Androsterone* 
Sulfate 

AS 

 

369.2 

Boldenone 
Sulfate 

BS 

 

365.1 
 

17β-
Dihydroepiandro
s-terone Sulfate 

17β-DHEAS 

 

371.2 

Testosterone 
Sulfate 

NTS 

 

367.2 

*Androsterone is an endogenous steroid hormone with an androgenic potency of ~14% 
that of testosterone 
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4.2.2 Instrumental 

All experiments were performed on a Thermo Finnigan HPLC system coupled 

with a LXQ linear ion trap mass spectrometer (Thermo Fishier Scientific, San Jose, CA, 

USA). A scheme of the instrumental setup for the PIESI-MS detection study is shown in 

Figure 1-1. Briefly, a carrier flow consisting of methanol and water (67/33, v/v) was 

delivered by a binary LC pump at 300 μL/min, while a 40 μM aqueous solution of ion-

pairing reagent was introduced by a secondary pump (Shimadzu LC-6A, Shimadzu, 

Columbia, MD, USA) at a flow rate of 100 μL/min. The two streams were combined in a 

low dead volume, Y-type, mixing device and subsequently a total flow of methanol/water 

(50/50, v/v) containing 10 μM of ion-pairing reagent was introduced into the MS at a flow 

rate of 400 μL/min. Samples were injected into the HPLC system through a six-port 

injection valve prior to the mixing device. As a result, the anionic analyte was associated 

with the dicationic ion-pairing reagent, to form positively charged analyte/ ion-pairing 

reagent complexes, which could be detected by the MS in the positive ion mode. The MS 

parameters in the positive ion mode were set as follows: spray voltage, 3 kV; capillary 

voltage, 11 V; capillary temperature, 350 °C; sheath gas flow, 37 arbitrary units (AU); and 

the auxiliary gas flow, 6 AU. For the chromatographic separations and real sample 

analysis, an analytical column was inserted between the mixing device and the injection 

valve (see Figure 1-1). The injection volume was kept at 5 μL for all the experiments. In 

SRM mode, the normalized collision energy, Q value and the activation time were set at 

30, 0.25, and 30 ms, respectively. 

The detection limits (LODs) obtained in the negative ion mode was used for 

comparison to the positive ion mode PIESI results. The MS parameters in this mode were 

optimized as follows: spray voltage, 4.5 kV; capillary voltage, -32 V; capillary 

temperature, 350 °C; sheath gas flow, 50 arbitrary units (AU); and the auxiliary gas flow, 
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6 AU. To have equal LC conditions, a carrier flow consisting of methanol and water 

(50/50, v/v) at 400 µL/min was introduced into the MS directly without using ion-pairing 

reagent. 

4.2.3 Preparation of Standards 

Stock solutions used for LOD determinations were obtained by either diluting the 

commercial standard solutions to 10 μg/mL (EtG, EtS, M3G, DHEAS and OxaG) or 

dissolving the solid material in water to make 50 μg/mL stock solutions (TG, BS, NTS, 

DHEAG, AS and 17β-DHEAS). The M3G and OxaG standards in the sample mixture 

used for chromatographic separation were at a concentration of 5 µg/mL, while the other 

metabolites were at 1µg/mL. The working solution of the internal standard used in the 

recovery studies had a 50 μg/mL stock solution. All solutions and urine samples were 

stored in the dark at -20 °C. 

4.2.4 PIESI-MS Detection 

The detection limit in PIESI-MS was obtained by serial dilution of the standard 

solution until a signal-to-noise ratio (S/N) of three was noted in 5 replicate injections of 

each sample. The S/N was calculated by using a Genesis Peak Detection Algorithm with 

Xcalibur 2.0 software (Thermo Fishier Scientific, San Jose, CA, USA). The PIESI-MS 

detection was performed both in the selected ion monitoring (SIM) mode and selected 

reaction monitoring (SRM) mode. In the SIM mode, the m/z of the analyte/ion-pairing 

reagent complex ion was monitored, while in the SRM mode the most abundant MS/MS 

fragment ion from the collision induced dissociation (CID) was monitored. The m/z width 

in the LOD determination study was kept at 5 in both SIM and SRM mode. 
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4.2.5 Separation and Detection of Glucuro- and Sulfoconjugated Drug Metabolites by 

HPLC-PIESI-MS   

Separations were performed on an Ascentis Express C18 column (150 mm × 

2.1mm, 2.7μm; Sigma Aldrich, St. Louis, MO, USA). The mobile phase composition was 

(A) 0.1 % formic acid in water, (B) 0.1 % formic acid in methanol. The gradient program 

was optimized as: 3% B, 0 - 5 min; 3% - 30% B, 5 - 6 min; 30% - 80% B, 6 - 22 min. The 

MS was operated in SIM mode and the chromatogram was recorded with three separate 

SIM segments (segment 1, 0 - 5 min, m/z monitored: 449.2, 545.5, 784.4; segment 2, 5 - 

12 min, m/z monitored: 785.4; segment 3, 12 - 22 min, m/z monitored: 677.5, 689.4, 

691.5, 693.6, 695.5, 787.5). The m/z width of the trapped parent complex was set at 1 in 

this study due to the close m/z of many steroid metabolites. 

4.2.6 Sample Preparation 

A solid phase extraction (SPE) method was developed with a Discovery DSC-18 

cartridge (1 g sorbent, 50 μm particle size, Sigma Aldrich) for the analysis of these 

metabolites in urine. The SPE method allows for minimization of matrix effects as well as 

analyte pre-concentration. The loading solution was composed of 500 μL of urine 

(obtained from a healthy male volunteer), 20 μL of internal standard stock solution, and 

1480 μL of 0.1% formic acid solution spiked with metabolite standards. The extraction 

protocol was as follows. The cartridges were first washed with 5 mL of ACN and 5 mL of 

methanol respectively, and subsequently equilibrated with 10 mL of a 0.1% of formic acid 

aqueous solution. The sample solution was then loaded onto the sorbent, and two steps 

followed. The cartridges were first washed with 5 mL of HPLC-MS grade water, and then 

eluted with 8 mL of methanol. The eluent was subsequently diluted with water in 

volumetric flask to obtain a final volume of 10 mL sample solution prior to injection. Each 

sample was prepared in triplicate. The final concentrations of internal standard solutions 
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were kept at 100 ng/mL for all samples. In this study, only a small amount of urine was 

needed, and it was diluted 20 times prior to injection. The SPE protocol was employed to 

minimize urine matrix effects. 

4.2.7 Recovery Study 

The extraction efficiency was investigated in terms of recovery. HPLC-PIESI-MS 

was employed to test the recovery of the method. The mobile phase consisted of 

methanol and water (60/40, v/v) containing 0.1% of formic acid. The PIESI-MS was 

operated in SRM mode with the use of the best ion-pairing reagent. The chromatogram 

was recorded with three separate segments (segment 1, 0 - 5 min, transition monitored: 

785.4 → 658.3; segment 2, 5 - 10 min, transition monitored: 697.5 → 294.3; segment 3, 

10 - 25 min, transition monitored: 693.6 → 294.3). In each segment, only the m/z of one 

daughter ion was monitored. The m/z width of each daughter ion monitored was set at 3. 

The two metabolites investigated in this study were OxaG and AS. OxaG does not exist 

in the urine of individuals who have not consumed oxazepam, while AS is present as a 

natural substance in the urine of all normal individuals. For quantitation, the recovery of 

OxaG, AS, and the internal standard from the SPE were determined and the relative 

response factors (HPLC-PIESI-MS) between the internal standard and the metabolites 

were found. 

4.3 Results and Discussion 

4.3.1 Ion-Pairing Reagents and Drug Metabolites 

The ion-pairing reagents play an essential role in the detection limits obtained 

using the PIESI-MS approach. The structures for all the tested ion-pairing reagents are 

shown in Table 4-1. The symmetrical ion-pairing reagents tested here (Table 4-1) were 

selected because they gave the best performance for anion detection in previous 

studies.
28,29,31

 The four symmetrical ion-pairing reagents have diverse structures in their 
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cationic moieties, which includes pyrrolidinium (C5(bpyr)2), imidazolium (C9(mim)2 and 

C5(benzim)2), and phosphonium (C3(triprp)2). The two charged moieties of each ion-

pairing reagent are separated by an alkyl chain with different lengths. This type of 

“bolaform” structure makes the ion-pairing reagents somewhat flexible, which has proven 

to be advantageous in PIESI-MS.
31,37,45,119

 Two unsymmetrical ion-pairing reagents, UDC 

1(unsymmetrical dication 1) and UDC 2 (unsymmetrical dication 2), were designed based 

on their symmetrical analogues by introducing a long alkyl chain to one end (see Table 4-

1). These unique structures give higher surface activity compared to their symmetrical 

analogues. These surfactant like ion-pairing reagents often show superior performance 

for anion detection compared to the symmetrical ion-pairing reagents due to enhanced 

ionization efficiency.
119

 

Table 4-2 gives the structures and masses of eleven tested drug metabolites, 

along with their abbreviations. Except Oxazepam, all of these drugs are prohibited by 

World Anti-Doping Agency.
178

 These metabolites are glucuronide or sulfate conjugates of 

the parent drugs. Biologically, they are products of common metabolic pathways in phase 

II reactions to form polar water soluble conjugate products, which increases their 

tendency to be excreted in urine.
150

 

4.3.2 PIESI-MS Detection of Drug Metabolites with the Use of Symmetrical Ion-Pairing 

Reagents 

Table 4-3 summarizes the absolute LODs of eleven drug metabolites detected in 

the positive ion mode using symmetrical ion-pairing reagents and in the negative ion 

mode without using ion-pairing reagents. The best LOD for each compound is highlighted 

in bold font (Table 4-3). Overall, the negative ion mode was not as sensitive as the PIESI-

MS. The detection limits obtained in the negative ion mode was 3 - 20 times worse. It 

should be noted that the SRM analyses in the negative ion mode were not successfully 
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conducted due to unstable fragment ion signals. Moreover, it was also observed that the 

analytes with small m/z ratios, such as EtS, gave worse LODs (m/z: 125.0, LOD: 100 pg) 

than other, higher mass, sulfated steroids (m/z: 350 ~380, LOD: 10 pg to 20 pg) in the 

SIM negative ion mode. 

The positive ion mode was more suitable for the detection of the tested 

metabolites than the negative ion mode. For example, when EtS was detected in the SIM 

positive ion mode with the use of C5(bpyr)2 as the ion-pairing reagent, the LOD could be 

reduced from 100 pg (obtained in the SIM negative ion mode) to 5.0 pg. It was also 

observed that with the optimal ion-pairing reagents, the PIESI-MS approach could 

improve the detection limit by several folds in many cases. The performance of four ion-

pairing reagents varied significantly in detecting these drug metabolites. This suggests 

that the structure and/or geometry of ion-pairing reagents play an important role in the 

observed detection sensitivity for anions. Overall, C5(bpyr)2 showed the best overall 

performance compared to the other three ion-pairing reagents, with the majority of the 

LODs obtained using C5(bpyr)2 fell below 37 pg. The chemical properties of the analytes 

also affected the detection sensitivity. For example, C9(mim)2 was considered one of the 

best ion-pairing reagents for detecting small organic and inorganic anions in our previous 

studies,
28,29

 however, it did not perform well in detection of the drug metabolites in this 

study. Interestingly, detection limits of the sulfated drugs (pKa ˂ 1) were usually better 

than the glucuronated drugs (pKa ~ 4.5). This indicates that the pKa of the analyte could 

also affect the observed detection limits. The lower pKa of these sulfated conjugates 

results in more anions in the solution phase, which could lead to more analyte/ion-pairing 

reagents complex formation in solution. A similar phenomenon also was observed in the 

negative ion mode. Moreover, M3G and OxaG always gave poorer LODs compared to 

the other compounds. This could result from the presence of a tertiary amine (pKa ~ 10) 
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and an imine group (pKa ~ 11) respectively in their structures. These could affect the 

formation of analyte/ ion-pairing reagent complex. 

The SRM mode often enhances analytical specificity and reduces background 

noise, and as a result, better sensitivity can be often achieved.
31

 However, it was 

observed in this study that some LODs obtained from the SRM mode were worse than 

that from the SIM mode. For example, the LOD of NTS detected in the SRM mode with 

C3(triprp)2 (LOD: 1000 pg) was 400 times worse than the LOD obtained in the SIM mode 

(LOD: 2.5 pg). This decreased sensitivity in SRM mode might due to the fact that the 

product ions generated during the CID process were not stable.
31

 

4.3.3 PIESI-MS Detection of Drug Metabolites with the Use of Unsymmetrical Ion-Pairing 

Reagents 

The dicationic ion-pairing reagents with unsymmetrical structures have been recently 

developed by our group, with the purpose of further improving the sensitivity for anion 

detection by PIESI-MS.
119

 In this study, we evaluated the performance of two 

unsymmetrical ion-pairing reagents, UDC 1 and UDC 2, on the detection sensitivity of the 

drug metabolites (Table 4-4). As shown in Table 4-4, the unsymmetrical ion-pairing 

reagents provided improved detection sensitivity for more than half of the tested 

metabolites (6 out of 11) compared to the symmetrical ion-pairing reagents. The 

improvement in LODs from symmetrical to unsymmetrical ion-pairing reagents ranged 

from two to seven times. It was found that the unsymmetrical ion-pairing reagents 

generally provided greater detection improvements for sulfated steroids, while they gave 

similar detection limits for the glucuronated metabolites compared to the symmetrical ion-

pairing reagents. For example, the LOD of BS was 800 fg with the use of UDC2 in the 

SRM mode, which was seven times better than the LOD obtained with the best 

symmetrical ion-pairing reagent (5.5 pg by using C5(bpyr)2 in SRM mode). On the other 
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Table 4-3 LODs of the drug metabolites detected in the positive ion mode using symmetrical ion-pairing reagents
 
and in the 

negative ion mode without using ion-pairing reagents
a
  

Sample 

LOD (pg)   
 

Improvement factor
b
 C5(bpyr)2 C5(benzim)2 C3(triprp)2 C9(mim)2 Negative ion mode  

SIM (m/z
d
)  SRM (m/z

e
) SIM (m/z) SRM (m/z) 

SIM  
(m/z) 

SRM (m/z) SIM (m/z) SRM (m/z) SIM (m/z) SRM (m/z) 
 

EtG 
500 

(545.5) 
37 

(418.3) 
150 

(607.3) 
170 

(385.3) 
250 

(583.4) 
250 

(187.2) 
400 

(511.3) 
500 

(289.3) 
100 

(221.1) 
100 

(202.9) 
3 

M3G 
1500 

(784.4) 
130 

(657.4) 
1100 

(846.4) 
1100 

(385.3) 
10000 
(822.5) 

15000 
(361.1) 

1500 
(750.4) 

1500 
(289.3) 

800 
(460.2) 

NA
c
 6 

OxaG 
180 

(785.4) 
28 

(658.3) 
250 

(847.3) 
100 

(385.3) 
1200 

(823.4) 
2500 

(361.1) 
1200 

(751.3) 
880 

(289.3) 
250 

(461.1) 
NA 9 

DHEAG 
400 

(787.5) 
10 

(660.5) 
60 

(849.3) 
60 

(385.3) 
120 

(825.6) 
400 

(361.1) 
600 

(753.5) 
100 

(289.3) 
70 

(463.2) 
70 

(445.3) 
7 

TG 
190 

(787.5) 
6.0 

(660.5) 
40 

(849.3) 
40 

(385.3) 
22 

(825.6) 
190 

(361.1) 
750 

(753.5) 
97 

(289.3) 
30 

(463.2) 
30 

(445.3) 
5 

EtS 
6.0 

(449.2) 
5.0 

(322.2) 
75 

(511.3) 
18 

(227.2) 
17 

(487.3) 
17.5 

(187.2) 
200 

(415.3) 
500 

(289.3) 
100 

(125.0) 
NA 20 

DHEAS 
7.5 

(691.5) 
4.5 

(214.2) 
7.5 

(753.6) 
5.0 

(227.2) 
1.2 

(729.5) 
7.5 

(459.3) 
5.0 

(657.5) 
1.2 

(387.3) 
10 

(367.2) 
NA 8 

AS 
8.0 

(693.6) 
8.5 

(294.3) 
3.0 

(755.6) 
5.0 

(483.3) 
4.0 

(731.5) 
6.0 

(459.3) 
45 

(659.4) 
3.7 

(387.3) 
12 

(369.2) 
NA 4 

BS 
8.0 

(689.4) 
5.5 

(294.3) 
7.0 

(751.5) 
7.0 

(227.2) 
6.0 

(729.5) 
750 

(459.3) 
25 

(655.5) 
75 

(289.3) 
16 

(367.2) 
NA 3 

17β-DHEAS 
19 

(695.5) 
19 

(294.3) 
3.0 

(757.5) 
5.0 

(227.2) 
4.5 

(733.5) 
100 

(459.3) 
65 

(661.5) 
150 

(289.3) 
20 

(371.2) 
NA 7 

NTS 
15 

(677.5) 
4.2 

(294.3) 
3.8 

(739.4) 
9.5 

(227.2) 
2.5 

(715.5) 
1000 

(459.3) 
10 

(643.4) 
60 

(289.3) 
10 

(353.1) 
NA 4 

a
The best LOD for each drug metabolite obtained using symmetrical ion-pairing reagents is in bold type. 

b
Times improvement of best LODs obtained using symmetrical ion-pairing reagents vs. LODs obtained in the negative ion mode 

without using ion-pairing reagents 
c
Not detectable 

d
The m/z of the analyte/ion-pairing reagent complex ion monitored in SIM mode.  

e
The m/z of the most abundant fragment ion generated from the analyte/ion-pairing reagent complex in SRM mode; the precursor 

ion was the same as the m/z of the complex used in SIM mode. 
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Table 4-4 LODs of the drug metabolites detected in the positive ion mode using unsymmetrical ion-pairing reagents
a
 

a
The best LOD for each drug metabolite obtained using unsymmetrical ion-pairing reagents is in bold type. 

b
Data was obtained from Table 4-3. 

c
Times improvement of best LODs obtained using unsymmetrical ion-pairing reagents vs. LODs obtained using symmetrical ion-

pairing reagents 
d
Times improvement of best LODs obtained using both symmetrical and unsymmetrical ion-pairing reagents in PIESI-MS vs. 

LODs obtained in the negative ion mode without using ion-pairing reagents. 
e
The m/z of the analyte/ion-pairing reagent complex ion monitored in SIM mode.  

f
The m/z of the most abundant fragment ion generated from the analyte/ion-pairing reagent complex was monitored in SRM mode. 
The precursor ion in SRM mode was the same as the m/z used in SIM mode. 

Sample  

UDC1 UDC2 Best LODs with 
symmetrical  ion-
pairing reagents

b
 

Improvement factor 
(unsymmetrical vs. 
symmetrical  ion-
pairing reagents)

c
 

Total improvement 
factor (PIESI-MS vs. 
negative ion mode)

d
 SIM 

(m/z
e
) 

SRM 
(m/z

f
) 

SIM 
(m/z) 

SRM 
(m/z) 

EtG 
450 

(685.6) 
250 

(418.4) 
150 

(563.5) 
150 

(504.4) 
37 
 

0.25 3 

M3G 
1100 

(924.7) 
200 

(657.5) 
1100 

(803.6) 
1000 

(743.7) 
130 

 
0.65 6 

OxaG 
250 

(925.7) 
90 

(798.6) 
500 

(804.6) 
250 

(744.7) 
28 
 

0.31 9 

DHEAG 
75 

(927.7) 
5.0 

(660.5) 
220 

(805.5) 
75 

(746.8) 
10 
 

2.0 14 

TG 
75 

(927.7) 
8.5 

(660.5) 
30 

(805.5) 
30 

(746.8) 
6.0 

 
0.70 5 

EtS 
9.0 

(589.5) 
3.0 

(462.4) 
2.7 

(467.4) 
2.1 

(408.5) 
5.0 

 
2.4 48 

DHEAS 
2.5 

(831.7) 
1.5 

(354.5) 
3.5 

(709.6) 
1.2 

(380.4) 
1.2 

 
1.0 8 

AS 
5.0 

(833.6) 
3.0 

(354.5) 
5.0 

(711.5) 
1.5 

(380.4) 
3.0 

 
2.0 8 

BS 
3.7 

(831.7) 
3.7 

(434.4) 
4.0 

(707.6) 
0.80 

(380.4) 
5.5 

 
7.0 20 

17β-DHEAS 
10 

(835.7) 
6.0 

(434.4) 
7.5 

(713.6) 
1.5 

(380.4) 
3.0 

 
2.0 13 

NTS 
5.0 

(817.6) 
2.5 

(434.4) 
5.0 

(695.5) 
1.0 

(380.4) 
2.5 

 
2.5 10 
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hand, the LOD of TG was 8.5 pg and 6.0 pg with the best unsymmetrical and symmetrical 

Ion-pairing reagent respectively, which shows a slightly worse detection limit when using 

the unsymmetrical ion-pairing reagent. 

4.3.4 Chromatographic Separation of the Drug Metabolites 

The simultaneous separation of drug metabolites, in particular structurally similar 

analytes is essential for drug testing and analysis. Therefore HPLC coupled with PIESI-

MS was used to achieve the separation and highly selective detection/quantification at 

the same time. Gradient elution was performed in reversed phase mode within 22 min 

(see Figure 4-1). C5(bpyr)2 was used for the HPLC-PIESI-MS, since it was shown to have 

superior performance on the detection of these drug metabolites and is also commercially 

available. The MS was operated in SIM mode with three detection segments. The drop in 

baseline at 5 min is caused by switching from segment 1 to segment 2 (see Figure 4-1). 

As shown in Figure 4-1, the selected drug metabolites were well separated except for two 

pairs, EtS/EtG and BS/NTS. However, because of different m/z values for each pair, a 

complete chromatographic resolution was not necessary. 

4.3.5 Urine Sample Analysis 

4.3.5.1 Recovery Study 

A SPE protocol was carried out with the use of human urine matrix spiked with 

the drug metabolites at two different concentrations (50 ng/mL and 400 ng/mL 

respectively). OxaG and AS were selected as representatives of these drug metabolites. 

As shown in the extracted ion chromatogram (EIC) of the urine blank (Figure 4-2 and 4-

3), the interference peaks in the urine blank were negligible. The amount of AS naturally 

existing in urine was subtracted from its total amount when calculating the concentrations 

of spiked AS. The results of the recovery study are shown in Table 4-5. The extraction 

efficiency of the internal standard was determined to be 100%, and therefore it was 
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directly used for the calibration of OxaG and AS. The response factors of AS and OxaG 

in relative to the internal standard were measured to be 1.02 ± 0.02 and 0.20 ± 0.02 

respectively. These values were reasonable considering the structural similarity between 

the AS and the internal standard, as well as the structural difference between the OxaG 

and the internal standard. The recovery yields of these two standards were obtained 

based on their response factors. As shown in Table 4-5, the recoveries of OxaG and AS 

were 90% (RSD, 15%) and 107% (RSD, 7.9%) respectively at the low concentration, 

while they were 89% (RSD, 4.5%) and 98% (RSD, 3.5%) respectively at the high 

concentration. The SPE protocol is suitable to be employed for further quantitative 

analysis. The concentration of AS that existed naturally in this urine sample was 

determined to be 1.2 µg/mL. This concentration is consistent with reported AS 

concentrations in the urine of a healthy male (~1.3 µg/mL).
177

 

 

Table 4-5 Recovery results of standard drug metabolites from urine spiked at two 

concentration levels 

 
drug 

metabolite 
 

Spiked standard 

 
 Spiked standard 

Concentration 
(ng/mL) 

Recovery 
(%) 

RSD 
(%) 

 Concentration 
(ng/mL) 

Recovery 
(%) 

RSD 
(%) 

OxaG* 50 90% 15% 

 

400 89% 4.5% 

AS* 50 107% 7.9% 

 

400 98% 3.5% 

               *OxaG: oxazepam glucuronide; AS: androsterone sulfate 
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Figure 4-1 Total ion chromatography of separation of eleven drug metabolites by HPLC-PIESI-MS. Column: Ascentis
TM

 C18 (2.7 

µm, 2.1 x 150 mm); mobile phase A: 0.1% formic acid in water (pH=2.7), B: 0.1% formic acid in methanol; gradient elution 

conditions: 0-5 min, 3% B, 5-6min, 3%-30% B, 6-22 min, 30% -80% B; MS pump flow rate: 300 μL/min; injection volume: 5 μL. 

The separation was carried out with the outperformed ion-pairing reagent, C5(bpyr)2 monitored in SIM mode with three sections. 
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Figure 4-2 Extracted ion chromatography of OxaG by HPLC-PIESI-MS. Column: 

Ascentis
TM

 C18 (2.7 µm, 2.1 x 150 mm); mobile phase A: 0.1% formic acid in water 

(pH=2.7), B: 0.1% formic acid in methanol; isocratic elution condition: 60% B; MS pump 

flow rate: 300 μL/min; injection volume: 5 μL; ion-pairing reagent: C5(bpyr)2. The m/z of 

fragment of the OxaG/C5(bpyr)2 complex at 658.3 was monitored in SRM mode in section 

1 (0 - 5 min). The final concentrations of OxaG in urine samples prior to injection were 40 

ng/mL and 500 ng/mL respectively. 
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Figure 4-3 Extracted ion chromatography of AS and internal standard by HPLC-PIESI-

MS. Column: Ascentis
TM

 C18 (2.7 µm, 2.1 x 150 mm); mobile phase A: 0.1% formic acid 

in water (pH=2.7), B: 0.1% formic acid in methanol; isocratic elution condition: 60% B; 

MS pump flow rate: 300 μL/min; injection volume: 5 μL; ion-pairing reagent: C5(bpyr)2. 

The m/z of fragment of the AS/C5(bpyr)2 and internal standard/C5(bpyr)2 were monitored 

(both were 294.3) in SRM mode in section 2 (5 - 12 min) and section 3 (12 - 22 min) 

respectively. The final concentrations of AS in urine samples prior to injection were 50 

ng/mL and 400 ng/mL respectively. The final concentrations of internal standard were all 

100 ng/mL in all these samples. 
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4.3.5.2 A Comparison in Detection Sensitivity between PIESI-MS and Other HPLC-MS 

Methodologies 

The determination of the detection limit of each drug metabolite in urine samples 

was performed in the same SPE, LC and MS conditions as these of recovery study 

experiments. Table 6 compares the absolute LODs (pg) of steroid metabolites obtained 

using the PIESI-MS approach with other reported HPLC-MS 

methodologies.
155,157,160,171,177

 Compared to other HPLC-MS based methods, PIESI-MS 

provided detection limits from one to three orders of magnitude better for the detection of 

steroid glucuronides and sulfates. It should be noted that most of the commonly used 

HPLC-MS methodologies employ sample pre-concentration to obtain a higher sensitivity. 

However, this technique has no effect on improving instrumental detection limits, which is 

the main focus of this study. Moreover, the detection limits reported in this study could be 

further enhanced with the use of more sensitive mass analyzers and detectors (e.g., triple 

quadrupole mass analyzer). 

4.4 Conclusions 

The method developed based on PIESI was shown to be sensitive and effective 

for the analysis of performance-enhancing drugs and drugs of abuse by detecting their 

glucuronide and sulfate conjugates. LODs in the sub-pg range were obtained for the 

metabolites, which were 3 to 48 times improvement compared to the negative ion mode 

detection. It was also found that the two unsymmetrical ion-pairing reagents provided 

further sensitivity enhancement and complimentary performance in detecting these drug 

metabolites. For further quantitative analysis, a method based on HPLC-PIESI-MS was 

successfully developed for the simultaneous separation of these eleven drug metabolites 

under the optimized conditions. A SPE protocol can be carried out to eliminate any matrix 

effects in the analysis of urine samples, which would provide more precise and accurate 
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quantification for the analysis of these drug metabolites. Overall, the developed method 

could be useful for drug testing in clinical laboratories. 

 

Table 4-6 Comparison of instrumental LOD (pg) of steroid glucuronides and sulfates 

measured by PIESI-MS method as to other HPLC-MS methodologies performed in the 

negative ion mode
a
 

Ionization mode, MS analyzer used Scan mode Absolute LOD
f
 (pg) Reference 

ESI, IT
b
 SRM 15-300 [153]  

ESI, QTOF
c
 SRM 200-1000 [155]  

 ESI, QTOF SRM 50-500 [158]  

API, QqQ
d
 SRM 40000-50000 [169]  

SSI
e
, IT SIM 40-800 [175]  

PIESI, IT SIM/SRM 0.8-6.0
g
 current method 

a
LODs represent instrumental detection limits. For the methods using SPE to concentrate samples 

for analysis, the LODs have been corrected by the SPE concentration factors. 

b
Ion Trap; 

c
Quadrupole coupled with Time of Flight; 

c
Triple Quadrupole; 

e
Sonic Spray Ionization 

f
Only the LODs for steroid glucuronides and sulfates that belong to the same categories as in this 

study are considered in these references. 

g
The LODs for these steroid metabolites were measured in the human urine matrix under the 

same SPE, LC and MS conditions as the recovery study. 
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  Chapter 5

Quantitative Analysis of Dicamba Residues in Raw Agricultural Commodities with the 

Use of Ion-Pairing Reagents in LC-ESI-MS/MS  

 

Abstract 

A sensitive and selective HPLC-MS/MS method was developed for the 

quantitative analysis of dicamba residues in raw agricultural commodities (RACs). 

Instead of analysis in the traditionally used negative electrospray ionization (ESI) mode, 

these anionic compounds were detected in positive ESI with the use of ion-pairing 

reagents. In this approach, only a small amount (60 µM) of a commercially available 

dicationic ion-pairing reagent was introduced into the post-column sample stream. This 

method has been validated in six different types of RACs including corn grain, corn 

stover, cotton seed, soybean, soy forage and orange with satisfactory quantitative 

accuracy and precision. The limits of quantitation (LOQ) values for these analytes were 

1.0 to 3.0 µg/kg. The standard curves were linear over the range of the tested 

concentrations (3.0 to 500 µg/kg), with correlation coefficient (r) values ≥ 0.999. 

Evaluation of ionization effects in RAC matrix extracts using diluent blanks for 

comparison showed no significant matrix effects were present. 

5.1 Introduction 

Dicamba (3,6-dichloro-2methoxybenzoic acid), a systematic broad-spectrum 

auxin-type herbicide, has been used for efficient control of most broadleaf weeds in a 

variety of crops for more than 40 years.
179

 Due to the presence of heterogeneous crop 

matrix components (i.e., sugar, carbohydrate, starch, macromolecule, pigment, fat and 

structurally similar compounds), analysis of dicamba residues in RACs can be an 

extremely challenging task.
180

 The polar nature and high water solubility of dicamba 
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residues make their selective extraction and chromatographic resolution from these 

potentially interfering components very difficult. The diversity of various RAC types and 

composition further complicates the extraction as each matrix can have unique properties 

and interfering compounds. Established methods for dicamba residue analysis are based 

on gas chromatography coupled with electron capture detection (GC-ECD) as adopted by 

Environmental Protection Agency (EPA) in 1993.
181

 These methods often require an 

additional sample derivatization step, which at the low concentrations normally has 

several limitations and often results in irreproducible yields, multiple impurities and an 

increased analysis time.
182

 A variety of other analytical methods also have been 

developed for the analysis of dicamba residues, including GC-MS,
183

 enzyme-linked 

immunosorbent assay,
184

 micellar electrokinetic capillary chromatography (MEKC),
185

 

capillary liquid chromatography with UV detection,
186

 and HPLC coupled with UV
187

 or 

MS detection.
180,188-190

 These methods generally suffered from low sensitivity, which limits 

their utility for trace residue analysis. 

In recent years, HPLC-MS equipped with electrospray ionization (ESI) interface 

has become the preferred platform for the simultaneous analysis of pesticide residues 

without derivatization, due to advantages of improved throughput, selectivity, and 

sensitivity.
191

 Generally, applying tandem MS instrumentation (MS/MS) adds further 

selectivity to the MS detection of compounds in complex RACs. However, analytes with 

low molecular masses and relatively high polarities pose a general problem to LC-MS/MS 

sensitivity and selectivity when monitored in the conventionally used negative ESI.
192

 

These analytes often possess poor ionization efficiency. Impacts on MS sensitivity from 

often abundant background noise in the low-mass range present additional challenges for 

low mass dicamba residues. To minimize these factors, we proposed a novel approach 

with the use of ion-pairing reagent for the sensitive and selective analysis of dicamba 
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residues in RACs. Briefly, it involves the use of specially designed and structurally 

optimized ion-pairing reagents to pair post-column with the negatively charged 

analyte.
12,29,118

 The subsequently formed positively charged complexes can be detected 

and quantified in positive ion mode (see Figure 5-1). This technique has several 

advantages over the routinely used HPLC-MS/MS with negative ESI methods. It moves 

the detection of analyte from a low m/z region, where the background noise is high, to a 

higher and more selective m/z region where the background noise is low. Further, the 

ionization efficiency of the paired analyte is enhanced as shown in previous mechanism 

studies.
37,119

 In addition, the fragmentation pattern often offers more compound-specific 

fragment ions for MRM, which eliminates interfering matrix compound peaks and reduces 

MS background noise. In this work, we evaluated the applicability of using ion-pairing 

reagent for the sensitive, selective and high throughput analysis of dicamba residues in 

different types RACs including corn grain, corn stover, cotton seed, soybean, soy forage 

and orange. Dicamba and its major metabolites, 2,5-dichloro-3-hydroxy-6-

methoxybenzoic acid (5-OH dicamba) and 3,6-dichlorosalicylic acid (DCSA) were 

detected using a commercially available ion-pairing reagent. The developed HPLC-ESI -

MS/MS method was validated in terms of method limit of detection (LOD), limit of 

quantitation (LOQ), selectivity, accuracy and precision in these six different types of 

RACs. The ionization effects using this method were also evaluated by infusion of a 

standard solution at the post-connector position and were compared to those of the 

diluent blank. 
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Figure 5-1 Instrumental setup of HPLC-ESI-MS/MS. The dotted lines represent the 

position where the standard solution was infused into the system in the matrix effects 

evaluation experiments. 

 

5.2 Experimental 

5.2.1 Chemicals and Solvents 

Analytical standards (>95%) of dicamba, DCSA and 5-OH dicamba, along with 

their stable-isotope labeled internal standards: (
13

C6)dicamba, (
13

C6)5-OH dicamba and 

(
13

C6)DCSA were supplied by Monsanto (St. Louis, MO, USA). Their structures are 

shown in Table 5-1. Individual stock standard solutions of 1000 µg/mL were prepared 

separately with ethanol. The mixed intermediate calibration solution of 1.0 µg/mL was 

prepared by dilution of the appropriate amount of stock solutions with 1 M hydrochloric 

acid (HCl) in H2O. This mixed intermediate calibration solution was used for the 

preparation of working calibration solutions in the range of 3 – 500 ng/mL. A mixed 

internal standard (IS) working solution was freshly prepared at a concentration of 12.5 
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ng/mL in 50% ACN in acidified water the day to be used for sample preparation. HPLC 

grade methanol, water and acetonitrile (ACN) were purchased from Burdick & Jackson 

(Muskegon, MI, USA) or J.T. Baker (Center Valley, PA, USA). Other ACS grade solvents, 

ethanol, isooctane and ethyl acetate were purchased from Fisher Scientific (Pittsburgh, 

PA, USA). LC-MS grade formic acid, as well as the ion-pairing reagent, 1,5-pentanediyl-

bis(1-butylpyrrolidinium) difluoride solution (2.5 mM)  were purchased from Sigma-Aldrich 

(St. Louis, MO, USA). Optima grade HCl (32-35%) was purchased from Fisher Scientific. 

A 60 µM of the C5(bpyr)2·2F solution was prepared by diluting the commercial solution in 

methanol. 

5.2.2 Matrices Tested 

Six representative raw agricultural commodities (RACs), corn grain and stover 

(dry), soybean forage (wet), soybean seed and cotton seed (oily), and whole oranges 

(acidic) were selected to represent all matrix groups defined by the SANCO guidelines.
193

 

RACs were collected from residue field test plots at multiple locations using normal 

regional agricultural harvest practices. Oranges were purchased from a local grocery 

store (St. Louis, MO, USA). 

5.2.3 Sample Preparation 

RAC matrices were milled to appropriate homogeneity to allow reproducible 

measurement of 100-mg subsamples using a two-step fine milling method.
194

 The milled 

matrix was weighed into 96-well format tubes followed by the addition of an acidified 40% 

ACN solution containing stable-labeled internal standards for all three analytes. The 

sample tubes were capped and agitated on a high-speed shaker for extraction. An aliquot 

of the extract was transferred and hydrolyzed in 1 M HCl at 95 
o
C. The hydrolysate was 

partitioned with 20:80 ethyl acetate/isooctane. The organic phase was transferred, dried 
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under nitrogen, and reconstituted in a 10:90 methanol/H2O solution containing 0.2% 

formic acid.  

 

Table 5-1 Chemical names, structures and atomic mass units of analytes and ion-pairing 

reagent used in this study 

Compound name Abbreviation Structure* 
Atomic 

mass units 

3, 6-dichloro-2-

methoxybenzenoic 

acid 

Dicamba 

 

220 

2,5-dichloro-3-

hydroxy-6-

methoxybenzoic 

acid 

5-OH dicamba 

 

236 

3,6-

dichlorosalicylic 

acid  

DCSA 

 

206 

1,5-pentanediyl-

bis(1-

butylpyrrolidinium) 

C5(bpyr)2 

 

324.3 

*Stable isotop-labeled internal standards of the three analytes have six 
13

C on the benzene ring 
carbons 

OHO

O

Cl

Cl

OHO

O

Cl

Cl

HO

OHO

OH

Cl

Cl

N N
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5.2.4 Matrices Tested 

Six representative raw agricultural commodities (RACs), corn grain and stover 

(dry), soybean forage (wet), soybean seed and cotton seed (oily), and whole oranges 

(acidic) were selected to represent all matrix groups defined by the SANCO guidelines.
193

 

RACs were collected from residue field test plots at multiple locations using normal 

regional agricultural harvest practices. Oranges were purchased from a local grocery 

store (St. Louis, MO, USA). 

5.2.5 Sample Preparation 

RAC matrices were milled to appropriate homogeneity to allow reproducible 

measurement of 100-mg subsamples using a two-step fine milling method.
194

 The milled 

matrix was weighed into 96-well format tubes followed by the addition of an acidified 40% 

ACN solution containing stable-labeled internal standards for all three analytes. The 

sample tubes were capped and agitated on a high-speed shaker for extraction. An aliquot 

of the extract was transferred and hydrolyzed in 1 M HCl at 95 
o
C. The hydrolysate was 

partitioned with 20:80 ethyl acetate/isooctane. The organic phase was transferred, dried 

under nitrogen, and reconstituted in a 10:90 methanol/H2O solution containing 0.2% 

formic acid.  

5.2.6 HPLC-ESI-MS/MS 

The system consisted of a Shimadzu Prominence
TM

 20A HPLC (Tokyo, Japan) 

with a quaternary pump, an AB Sciex API 5000 triple quadrupole mass spectrometer 

(Ontario, Canada) equipped with turbo-V ionization source, a HPLC switching valve 

(Sigma Aldrich, St. Louis, MO, USA) and a Y-type microvolume connector  (Valco, 

Houston, TX, USA). All runs were acquired and processed using the Sciex Analyst
TM

 

software (version 1.6.2). Chromatographic separations were carried out on a Halo C8 

column (50 mm x 2.1 mm x 2.7 µm, Mac-Mod, Chadds Ford, PA, USA) at 50 
o
C. The 
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following gradient profile using 0.2 % formic acid in H2O as mobile phase A and 0.2% 

formic acid in methanol as mobile phase B was employed: 0-2 min, 15% B; 2-3 min, 15% 

- 30% B; 3-7 min, 30% - 50% B; 7-7.5 min, 50% - 90% B; followed by a 3.5-minute 

washing step at 90% B; then a 2-minute equilibrium step with the initial conditions. The 

flow rate was constantly set at 0.3 mL/min, except for the column-wash step. In this step, 

a flow rate of 1 mL/min was used instead. The post-column derivatization took place at 

the center of the Y-type connector, where a 60 µM of C5(bpyr)2 solution in methanol 

delivered by pump C was well mixed with the sample stream. The flow rate of pump C 

was constantly set at 0.1 mL/min. The autosampler temperature was set at 4 
o
C and the 

injection volume were 25 µL for all samples. The mass spectrometer was operated in 

positive ionization mode, and data were acquired in the multi-selected reaction 

monitoring (MRM) mode with one quantitative and one confirmatory transition per 

analyte. The MS data was collected in two separate periods: 5-OH dicamba in the first 

period with duration time of two minutes, DCSA and dicamba in the second period with 

duration time of three minutes. The eluent in the first two minutes was diverted into 

waste, and the total MS data collection time was five minutes with a 120-second delay 

time. The ionization source parameters were set the same in both periods: source 

temperature, 500 
o
C; voltage, 4500 V; curtain gas, 10 units; collision gas, 12 units; 

nebulizer gas 1, 70 units; nebulizer gas 2, 70 units; scan time, 150 milliseconds. The 

quantitative and confirmative ion transitions and their potentials for each analyte are 

shown in Table 5-2. 
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Table 5-2 Optimized MS/MS parameters for both quantitative and confirmatory transitions 

of the three analytes 

Analyte
1
 

Precursor ion 

Q1 (m/z)
2
 

Product ion 

Q3 (m/z)
2
 

Declustering 

potential (V) 

Collision 

energy (V) 

5-OH dicamba 432.3 219.0 300 45 

DCSA 402.3 214.3 270 34 

Dicamba 416.3 203.0 300 45 

Confirmatory ions 

5-OH dicamba 434.3 204.3 300 45 

DCSA 404.3 189.3 270 34 

Dicamba 416.3 188.0 290 75 

1
Entrance potential and collision cell exit potential for all transitions were the same, 10 V and 12 V 

respectively. 

2
Mass-to-charge ratio 

 

5.2.7 Method Validation Study 

The method validation study was carried out in accordance with SANCO 

guidelines.
193

 Linearity of the method was evaluated by analyzing 12 standard solutions 

in duplicate at each concentration level. The calibration curves were constructed by 

plotting the peak area ratio of analytes to IS versus analyte concentrations using a 1/x 

weighted linear regression model. The limit of detection (LOD) is the minimal 

concentration from which the presence of the anlayte can be deduced with reasonable 

statistical certainty, giving a minimum signal-to-noise ratio of 3:1 in five replicates. The 

limit of quantification (LOQ) is established as the lowest fortification concentration with 

five replicates, giving a signal-to-noise ratio of 10:1, which could be measured with a 
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mean recovery at or within 70-120% of the back-calculated nominal value and precision ≤ 

20% RSD (relative standard deviation).  

The accuracy and precision of all the analytes in QC samples were evaluated by 

analyzing fortified blank samples at low, medium and high concentrations, and were 

determined in six replicates in the same day. This experiment was performed at three 

spiking levels: 10, 100 and 400 ng/mL in six different types of RACs. The accuracy was 

determined via comparison of the back-calculated concentration and the fortified 

concentration in percentage and the precision was defined as the RSD of the back-

calculated concentration. Acceptance criteria for accuracy and precision were set at 70 - 

120% recovery and ≤ 20% RSD. 

5.2.8 Ionization Effects Evaluation 

The ionization effects were evaluated by infusing a 10 ng/mL of mixed standard 

solution (dissolved in 10/90 methanol:H2O containing 0.2% formic acid) at the post-

connector position (see Figure 5-1, dotted line). The standard solution was introduced by 

a separate pump (Shimadzu ProminenceTM 20A, Tokyo, Japan) at a constant flow rate 

of 50 µL/min. The chromatographic and MS/MS conditions of this experiment were 

identical to those described in the Experimental section. Two of the most complex RAC 

matrices encountered, corn stover and soybean forage, were used for this assessment. 

The post-extraction fortified matrix blank was compared to the fortified sample 

reconstitution solution, 10/90 methanol:H2O containing 0.2% formic acid. 

5.2.9 Data Evaluation 

Analyte concentrations were calculated using the Analyst software, and were 

reported as µg/kg of sample. 
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5.3 Results and discussion 

5.3.1 Optimization of ESI-MS/MS 

One of the best performing ion-pairing reagent, C5(bpyr)2·2F was selected for the 

analysis based on previous studies.
29,31

 This reagent was originally synthesized in the 

bromide form, and was ion-exchanged to the fluoride form to maximize its association 

with anionic analytes.
2
  

The mass spectrometric parameters (i.e., precursor and product ions used in 

MRM and optimized voltages) of dicamba and its two major metabolites are shown in 

Table 5-2. The optimization of MS/MS parameters were conducted by directly infusing a 

mixed solution containing the individual analyte and the ion-pairing reagent, C5(bpyr)2·2F 

(molar ratio, 1:10) at a flow rate of 20 µL/min along with the mobile phases. The dominant 

molecular ion of dicamba complex, [C5(bpyr)2 + dicamba - H]
+
 (m/z 543.3) was 

dissociated and gave rise to a main product ion [C13H26N
+
 + dicamba]

+
 (m/z 416.3), which 

was generated from the cleavage in in-source collision induced dissociation (CID) of the 

Cα-N bond in C5(bpyr)2 part of the complex. The [C13H26N
+
 + dicamba]

+
 ion was selected 

as the precursor ion in this study because it gave better selectivity and less matrix 

interfering peaks in the chromatography. This precursor ion was subsequently CID 

fragmented to produce structurally specific product ions. The two most sensitive fragment 

ions, m/z 203.0 and 188.0 were selected as the quantitative and qualitative product ions 

for dicamba, respectively. The structures of these two product ions corresponded to 

[dicamba - OH
-
]
+
 and [dicamba - OH

-
 - CH3]

+
 ion, respectively. Similar fragmentation 

pattern was observed for the analogous metabolite, 5-OH dicamba. The most abundant 

fragment of [C13H26N
+
 + 5-OH dicamba]

+
, m/z 219.0 (5-OH dicamba losing a –OH in 

carboxylic acid group) was used for the quantitative analysis. The second most sensitive 

fragment of [C13H26N
+
 + 5-OH dicamba]

+
, m/z 204.3 (5-OH dicamba losing a –OH in 
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carboxylic acid group and a –CH3 in the methoxyl group)  was used for confirmation. For 

DCSA, the most sensitive fragment ion of [C13H26N
+
 + DCSA]

+
 was m/z 214.3, which was 

used as the quantitative ion. The production ion, m/z 214.3 was generated from the 

C13H26N
+
 moiety from the ion-pairing reagent associating with the hydroxyl group 

attached to the benzene ring in DCSA and a proton. The second most sensitive fragment 

of [C13H26N
+
 + DCSA]

+
, m/z 189.3 (DCSA losing a hydroxyl groups) was used for 

confirmation. 

5.3.2 Optimization of Chromatographic Separation Conditions 

After testing several reverse phase based columns, it was found that a Halo C8 

based stationary phase (50 mm x 2.1 mm x 2.7 µm, Mac-Mod, Chadds Ford, PA, USA) 

provided sufficient resolution and retention for the chromatographic separation of the 

three analytes. The results also showed that methanol and H2O containing 0.2% formic 

acid as the mobile phase system provided improved peak shapes, shortened elution 

time, and coincided with higher MS responses for all three analytes. As can be seen in 

Figure 5-2, all three analytes were well separated in 7 minutes with good peak shapes. 

Dicamba had the greatest signal response than 5-OH dicamba and DCSA, indicating the 

structures of analytes play an important role in their detection sensitivity with the use of 

ion-pairing reagent. 
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Figure 5-2 Extracted ion chromatograms (EIC) for separation of the three analytes in a 

standard mixture. The standard solution was injected into the HPLC-MS/MS system 

using the developed method. The injection volume of the method was 25 µL. The 

chromatographic and MS/MS conditions are shown in section 5.2.4. Compound 

identification: 1, 5-OH dicamba; 2, DCSA; 3, dicamba. 

 
5.3.3 Method Validation 

5.3.3.1 Selectivity 

Corn stover and soybean forage were investigated as the most complex matrices 

in this study, and their EICs were used as representatives to exhibit the selectivity of the 

current method. The chromatograms obtained from corn stover and soybean forage 

blank, corn stover and soybean forage blank fortified with 10 µg/kg of the three analytes, 

along with their IS chromatograms are shown in Figure 5-3. Due to the efficient sample 

preparation and separation, as well as the high selectivity of MRM, there was no 

endogenous interference and no cross-interference observed at the retention windows of 

these analytes in the chromatograms.  
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Figure 5-3 Extracted ion chromatograms (EIC) of extracted corn stover blank (left three 

chromatograms) and soybean forage blank (right three chromatograms). The EICs of the 

extracted matrix blank, the extracted matrix blank fortified with 10 ppb of the analyte, and 

the EIC of its associated internal standard were shown in each individual graph. The top 

two graphs show the selectivity of dicamba in the two extracted matrix blank. The middle 

two graphs were for 5-OH dicamba, and the graphs for DCSA were shown in the bottom. 

The chromatographic and MS/MS conditions were the same as Figure 5-2, and were 

described in section 5.2.4. 

 

5.3.3.2 Linearity and Sensitivity 

All calibration curves exhibited good linearity in the range from 3 to 500 µg/kg 

with correlation coefficient (r) higher than 0.999. The LOD and LOQ values for dicamba 

were 0.3 and 1.0 µg/kg, respectively; 1.0 and 3.0 µg/kg, respectively for 5-OH dicamba; 

0.6 and 2 µg/kg, respectively for DCSA in these matrices. And they were 2 to 10 folds 

more sensitive as compared to the previously optimized negative ESI detection 

method.
195

 

5.3.3.3 Accuracy and Precision 

The results of the accuracy and precision of the three analytes fortified at three 

different concentration levels are summarized in Table 5-3. The lowest fortified 

concentration was set at 10 µg/kg as the limit of method validation level (LLMV), not the 

method LOQs. This is due to the fact that the MRL of an individual dicamba residue 

regulated in United States is down to 10 µg/kg.
179

 The accuracy ranged between 85% 

and 118%, while the precision ranged from 1% to 10%. All accuracy and precision values 

were acceptable for quantitative analysis.
193
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Table 5-3 Accuracy and precision values for all analytes 

Analyte 5-OH Dicamba DCSA Dicamba 

Fortified sample matrix
1
 

Mean 

Accuracy 

(%) 

RSD(%) 

Mean 

Accuracy 

(%) 

RSD(%) 

Mean 

Accuracy 

(%) 

RSD(%) 

Corn grain 10 µg/kg 101 10 101 3 100 3 

Corn grain 100 µg/kg 95 2 98 3 101 1 

Corn grain 400 µg/kg 95 5 97 2 103 1 

Corn stover 10 µg/kg 103 2 106 5 113 7 

Corn stover 100 µg/kg 98 5 92 4 100 2 

Corn stover 400 µg/kg 99 5 97 1 102 2 

Soybean seed 10 µg/kg 88 6 99 2 89 7 

Soybean seed 100 µg/kg 85 4 94 3 97 3 

Soybean seed 400 µg/kg 85 5 91 4 99 3 

Soybean forage 10 µg/kg 86 7 118 1 104 2 

Soybean forage 100 µg/kg 95 2 90 4 100 2 

Soybean forage 400 µg/kg 100 2 89 4 99 1 

Cotton seed 10 µg/kg 102 1 110 3 100 1 

Cotton seed 100 µg/kg 97 3 93 3 104 3 

Cotton seed 400 µg/kg 97 3 90 3 102 1 

Orange 10 µg/kg 102 10 118 7 100 4 

Orange 100 µg/kg 96 2 92 1 100 3 

Orange 400 µg/kg 97 7 92 2 99 2 

1
n=6, six replicates at each fortification level 
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5.3.3.4 Ionization Effects Evaluation 

Ionization effects were evaluated using the two most difficult RAC matrices, corn 

stover and soybean forage as representatives. In this experiment, a 10 µg/kg mixed 

standard solution was continuously infused at the post-connector position of the HPLC-

PIESI-MS/MS system (see Figure 5-1, dotted lines). The extracted corn stover blank 

(without IS) was injected into the system and analyzed by the developed HPLC-ESI-

MS/MS method. The diluent (0.2% formic acid in 10:90 methanol/H2O) was also injected 

for comparison. Ideally, the continuous post-connector infusion of the standard solution 

produces leveled and smooth curves without any injections or with injections of solvent 

blanks. Any positive and/or negative peaks observed are caused by co-eluting 

components from the injected sample matrix, either enhancing (positive peak) or 

suppressing (negative peak) the ionization signal. This so-called matrix effects, therefore, 

can be directly observed in real time by this experiment. Figure 5-4 shows EIC of the 

extracted corn stover blank and the diluent injections with continuous post-connector 

infusion of the standard solution. There were no obvious positive and negative peaks 

observed in the corn stover blank curve, indicating that matrix effects were minimal with 

the currently developed method. Interestingly, the curve for the corn stover matrix 

overlapped with the solvent blank curve further indicating that the matrix effects of corn 

stover do not differ significantly from the solvent. It is also noted that a large signal jump 

appearing at ca. 4.5 min is observed in both chromatograms of corn stover blank and the 

solvent blank when the MS data acquisition was switched from period 1 to 2 (see Figure 

5-4). The ascent incline observed for both curves was caused by the gradient increase of 

the organic component of the mobile phase in the gradient profile. Analogous in matrix 

effect behaviors are observed when performing the same experiment for soybean forage 

when using the developed HPLC-ESI-MS/MS method (see Figure 5-5). Although more 
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peaks were found in the curve of soybean forage blank as compared to those of corn 

stover blank, no obvious matrix interference appeared in the analyte retention windows. 

 

 

 

Figure 5-4 Matrix effects evaluation chromatograms of extracted corn stover blank (green 

colored curve) and the solvent blank (0.2% formic acid in 10:90 methanol/H2O, red 

colored curve). For this experiment, 10 ppb of standard solution (without internal 

standard) was continuously infused into the HPLC-ESI-MS/MS system at post-connector 

position (see instrumental in Figure 5-1, dotted lines and section 5.2.6). The 

chromatographic and MS/MS conditions used in this experiment were identical to those 

described in section 5.2.4. The chromatogram of the mixed standard solution shown here 

(blue color) was identical to that in Figure 5-2 and was used as reference chromatogram. 
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Figure 5-5 Matrix effects evaluation chromatograms of extracted soybean forage blank 

(green colored curve) and solvent blank (0.2% formic acid in 10:90 methanol/H2O, red 

colored curve). For this experiment, 10 ppb of standard solution (without internal 

standard) was continuously infused into the HPLC-ESI-MS/MS system at post-connector 

position (see instrumental in section 5.2.6 and Figure 5-1, dotted lines). The 

chromatographic and MS/MS conditions used in this experiment were identical to those 

described in section 5.2.4. The chromatogram of the mixed standard solution shown here 

(blue color) was identical to that in Figure 5-2 and was used as reference chromatogram. 

 

 
5.4 Conclusions 

A HPLC-ESI-MS/MS method with the use of ion-pairing reagents has been 

developed for trace-level analysis of dicamba residues in raw agricultural commodities 

(RACs). The negatively charged analytes were monitored and quantitated in positive ESI 

mode with the use of dicationic ion-pairing reagent, C5(bpyr)2·2F. Dicamba and its two 

major metabolites, 5-OH dicamba and DCSA were separated on a C8 based stationary 
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phase with satisfactory separation efficiency and peak shapes. The developed method 

provided quantitation limits ranging from 1 to 3 µg/kg for these three analytes. Method 

validation results show that satisfactory accuracy and precision were achieved when the 

three dicamba residues were fortified into six different types of RACs at three 

concentration levels. Further evaluation of ionization effects with post-connector infusion 

of the standard solution demonstrated that minimum matrix effects were present when 

the HPLC-ESI-MS/MS method was employed. The developed method meets the required 

residue analysis criteria from many regulatory agencies, and could be broadly applicable 

to dicamba residue analysis in crops as well as other matrices. 
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  Chapter 6

Reduced Matrix Effects for Anionic Compounds with Paired Ion Electrospray Ionization 

Mass Spectrometry 

 

Abstract 

It is well-known that matrix effects in high performance liquid chromatography 

coupled to electrospray ionization mass spectrometry (HPLC-ESI-MS) can seriously 

compromise quantitative analysis and affect method reproducibility. Paired ion 

electrospray ionization (PIESI) mass spectrometry is an approach for analyzing ultra-low 

levels of anions in the positive ion mode. This approach uses a structurally optimized ion-

pairing reagent to post-column associate with the anionic analyte, subsequently forming 

positively charged complexes. These newly formed complex ions are often more surface-

active as compared to either the native anion or the ion-pairing reagent. No studies have 

examined whether or not the PIESI approach mitigates matrix effects. Consequently, a 

controlled study was done using five analytes in highly controlled and reproducible 

synthetic groundwater and urine matrices. In addition, two different mass analyzers 

(linear ion trap and triple quadrupole) were used. Compared to the negative ion mode, 

the PIESI-MS approach was less susceptible to matrix effects when performed on two 

different MS platforms. Using PIESI-MS, less dilution of the sample is needed to 

eliminate ionization suppression which, in turn, permits lower limits of detection and 

quantitation. 

6.1 Introduction 

High performance liquid chromatography coupled with electrospray ionization 

mass spectrometry (ESI-MS) has become one of the most powerful qualitative and 

quantitative analytical tools. It is characterized by precision, robustness, high sensitivity 
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and selectivity, allowing for the analyses of trace amounts of target compounds in 

complex mixtures.
196,197

 Despite these advantages, one important limitation associated 

with this technique is its susceptibility to matrix effects.
198

 A matrix effect is defined as the 

effect of extraneous co-eluting components on the ionization efficiency of the target 

analyte.
199,200

 The presence of such matrix components may cause either ionization 

suppression, or in some cases, ionization enhancement in ESI, leading to quantification 

errors. Matrix effects also can compromise the limit of detection (LOD), limit of 

quantification (LOQ), linearity, precision, accuracy and reproducibility of LC-ESI-MS 

methods.
201-203

 Indeed, matrix effects have been called the “Achilles heel” of quantitative 

HPLC-ESI-MS.
204

 Currently, the US Food and Drug Administration’s (FDA) guideline 

documents require the evaluation of matrix effects during the development and validation 

of HPLC-MS methods, to ensure no loss of the accuracy, selectivity and 

sensitivity.
198,205,206

 The mechanisms of matrix effects have not been fully understood 

since their initial description by Kebarle and Tang in 1993.
55

 Matrix effects emanate from 

many sources such as trifluoroacetic acid additives,
207

 endogenous and exogenous 

compounds, substances introduced from sample preparation steps,
203

 and the presence 

of other co-eluting analytes. Also, factors such as high concentration, polarity, mass and 

basicity of co-eluting compounds further exacerbate/enhance matrix effects.
208

 

The origin of matrix effects is thought to be related to the mechanism of ESI. 

During the ESI droplet formation process, co-eluting matrix components may outcompete 

target ions for the limited space or charge available at the surface of the droplets, thus, 

inhibiting ejection of the analyte ions trapped inside the droplets.
63,91,208

 The surface 

activity is a major characteristic that affects the capability of an ion to reach the surface of 

a droplet.
38,198,209

 Therefore, if a matrix contains undetected components with potentially 

high surface activities, ionization suppression is common.
210

 Another factor that 



 

107 

contributes to matrix effects is the solvent evaporation subsequent to droplet formation. 

The presence of nonvolatile compounds and/or high concentrations of interfering 

compounds may alter the viscosity and surface tension of the ESI droplet. Consequently, 

it is more difficult for the solvent to evaporate and this inhibits target ion transfer to the 

gas phase.
199,207,211,212

 Additionally, co-precipitation can occur when nonvolatile impurities 

are present in the sample matrix, resulting in signal loss of the detected ions.
64

 

Neutralization of an acidic analyte and any relatively basic interfering substances can 

occur in the gas phase, therefore reducing the signal of such target analytes.
64

 Finally, 

factors that affect the stability of the generated ions in the gas phase also lead to matrix 

effects.
211

 

To obtain a robust LC-ESI-MS method, there is a need to reduce or at least 

quantitatively compensate for the effects of matrix interferences. Various strategies have 

been applied to these ends. Conventional approaches such as diluting samples, 

improving chromatographic selectivity, and utilizing optimal sample preparation 

procedures are routinely performed. Unfortunately, sensitivity and/or analysis time are 

usually compromised.
213,214

 Some of the newer generation analytical systems can 

somewhat compensate for these drawbacks.
213,215

 Sometimes, commercially available 

materials such as hybrid zirconia can be utilized for more selective sample 

preparations
216

 or chromatographic separations. But they are useful only in a few specific 

cases. In situations where matrix interfering components are difficult to remove, 

compensation approaches are often used to correct for the attenuated signal response 

resulting from matrix effects. Standard addition, matrix-matched calibration, internal 

standards, and a more recently developed correction technique, postcolumn-infused 

internal standard
217

 can be used to compensate for matrix effects. With such approaches, 

quantitative accuracy is improved at the expense of sensitivity. Paired ion electrospray 
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ionization (PIESI) was developed for the sensitive analysis of anions and some 

zwitterions in the positive ESI mode.
2,12,26,28,29,31,33-37,45-47,81,118,119

 The PIESI mechanism 

has been studied and has been shown to involve selective association of anions and 

some zwitterions to an optimal multiply charged ion-pairing agent, forming a paired ion of 

positive charge and enhanced surface activity.
37,119

 Anionic analyte LODs are improved 

one to four orders of magnitude. Other cationic reagents can produce other effects.
218,219

 

When comparing PIESI and conventional approaches for analysis of actual 

environmental and/or biological samples, there often appeared to be subjective 

differences in matrix effects. However to our knowledge, there have been no reports that 

have systematically evaluated the effect of PIESI on matrix effects using controlled 

conditions that can be easily reproduced by others. The focus of this study is to evaluate 

the response of test compounds to specific matrices. Two of the most currently 

encountered matrices are groundwater and human urine. Five analytes were selected for 

this study based on the fact that they were previously reported to suffer from matrix 

effects.
43,220-223

 Analogous parallel studies are done with two different mass 

spectrometers, a Thermo ESI-linear ion trap (LIT) and a Shimadzu ESI-triple quadrupole 

(QqQ). These two MS platforms have different ion source configurations and thus can 

alter the intensities of matrix effects. No sample pretreatment was done except for 

dilution. 

6.2 Experimental 

6.2.1 Reagents and Standards 

HPLC-MS grade solvents, methanol and water, were supplied by Honeywell 

Burdick and Jackson (Morristown, NJ, USA). Ultra-pure water (Milli-Q UV-Plus, Millipore 

Corp., Bedford, MA, USA) was used for preparation of the artificial matrix solutions. 

Sodium perchlorate (98% purity), perfluorooctanesulfonate potassium salt (PFOS, ≥98% 
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purity), monochloroacetic acid (MCA, ≥98% purity), clofibric acid (97% purity) and 2,4-D 

(99.8 % purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The structures 

of these five test compounds were shown in Table 6-1. Components in artificial matrices 

described below were all obtained from Sigma-Aldrich. The dicationic ion-pairing 

reagents were synthesized in their bromide form as described previously
29

 and were 

subsequently ion-exchanged to their fluoride form prior to analysis to maximize anion/ion-

pairing reagent complex formation.
44

 Their structures, abbreviations and exact masses 

were listed in Table 6-2. These reagents also are available from Sigma-Aldrich (St. Louis, 

MO, USA). Analyte standard solutions were prepared from a stock solution at 1000 

ng/mL monthly and were stored at 4 °C in the dark. 

 

Table 6-1 Structures, abbreviations, names and exact masses of the test compounds 

Chemical Name Abbreviation Structure 
Exact 
mass 

Perchlorate Perchlorate 

 

99.0 

Monochloroacetic acid MCA 

 

94.0 

2,4-
Dichlorophenoxyacetic 

acid 
2,4-D 

 

220.0 

2-(4-chlorophenoxy)-2-
methylpropanoic acid 

Clofibric 
acid 

 

214.0 

Perfluorooctanesulfonic 
acid 

PFOS 

 

498.9 
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Table 6-2 Structures, abbreviations, and exact masses of the ion-pairing reagents used 

Dicationic ion-pairing 
reagent 

Abbreviation Structure 
Exact 
mass 

1, 5-pentanediyl-bis(1-
butypyrrolidinium)  

C5(bpyr)2 

 

324.4 

    

1, 9-Nonanediyl-bis(3-
methylimidazolium)  

C9(mim)2 

 

290.3 

1,3-Propanediyl-
bis(tripropylphosphonium) 

C3(triprp)2 

 

362.3 

1, 5-Pentanediyl-bis(3-
benzylimidazolium)  

C5(benzim)2 

 

386.3 

 
 

6.2.2 Synthetic Matrix Preparation 

For this project, standard and reproducible matrices were needed. Actual 

groundwater and urine are neither.
224

 Hence the decision was made to use known 

synthetic matrices that could be exactly reproduced in any laboratory. The PIESI-MS 

performance was evaluated in two matrices, groundwater and a more complicated urine 

medium. The recipe for artificial groundwater (AGW) is based on the Edwards Aquifer 

groundwater located in San Antonio, Texas.
225

 This AGW was made up from laboratory-

grade reagents (277 mg L
-1

 calcium carbonate, 20 mL L
-1

 of 2% nitric acid, 35 mg L
-1

 

sodium sulfate and 90 mg L
-1

 magnesium chloride heptahydrate). The pH of the solution 

was adjusted with 1.2 mL of 1 M potassium hydroxide to 7 (the average pH of the 

Edwards aquifer groundwater). The artificial urine (AUR) was prepared based on a 
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procedure outlined in the literature:
224

 10 g of urea, 5.2 g of sodium chloride, 3.2 g of 

sodium sulfate decahydrate, 2.1 g of sodium bicarbonate, 1.3 g of ammonium chloride, 

1.2 g of dipotassium hydrogen phosphate, 0.95 g of potassium dihyrogen phosphate, 0.8 

g of creatinine, 0.49 g of magnesium sulfate heptahydrate, 0.4 g of citric acid, 0.37 g of 

calcium chloride dihydate, 0.1 g of lactic acid, 0.07 g of uric acid, 0.0012 g of iron II 

sulfate heptahydrate were mixed in 1 L of ultra-pure water. The pH of the AUR solution 

was 6.5. The artificial matrix solutions were stored at 4 °C in 1 L amber glass bottles. 

6.2.3 Sample Preparation 

To closely mimic groundwater and urine matrix effects, samples were prepared in 

diluted AGW and AUR solutions, with the dilution factors d of 2, 10 and 100, calculated 

as: 

𝑑 = 𝑉𝑓/𝑉𝑖 

Where Vf is the final volume after dilution and Vi is the volume of the initial 

artificial matrix solution taken for dilution. Although matrix effects at 100-fold dilutions of 

AGW or AUR may be minimal, their effects on signal response of the analytes help reflect 

the trends of matrix effects with changes in the matrix concentrations.  

The AGW and AUR samples were prepared by the standard addition method,
226

 

with the  concentrations at  0, 10, 20, 30 and 40 ng mL
-1

, respectively in the100x diluted 

artificial matrices (AGW x100 or AUR x100),  0, 50, 100, 150 and 200 ng mL
-1

, 

respectively in the 10x diluted artificial matrices (AGW x10 or AUR x10) and 0, 100, 200, 

300 and 400 ng mL
-1

 respectively in the 2x diluted artificial matrices (AGW x2 or AUR x2). 

All samples were stored at 4 °C in the dark prior to analyses and were analyzed within 30 

days, according to the handling and storage recommendations provided by other 

reports.
224,227
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6.2.4 PIESI-MS Analysis 

The evaluation of the performance of PIESI was carried out on a Finnigan, 

Thermo Scientific, LXQ linear ion trap mass spectrometer (Finnigan, Thermo Scientific, 

San Jose, CA, USA) equipped with an off-axis (45 degree) Ion Max ESI source, as well 

as on a Shimadzu LCMS-8040 triple quadrupole mass spectrometer (Shimadzu, Kyoto, 

Japan) equipped with an orthogonal ESI source. The instrumental setups for both 

instruments and optimization of ion-pairing reagents were the same as outlined 

previously.
28,31,45,118

 Briefly, an ion-pairing reagent aqueous solution was directed by a 

secondary LC pump (Shimadzu LC-6A, Shimadzu, Columbia, MD, USA) at 100 μL min
-1

, 

and was then mixed (via a low dead-volume Y-type mixing device) with a 300 μL min
-1

 

solvent stream (67/33, v/v, methanol/water) from a HPLC pump. The total concentration 

of the ion-pairing reagent after mixing was 10 μM, and the final flow contained 50/50 (v/v) 

of methanol and water with a flow rate of 400 μL min
-1

. All samples were directly injected 

into the system via a 5-μL sample loop, no columns were used in all these studies. Both 

selected reaction monitoring (SRM) and selective ion monitoring (SIM) mode were used 

for the detection of target analytes. In SIM mode, the mass-to-charge ratio (m/z) of the 

analyte/ion-pairing reagent complex was monitored, while the most intensive ion 

transition was selected and monitored in the SRM mode, using the corresponding 

complex as the precursor ion. 

Quantitative results obtained in the optimized negative ion mode were used for 

comparison. To make equal flow conditions, a carrier flow consisting of 50/50 

methanol/water at a total flow rate of 400 μL min
-1

 was introduced into the MS directly 

without ion-pairing reagent. 
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6.2.5 LIT-MS Conditions 

The system consisted of a LXQ linear ion trap system from Thermo Finnigan, a 

Surveyor HPLC system and a data acquisition/processing software, Xcalibra 2.0. The 

mass spectrometer was tuned for each compound, optimizing the ionization source 

parameters, voltages on the lenses and/or collision induced dissociation (CID) energies 

(SRM mode) in each monitoring mode while continuously infusing a mixture solution 

containing 1:2 molar ratio of a standard (1 μM) and an ion-pairing reagent (2 μM) via a 

syringe pump at a flow rate of 20 μL min
-1

. Other operation conditions include as follows: 

ionization voltage, 3 kV; source temperature, 350 °C; sheath gas, 37 arbitrary units (AU); 

auxiliary gas, 6 AU. 

6.2.6 QqQ-MS Conditions 

The Shimadzu HPLC system was hyphenated to a triple quadrupole mass 

spectrometer LCMS-8040 (Shimadzu, Kyoto, Japan) through an orthogonal ESI source. 

The analytes were monitored in three modes, PIESI-SRM, PIESI-Q3SIM and PIESI-

Q1SIM, respectively. Operating conditions of the source were performed as follows: 

ionization voltage, 3.5 kV; temperature of desolvation line, 250 °C; temperature of heating 

block, 400 °C; nebulizing gas, 3 L min
-1

 (N2); drying gas, 15 L min
-1

 (N2) respectively. The 

voltages at Q1 prebias, collision energies or Q3 pre bias were optimized in the same way 

as that in LIT-MS. 

6.2.7 Optimization of Ion-Pairing Reagent Concentration 

For AGW sample analysis, a previously optimized concentration of an ion-pairing 

reagent solution at 10 μM was used.
29,34,44

 However, due to high concentrations of salts 

present in AUR matrix (100 μM level), the concentration of the ion-pairing reagents used 

for AUR sample analysis was optimized prior to use. The effect of the concentration of 

the optimized ion-pairing reagent on the performance of PIESI-MS was investigated at 
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two different concentrations (10 μM and 50 μM respectively after mixing in the flow 

stream). Perchlorate and its optimized ion-pairing reagent, C5(benzim)2 were used as test 

model. Perchlorate was spiked into three different diluted AUR matrices (dilution factors 

of 100, 10 and 2). The total concentrations of these perchlorate samples were all the 

same at 100 ng mL
-1

. These samples were detected in both PIESI-SRM and PIESI-SIM 

modes and were analyzed using LIT-MS. The matrix effects were assessed by 

comparing the peak areas of perchlorate in neat solvent (50/50, v/v, methanol and water) 

and in the three different AUR matrices. The concentration of the ion-pairing reagent that 

minimized matrix effects and ionization suppression more significantly was used in both 

PIESI-SRM and PIESI-SIM detection modes for AUR sample analysis. 

The optimal concentration of ion-pairing reagent was determined as indicated in 

Figure 6-1. Although the ion-pairing reagent at lower concentration provided higher signal 

responses in both PIESI-SRM and PIESI-SIM detection modes, the signal responses of 

these four samples (100 ng mL
-1

 perchlorate spiked in the solvent (50/50, v/v, methanol 

and water) and in the three AUR matrices with dilution factors of 2, 10, and 100) had a 

higher degree of variation as compared to the results with the use of 50 μM ion-pairing 

reagent. This suggests that the concentration of ion-pairing reagent at 50 μM was less 

affected by the AUR matrix as compared to 10 μM. Therefore, this concentration of ion-

pairing reagents was used for the urine sample analysis. 
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Figure 6-1 Comparison of the effect of concentration of ion-pairing reagent on matrix 

effects as indicated by signal intensities. Perchlorate standard and perchlorate spiked in 

diluted artificial urine matrices (total concentrations of perchlorate in solvent (50/50, v/v, 

methanol and water) and in the three different diluted artificial urine matrices were all the 

same at 100 ng mL
-1

) were determined in PIESI-SIM and PIES-SRM modes using the 

linear ion trap MS analyzer (see section 6.2.7). 

 
6.2.8 Sample Analysis and Assessment of Matrix Effect 

In order to control carry-over effects, the order of the injection was as follows: 

standards in solvent were the first, followed by AGW x100, AGW x10 and AGW x2 

samples. To ensure accuracy and reproducibility of the quantitative results, samples and 

blanks were run consecutively in the instrument, and the sample cones of both ESI 

sources were cleaned daily with methanol and water according to the manufacturer’s 

instructions.   

Peak area versus sample concentration was utilized for the construction of 

calibration curves, using weighted (1/x
2
) linear least-squares regression algorithm. If the 
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square of the correlation coefficient (R
2
) values of calibration curves were less than 

0.990, the native samples were respiked and reanalyzed. 

The extent of matrix effects (ME%) was studied by comparing the slopes of 

calibration curves in neat solvent (50/50, v/v, methanol and water in this study) and in the 

three diluted matrices.
213,228

 They were calculated as follows: 

𝑀𝐸% =
𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥

𝑆𝑙𝑜𝑝𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑐𝑢𝑟𝑣𝑒 𝑖𝑛 𝑛𝑒𝑎𝑡 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
× 100% 

Ionization suppression would occur if the percentage of the ratio between these 

slopes were in the range of 0 to <100%. If the ME% was higher than 100%, it would be 

indicative of ionization enhancement. In the two matrices studied, ionization suppression 

was observed for all five analytes (see Table 6-1). ME% higher than 90% would be 

assumed to have little or no matrix effects, because this variation would be close to the 

repeatability values. 

6.3 Results and Discussion 

6.3.1 Matrix Effects with PIESI 

The nature of the ion-pairing reagent plays an important role on its 

performance.
29,31

 Thus, the ion-pairing reagents (Table 6-2) selected for each analyte 

were based on sensitivity, and were evaluated for each analyte in this study as described 

previously.
28

 Consequently, C5(bpyr)2 was used for the analyses of PFOS and MCA, 

C3(triprp)2 for clofibric acid and 2,4-D, and C5(benzim)2 was used for perchlorate. The 

optimized ion-pairing reagent used with the LIT-MS was also employed for the 

quantitative analysis of that analyte with the QqQ-MS. The ion/transition that was 

selectively monitored in each detection mode is given in Table 6-3 (for LIT-MS) and Table 

6-4 (for QqQ-MS). Generally, the two instruments produced similar fragmentation 

patterns in the SRM mode, expect for MCA. The LIT-MS was characterized by the 
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fragment ion of the MCA/C5(bpyr)2 complex ion at m/z 290.2 corresponding to the m/z of 

the dication moiety C13H26N
+
 and a protonated MCA molecule, but the most sensitive 

fragment ion was m/z 232.1 ([C13H26N
+
 +HCl]) with the QqQ-MS.  

The results obtained in the negative ion mode were used for comparison. In this 

mode, SRM detection was preferentially used if applicable. In contrast to LIT-MS, QqQ-

MS generated more quantifiable fragments in the negative-SRM mode as shown in 

Tables 6-3 and 6-4. The positive ion mode (without the use of PIESI) was not useful for 

trace level analyses of these anionic compounds because of its low sensitivity (all LODs 

of the five test compounds were determined to be higher than 500 pg), so it was not used 

for comparison to the results obtained in the PIESI mode.   

6.3.2 Groundwater Matrix Effects Using LIT-MS 

Table 6-3 summarizes the calibration slopes and matrix effects as ME% values 

(see section 6.2.8) for the five test analytes at different concentrations of the AGW 

matrices using the LIT-MS. Comparative results from the PIESI mode and from the 

negative ion mode can be seen. Overall, the negative ion mode was not satisfactory. 

Except for PFOS, the negative ion mode did not provide high sensitivities as indicated 

from the slopes of the calibration curves. The relatively higher sensitivity of PFOS 

obtained in the negative ion mode is known to be due to its high surface activity.
37

 All 

samples were subject to substantial ionization suppression under the negative ion mode 

conditions, even for samples that were diluted 100 fold (Table 6-3). 

Compared to the negative ion mode analyses, PIESI-MS was less susceptible to 

ionization suppression from the groundwater matrix as indicated by improved detection 

sensitivities. From the slopes of the calibration curves shown in Table 6-3, the PIESI-SIM 

mode provided higher detection sensitivities than the PIESI-SRM mode (with the 

exception of 2,4-D). Furthermore, all samples suffered less from matrix effects (higher 
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ME% values) as compared to results obtained in the negative ion mode. As indicated in 

Table 6-3, the ME%s in 50% diluted AGW were increased by 1.6 to 6.5 times with the 

use of PIESI-MS as compared to results in the negative ion mode. In 90% diluted AGW, 

the ME%s for these five compounds increased by 1.6 to 3.6 times, and minimal matrix 

effects were present in the 99% diluted AGW. The ionization suppression behavior with 

PIESI-MS differed for the five compounds. Consider, for example, clofibric acid and 2,4-

D, which have similar structures, however, these two compounds were subjective to 

different degrees of ionization suppression in the same sample matrix (2,4-D suffered 

from a higher degree of ionization suppression than clofibric acid in AGW). This suggests 

the performance of PIESI-MS on matrix effects is also compound dependent. 

Interestingly, severe ionization suppression was present in the 90% diluted AGW 

samples when perchlorate was analyzed in the negative ion mode (ME%=28%, Table 6-

3). However, the matrix effects were eliminated in the PIESI-SRM mode (ME%=100%). 

Therefore, direct injection analysis can be performed for perchlorate analysis in such 

levels of groundwater matrix. In some cases where the salt concentrations in 

groundwater are high, matrix effects can be completely minimized using PIESI-MS 

combined with minimal dilution. 
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Table 6-3 The ME% values and slopes of the calibration curves for the analyzed 

standards in solvent and in diluted artificial groundwater obtained with linear ion trap MS 

analyzer
a
 

Analyte Mode
c
 

Ion/transition 
monitored 

(m/z)
j
 

Dilution factor
b
 

2 
 

10 
 

100 Solvent
e
 

slope 
ME 
(%)

d
 

slope 
ME 
(%)

d
 

slope 
ME 
(%)

d
 

slop
e 

ME 
(%)

d
 

Perchlora
te 

Negative-
SIM

f
 

99.2 7.7 11 19 28 42 63 68 100 

PIESI-SRM
g
 485.3→295.2 207 71 280 100 280 100 289 100 

PIESI-SIM
h
 485.3 466 71 561 83 642 100 647 100 

PFOS Negative-
SIM

f
 

498.9 362 18 912 43 1612 77 2071 100 

PIESI-SRM
g
 823.3→696.2 98 50 174 91 191 100 196 100 

PIESI-SIM
h
 823.3 634 53 1001 83 1078 91 1228 100 

MCA Negative-
SIM

f
 

92.8 2.7 10 5.9 22 13 48 27 100 

PIESI-SRM
g
 417.3→290.2 94 37 121 48 247 100 257 100 

PIESI-SIM
h
 417.3 223 33 363 53 668 100 673 100 

Clofibric 
acid 

Negative-
SRM

i
 

213.6→127 9.6 14 18 24 53 71 74 100 

PIESI-SRM
g
 575.1→187.2 154 50 252 83 284 100 301 100 

PIESI-SIM
h
 575.1 226 44 470 70 841 83 962 100 

2,4-D Negative-
SRM

i
 

218.8→160.8 6.4 11 15 26 36 63 58 100 

PIESI-SRM
g
 581.0→187.2 116 38 130 43 282 91 304 100 

PIESI-SIM
h
 581.0 79 29 116 42 257 91 279 100 

a
The external calibration curve for each standard in solvent (50/50, v/v, methanol and water) was used for comparison; the 

calibration curves of analytes in diluted artificial groundwater was obtained by standard addition method. 
b
The final volume after dilution of the sample divide by the volume of the initial artifical ground water matrix; the artificial 

groundwater was diluted 2, 10 and 100 times, respectively in this study. 
c
Each analyte standard was detected and quantified in each detection modes with the use of linear ion trap MS analyzer. The 

positive ion mode did not provide good sensitivity for these analyzed standards in this study (LODs > 500 pg) 
d
Matrix effect: the slope of calibration curve for the analyte in diluted artificial groundwater matrix versus that in solvent (50/50, 

v/v, methanol and water). 
e
50/50 methanol and water (v/v) 

f
Negative-selected ion monitoring (SIM) mode 

g
Paired Ion Electrospray Ionization (PIESI)-selected reaction monitoring (SRM) mode; the final concentrations of each optimized 

ion-pairing reagent solutions after mixing were set at 10 μM in PIESI mode. 
h
Paired ion electrospray ionization-selected ion monitoring mode 

i
Negative-selected reaction monitoring mode 
j
Ions were monitored in SIM mode, and ion transitions were monitored in SRM mode. The ion that was monitored in PIESI-SIM 
mode was used as the precursor ion in the PIESI-SRM mode. 
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Table 6-4 The ME% values and slopes of the calibration curves for the analyzed 

standards in solvent and in diluted artificial groundwater obtained with triple quadrupole 

MS analyzer
a
  

Analyte Mode
c
 

Ion/transiti
on 

monitored 
(m/z)

j
 

Dilution factor
b
 

2 
 

10 
 

100 
 

Solvent
e
 

slope 
ME 
(%)

d
  

slope 
ME 
(%)

d
  

slope 
ME 
(%)

d
  

slope 
ME 
(%)

d
 

Perchlora
te 

Negative-
SRM

f
 

99.2→83.
0 

1668 13 
 

5633 45 
 

7742 63 
 

1257
1 

100 

PIESI-
SRM

g
 

485.3→29
5.2 

2872
9 

26 
 

7018
4 

67 
 

1002
54 

100 
 

1081
15 

100 

PIESI-
Q3SIM

h
 

485.3 
9762

9 
21 

 
2871
82 

63 
 

4575
51 

100 
 

4597
43 

100 

PIESI-
Q1SIM

i
 

485.3 
1740
24 

21 
 

4223
79 

53 
 

7385
95 

91 
 

8181
32 

100 

PFOS Negative-
SRM

f
 

498.8→79
.9 

178 8 
 

668 30 
 

1681 77 
 

2204 100 

PIESI-
SRM

g
 

823.3→69
6.2 

205 19 
 

445 40 
 

1090 100 
 

1112 100 

PIESI-
Q3SIM

h
 

823.3 
1790

3 
14 

 
4101

1 
32 

 
1209
98 

100 
 

1271
33 

100 

PIESI-
Q1SIM

i
 

823.3 
1921

4 
13 

 
4100

9 
28 

 
1409
96 

100 
 

1476
32 

100 

MCA Negative-
SRM

f
 

92.8→35.
0 

53 6 
 

104 12 
 

233 26 
 

894 100 

PIESI-
SRM

g
 

417.3→23
2.1 

1362 12 
 

3763 32 
 

7760 67 
 

1163
3 

100 

PIESI-
Q3SIM

h
 

417.3 6336 18 
 

1364
6 

38 
 

3397
1 

100 
 

3548
0 

100 

PIESI-
Q1SIM

i
 

417.3 7909 14 
 

1725
8 

30 
 

4745
0 

83 
 

5694
2 

100 

Clofibric 
acid 

Negative-
SRM

f
 

213.6→12
7 

363 4 
 

758 9 
 

1987 24 
 

8340 100 

PIESI-
SRM

g
 

575.1→18
7.2 

1024
5 

8 
 

1960
8 

15 
 

4530
0 

34 
 

1313
71 

100 

PIESI-
Q3SIM

h
 

575.1 
8540

8 
13 

 
2044
61 

30 
 

3968
95 

59 
 

6747
22 

100 

PIESI-
Q1SIM

i
 

575.1 
1060
44 

11 
 

2555
93 

26 
 

5246
37 

53 
 

9968
11 

100 

2,4-D Negative-
SRM

f
 

218.8→16
0.8 

367 7 
 

679 12 
 

1571 29 
 

5498 100 

PIESI-
SRM

g
 

581.0→18
7.2 

8370 15 
 

1717
0 

31 
 

3052
4 

56 
 

5494
4 

100 

PIESI-
Q3SIM

h
 

581.0 
2022

9 
17 

 
3978

3 
33 

 
8525

0 
71 

 
1193
50 

100 

PIESI-
Q1SIM

i
 

581.0 
2439

0 
12   

4166
6 

21   
1052
62 

53   
1999
98 

100 

a
The external calibration curve for each standard in solvent (50/50, v/v, methanol and water) was used for comparison; the 

calibration curves of analytes in diluted artificial groundwater was obtained by the standard addition method. 
b
The final volume after dilution of the sample divide by the volume of the initial artificial ground water matrix; the artificial 

groundwater was diluted 2, 10 and 100 times, respectively in this study. 
c
Each analyte standard was detected and quantified in each detection mode with the use of triple quadrupole MS analyzer, 

expect for the positive ion mode. The positive ion mode did not provide good sensitivity for these analyzed standards in this 
study (LODs > 500 pg) 
d
Matrix effect: the slope of calibration curve for the analyte in diluted artificial groundwater matrix versus that in solvent (50/50, 

v/v, methanol and water); 
e
50/50, v/v, methanol and water; 

f
Negative-selected reaction monitoring mode 

g
Paired Ion Electrospray Ionization (PIESI)-selected reaction monitoring (SRM) mode; the total concentrations of each 

optimized ion-pairing reagent solution after mixing were set at 10 μM in PIESI-MS mode. 
h
Paired ion electrospray ionization-the first quadrupole selected ion monitoring (SIM) mode 

i
Paired ion electrospray ionization-the third quadrupole selected ion monitoring mode  
j
Ions were monitored in Q3- and Q1-SIM mode, and ion transitions were monitored in SRM mode. The ion that was monitored in 
PIESI-SIM mode was used as precursor ion in the PIESI-SRM mode. 
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Figure 6-2 shows the PIESI-SRM and the negative ion mode calibration slopes of 

perchlorate in solvent (50/50, v/v, methanol and water) and in the 50% diluted AGW. The 

calibration slopes obtained in PIESI-SRM mode were higher than those obtained in 

negative-SIM mode, indicating higher sensitivity of the PIESI-SRM. Moreover, the 

calibration curves of standards and of the spiked perchlorate in 50% diluted AGW were 

closer to one another as compared to those obtained in the negative-SIM mode, showing 

that PIESI-MS helped to mitigate matrix effects. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-2 Calibration curves of perchlorate in solvent (50/50, v/v, methanol and water) 

and in the 50% diluted artificial groundwater matrix determined in negative-SIM and 

PIESI-SRM modes using the linear ion trap MS analyzer 

 
6.3.3 Groundwater Matrix Effects Using QqQ-MS 

Table 6-4 summarizes the analogous data for detection and ionization 

suppression in groundwater when using a QqQ-MS. Data can be compared for the same 
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five anionic analytes in the PIESI and negative ion modes. As can be seen, the slopes of 

the PIESI calibration curves were one to two orders of magnitude greater than those 

obtained in the negative ion mode. In all cases, ionization suppression was less with 

PIESI-MS (i.e., from 2 to 3.2 x greater ME% at the high AGW level). Note that ME% are 

quite similar in all cases between the PIESI-SIM and PIESI-SRM mode (Table 6-4). Thus, 

it appears that matrix effects occur mainly in the initial ionization step. 

6.3.4 Urine Matrix Effects Using LIT-MS 

Urine specimens are one of the most frequently encountered biological 

samples.
217

 Five test compounds were spiked individually into three different AUR 

matrices with dilution factors of 2, 10 and 100. The spiked concentrations of these 

analytes are specified in section 6.2.3. A 5x greater concentration of the ion-pairing 

reagent (50 µM vs.10 µM) was used for the AUR matrices to minimize ionization 

suppression (compared to the AGW matrix). This is thought to be needed due to the 

much higher ionic strength of urine (see section 6.2.2).
63,91,229

 However, as is known from 

previous studies, the use of even higher ion-pairing reagent concentrations may be 

detrimental and act as an additional matrix component and cause increased signal 

suppression.
119

 

The calibration slopes and ME% values for these AUR samples, obtained with 

LIT-MS, are summarized in Table 6-5. Overall, the calibration slopes for these analytes 

(expect PFOS) spiked at different concentration levels of AUR were up to 83 times higher 

using the PIESI-MS method as compared to the slopes determined in the negative ion 

mode. The results for PFOS, which is a surfactant, were contrary to those of all other test 

analytes. Indeed it is known that the surface activity of such compounds is enhanced in 

high ionic strength solutions such as urine and sea water.
230

 The improved detection 

capability of PIESI-MS is illustrated in Figure 6-3. Perchlorate was spiked in the 50% 
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diluted AUR matrix at four different concentrations (total concentration after spiking were 

100, 200, 300 and 400 ng mL
-1

). These samples were detected in both PIESI-SRM and 

negative-SIM modes using the LIT-MS. As observed from the overlaid perchlorate peaks 

via direct injection analysis (Figure 6-3), the signal response (peak area) at each 

concentration determined in the PIESI-SRM detection mode was approximately 20 times 

higher as compared to the signal response of the analyte at the same concentration 

acquired in the negative SIM detection mode. 

Except for PFOS (vide supra), ion suppression was less for all analytes and at all 

levels of the AUR matrices with PIESI-MS as compared to the negative ion mode (Table 

6-5). The ME% values of the four non-surface-active compounds increased by 2.0 to 6.2 

times in the 50% diluted AU matrix using PIESI-MS, as compared to the results obtained 

in the negative ion mode. The most dramatic result was observed in the case of 2,4-D. It 

exhibited severe ionization suppression (ME%=8%) in the 50% diluted AUR when 

analyzed in the negative ion mode (Table 6-5), while the ME% was increased to 50% 

with the PIESI-MS approach. At medium and low AUR levels, the matrix effects were 

reduced up to 4.5 and 3.0 times, respectively. Using the PIESI-MS approach, simple 

dilution eliminated most of the matrix effects for these analytes. 

The calibration curves of 2,4-D standard solutions and of spiked 2,4-D in the 90% 

diluted AUR, obtained in the negative-SRM and PIESI-SRM modes are shown in Figure 

6-3. Similar trends were observed as those for perchlorate in the 50% diluted AGW 

described in Figure 6-1 and in section 6.3.2. 
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Table 6-5 The ME% values and calibration slopes for the analyte standards in solvent 

and in artificial urine with different dilution factors obtained with the linear ion trap MS 

analyzer
a
 

alyte Mode
c
 

Dilution factor
b
 

2 
 

10 
 

100 
 

solvent
e
 

slope ME (%)
d
 

 
slope ME (%)

d
 

 
slope ME (%)

d
 

 
slope ME (%)

d
 

Perchlorate 
Negative-SIM

f
 10 15 

 
23 33 

 
54 77 

 
68 100 

PIESI-SRM
g
 316 59 

 
413 77 

 
526 100 

 
536 100 

PIESI-SIM
h
 833 71 

 
1004 100 

 
1038 100 

 
1115 100 

             PFOS 
Negative-SIM

f
 1090 53 

 
1593 77 

 
1718 83 

 
2071 100 

PIESI-SRM
g
 7.8 22 

 
12 34 

 
21 59 

 
35 100 

PIESI-SIM
h
 61 36 

 
81 48 

 
100 59 

 
170 100 

             MCA 
Negative-SIM

f
 4.1 15 

 
6.6 24 

 
14 50 

 
27 100 

PIESI-SRM
g
 15 30 

 
19 38 

 
24 50 

 
49 100 

PIESI-SIM
h
 39 26 

 
61 40 

 
86 56 

 
153 100 

             Clofibric acid 
Negative-SRM

i
 13 17 

 
15 20 

 
25 33 

 
74 100 

PIESI-SRM
g
 27 26 

 
39 37 

 
97 91 

 
104 100 

PIESI-SIM
h
 133 34 

 
252 45 

 
397 100 

 
387 100 

             2,4-D 
Negative-SRM

i
 4.8 8 

 
8.2 14 

 
25 43 

 
58 100 

PIESI-SRM
g
 53 50 

 
66 63 

 
93 91 

 
104 100 

PIESI-SIM
h
 91 45   106 53   181 91   198 100 

a
The external calibration curve for each standard in solvent (50/50, v/v, methanol and water) was used for comparison; the 

calibration curves of analytes in diluted artificial groundwater were obtained by the standard addition method. 
b
The final volume after dilution of the sample divide by the volume of the initial artificial urine matrix; the artificial groundwater 

was diluted into 2, 10 and 100 times, respectively in this study. 
c
Each analyte standard was detected and quantified in each detection modes with the use of linear ion trap MS analyzer, expect 

for the positive ion mode. The positive ion mode did not provide good sensitivity for these analyzed standards in this study 
(LODs > 500 pg); the ion and ion transitions monitored were the same as those in Table 3 for each analyte. 
d
Matrix effect: the slope of calibration curve for the analyte in diluted artificial groundwater matrix versus that in neat solvent 

(50/50, v/v, methanol and water) 
e
50/50, v/v, methanol and water 

f
Negative-selected ion monitoring (SIM) mode 

g
Paired Ion Electrospray Ionization (PIESI)-selected reaction monitoring (SRM) mode; the total concentrations of each 

optimized ion-pairing reagent solution after mixing were set at 50 μM in PIESI-MS mode. 
h
Paired ion electrospray ionization-selected ion monitoring mode 

i
Negative-selected reaction monitoring mode 
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Figure 6-3 Overlaid peaks of the standard addition plots of perchlorate in the 50% diluted 

artificial urine. Analyses were done in both PIESI-SRM and negative-SIM modes using 

linear ion trap MS analyzer. Samples at the same concentration were labeled with the 

same color. 
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Figure 6-4 Calibration curves of 2,4-D in solvent (50/50, v/v, methanol and water) and in 

the 90% diluted artificial urine  determined in the negative-SRM and PIESI-SRM modes 

using the linear ion trap MS analyzer 

 

 

 

 

 

 

 

 

 

 

Figure 6-5 Calibration curves of clofibric acid in solvent (50/50, v/v, methanol and water) 

and in the 99% diluted artificial urine, as determined in the PIESI-SRM and negative-

SRM modes using the triple quadrupole MS analyzer 
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6.3.5 Urine Matrix Effects Using QqQ-MS 

As shown in Table 6-6, the sensitivities for the detection of these analytes 

(expect for PFOS, vide supra) in all urine samples were improved by up to two orders of 

magnitude by comparing the slopes obtained in PIESI and the negative ion modes. A 

definitive example is the case of MCA in the 50% diluted AUR. The calibration slope of 

MCA was 300 times higher in the PIESI-Q1SIM mode than the negative ion mode.  

The PIESI-MS method also had reduced matrix effects for these analytes in AUR 

matrices (see Table 6-6). In the 50% diluted AUR, the matrix effects were by 1.2 to 6.0 

times less with the use of PIESI-MS. For example, clofibric acid suffered from severe 

matrix effects (ME%= 3% in 50% diluted AUR), while the matrix effects were reduced by 

six fold (ME%=18% in 50% diluted AUR) in the PIESI-Q1SIM mode. In many cases, 

matrix effects were nearly eliminated in AUR with dilution factors up to 100. 

The calibration slopes of clofibric acid in the 99% diluted AUR obtained in both 

PIESI-Q1SIM and negative-SIM modes are shown in Figure 6-4. As indicated in this 

figure, PIESI-Q1SIM mode showed higher detection sensitivity for clofibric acid in this 

urine matrix than the negative-SRM mode (higher slopes obtained in PIESI-Q1SIM 

mode). Moreover, the calibration curve of the spiked clofibric acid samples nearly 

coincides with that of the standard solution, suggesting that matrix effects were minimal 

in this AUR matrix when PIESI-Q1SIM was utilized. 
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Table 6-6 The ME% values and calibration slopes for the analyzed standards in solvent 

and in diluted artificial urine matrixes obtained with the triple quadrupole MS analyzera 

Analyte Mode
c
 

Dilution factor
b
 

2 10 100 solvent
e
 

slope ME (%)
d
 slope ME (%)

d
 slope ME (%)

d
 slope ME (%)

d
 

Perchlorate 

Negative-SRM
f
 2118 17 3608 29 8512 67 12571 100 

PIESI-SRM
g
 4081 29 11463 83 13804 100 13824 100 

PIESI-Q3SIM
h
 17114 34 41124 83 43264 91 48926 100 

PIESI-Q1SIM
i
 20881 38 43866 83 49259 91 53760 100 

          

PFOS 

Negative-SRM
f
 600 27 986 45 1603 71 2204 100 

PIESI-SRM
g
 28 28 52 53 93 91 100 100 

PIESI-Q3SIM
h
 1600 32 3258 67 5722 100 4985 100 

PIESI-Q1SIM
i
 1808 31 3129 56 4388 77 5717 100 

          

MCA 

Negative-SRM
f
 53 6 72 8 233 26 894 100 

PIESI-SRM
g
 1202 29 1530 38 2163 53 4042 100 

PIESI-Q3SIM
h
 5119 18 7845 28 10395 36 28609 100 

PIESI-Q1SIM
i
 15706 25 18692 33 20061 42 31313 100 

          

Clofibric acid 

Negative-SRM
f
 236 3 575 7 2082 25 8340 100 

PIESI-SRM
g
 1698 11 5208 32 7180 45 16065 100 

PIESI-Q3SIM
h
 3037 14 5241 24 14993 71 21344 100 

PIESI-Q1SIM
i
 4239 18 9440 38 20237 83 24151 100 

          

2,4-D 

Negative-SRM
f
 358 7 614 11 2263 42 5498 100 

PIESI-SRM
g
 1341 11 2221 25 10981 71 12368 100 

PIESI-Q3SIM
h
 2648 15 6391 36 14308 83 17784 100 

PIESI-Q1SIM
i
 2399 10 7132 31 18125 77 22954 100 

a
The external calibration curve for each standard in solvent (50/50, v/v, methanol and water) was used for comparison; the 

calibration curves of analytes in diluted artificial urine were obtained by the standard addition method. 
b
The final volume after dilution of the sample divide by the volume of the initial artificial urine matrix; the artificial urine was 

diluted 2, 10 and 100 times, respectively in this study. 
c
Each analyte standard was detected and quantified in each detection modes with the use of triple quadrupole MS analyzer, 

expect for the positive ion mode. The positive ion mode did not provide good sensitivity for these analyzed standards in this 
study (LODs > 500 pg); the ion and ion transitions monitored were the same as those in Table 4 for each analyte. 
d
Matrix effect: the slope of calibration curve for the analytes in diluted artificial groundwater matrix versus that in neat solvent 

(50/50, v/v, methanol and water) 
e
50/50, v/v, methanol and water 

f
Negative-selected reaction monitoring (SRM) mode 

g
Paired Ion Electrospray Ionization (PIESI)-selected reaction monitoring (SRM) mode; the total concentrations of each 

optimized ion-pairing reagent solutions after mixing were set at 50 μM in PIESI-MS mode. 
h
Paired ion electrospray ionization-the first quadrupole selected ion monitoring mode 

i
Paired ion electrospray ionization-the third quadrupole selected ion monitoring mode 
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6.4 Conclusions 

The PIESI-MS approach was demonstrated as an effective way for the reduction 

of matrix effects for five test chemicals often without compromising their detection 

sensitivities. This can be attributed to a combination of reasons including: (a) the 

formation of a stable anlayte/ion-pairing reagent complex, (b) the enhanced surface 

activity of the analyte/ion-pairing reagent complex, (c) beneficial competition of ion-

pairing reagent vs. proton and other small metal cations for anionic sites and (d) more 

efficient ionization of the analyte/ion-pairing reagent complex. PIESI-MS provided higher 

detection sensitivity than negative ion mode by comparing the calibration slopes. For two 

frequently encounter matrices, groundwater and urine, PIESI-MS showed reduced 

ionization suppression in both cases as compared to those obtained in the negative ion 

mode without using ion-pairing reagents. The study was performed in selective ion 

monitoring (SIM) and selective reaction monitoring (SRM) modes using two different MS 

platforms, a linear ion trap as well as a triple quadrupole. PIESI-MS provided enhanced 

detection sensitivity and reduced matrix effects for the tested analytes in different types of 

matrices on both MS spectrometers. It was also found that a higher concentration of the 

optimized ion-pairing reagent can be used for a high ionic strength sample, resulting in 

fewer matrix effects for the test analytes. In many cases, minimal matrix effects were 

observed in low groundwater and urine levels with the use of the PIESI-MS approach. 

For many samples in complex matrices, direct injection analysis with minimal dilution 

eliminated most of the matrix effects for these analytes. In contrast, simple dilution 

without the use of PIESI did not completely eliminate suppression in the negative ion 

mode, and would require more sample preparation time, lead to more opportunities for 

errors and worse LODs. Overall, this PIESI-MS strategy should be applicable to other 

groups of anionic compounds and different types of matrices. 
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   Chapter 7

General Summary 

 

7.1 Part one (Chapter 2) 

This section of the dissertation describes the design and synthesis of two novel 

dicationic ion-pairing reagents with unsymmetrical structures and their utilization for anion 

detection in the PIESI-MS mode. As compared to the corresponding symmetrical ion-

pairing reagents (which are not surface-active species), the symmetrical ion-pairing 

reagents provided improved detection limits for anions by 1.5 to 12 times in the SIM 

mode. The SRM mode further improved the detection sensitivities for the anions by 1.2 to 

9 times using PIESI. It was also found that the effective concentration range of these 

surface-active ion-pairing reagents was 1 - 10 μM. Further increases in the concentration 

of these unsymmetrical ion-pairing reagents resulted in a decrease in the LODs of all 

anions. This limitation of sensitivity at high dication concentrations was attributed to the 

enrichment of micellar surface-active ion-pairing reagents in the interior of the aerosol 

droplet, which compete for the anions on the droplet surface leading to a surface dilution 

of the anion/ion-pairing reagent complex. The mechanism of PIESI in sensitive detection 

was further explored based on the equilibrium partitioning model. It was proposed that 

the use of unsymmetrical dicationic ion-pairing reagents results in the formation of highly 

surface-active anion/ion-pairing reagent complex and thus an enhanced partitioning of 

the anion to the droplet surface according to the results of the surface tension titrations 

and ESI response studies. This study confirms that surface activity plays a key role in the 

sensitive detection of anions using PIESI. The results of this study also provide a basis 

for future ion-pairing reagent design and applications. 
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7.2 Part Two (Chapters 3 to 6) 

Novel applications of the PIESI approach in ultra-sensitive detection and/or 

determination of biologically, environmentally and clinically challenging anionic 

compounds were demonstrated in Chapters 3-6. Biological intermediates, anionic sugars; 

abused drug metabolites; and acidic pesticides (dicamba residues) were sensitively 

detected and/or analyzed utilizing the PIESI technique. In some cases, detection limits 

down to sub-pg levels were obtained for these analytes with the use of optimal 

symmetrical or unsymmetrical ion-pairing reagents. As compared to the detection limits 

obtained from HPLC-MS methods based on negative ESI detection and other reported 

methodologies, the currently developed HPLC-MS methods based on PIESI provided 

LODs one to three orders of magnitude lower. Chapter 3 described the ultra-sensitive 

detection of anionic sugars using PIESI-MS. The traditional analytical methods for anionic 

sugars faced challenges in terms of detection sensitivity and selectivity. The PIESI 

approach was able to improve the detection limits for these anionic sugars by 2 to 167 

fold as compared to those obtained in negative mode ESI. LODs obtained with the 

optimal ion-pairing reagents ranged from 15 to 200 pg, which were one to three orders of 

magnitude more sensitive when compared to other reported HPLC-MS methods (mostly 

detected in negative ESI). To improve the selectivity of anionic sugars particularly the 

isomeric sugar phosphates, a chromatographic separation based on the mixed-mode 

vancomycin stationary phase was developed. Chapter 4 outlined the novel application of 

PIESI for the ultra-sensitive detection of abused drugs by detecting their glucuronate or 

sulfate conjugates. The method developed based on PIESI was shown to be sensitive 

and efficient for the analysis of abused drugs including performance-enhancing drugs 

and alcohols. LODs in the sub-pg range were obtained for the drug conjugates. It was 

found that the two unsymmetrical ion-pairing reagents (that were mentioned in Chapter 2) 
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provided further sensitivity enhancement and complimentary performance in detecting 

these drug metabolites. A HPLC-PIESI-MS/MS method was successfully developed for 

the simultaneous analysis of these drug metabolites with excellent recovery and minimal 

matrix effects. Chapter 5 described the novel application of PIESI for the sensitive 

analysis of dicamba residues in raw agricultural commodities. A sensitive and selective 

HPLC-PIESI-MS/MS method was developed with the use of a commercially available ion-

pairing reagent, C5(bpyr)2. The developed method was validated according to SANCO 

guidelines and demonstrated excellent sensitivity, linearity, precision and accuracy. The 

results of ionization effect studies showed that minimal matrix effects were present in 

these crop matrices with the developed HPLC-PIESI-MS/MS method. The developed 

method also meets the required residue analysis criterial from many regulatory agencies, 

and could be broadly applicable to dicamba residue analysis in crops as well as other 

matrices. Chapter 6 demonstrated another advantage of PIESI in the analysis of anionic 

compounds. The PIESI technique often mitigated matrix effects that were observed when 

analyzing samples with negative ESI. The performance of PIESI on reduction of matrix 

effects was carried out using two reproducible synthetic matrices, urine and groundwater, 

and was evaluated on two MS platforms, a Thermo LXQ linear ion trap and a Shimadzu 

triple quadrupole mass spectrometer. For the two frequently encountered matrices, PIESI 

showed reduced matrix effects for anions on both MS platforms. Moreover, the detection 

sensitivities for these anions were not compromised as indicated by comparing their 

calibration slopes. It was interesting that the dimination of matrix effects behaviors were 

quite similar between the PIESI-SIM and PIESI-SRM modes, indicating that matrix effects 

mainly occur in the initial ionization step. Optimization of ion-pairing reagent 

concentration showed that higher concentrations of the ion-pairing reagent resulted in 

fewer matrix effects in a higher ionic strength sample such as urine. Therefore, it is 
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important to optimize both the ion-pairing reagent for the analyte and the concentration of 

the optimized ion-pairing reagent. Overall, minimal matrix effects were observed in 

partially diluted groundwater and urine samples with the use of PIESI. For many samples 

in complex matrices, direct injection analysis with minimal dilution eliminated most of the 

matrix effects. However, simple dilution without the use of PIESI did not completely 

eliminate suppression in the negative ion mode, and thus would require more sample 

preparation time, which could lead to more opportunities for error and worse LODs. 

In summary, the mechanism of the enhanced sensitivity in PIESI was further 

studied using two rational designed surface-active ion-pairing reagents. It was shown that 

the high sensitivity of PIESI was related to the enhanced surface-activity of the 

analyte/ion-pairing reagent complex ions (based on the equilibrium partitioning model), 

resulting in higher ionization efficiency of the analyte in the ESI droplet. The PIESI 

approach has been successfully used for sensitive analysis of various types of anionic 

compounds including anionic sugars, metabolites of abused drug and dicamba 

pesticides. It was also found that the PIESI approach was less susceptible to matrix 

effects for anionic compounds than negative mode ESI. The current studies should 

provide a basis for future HPLC-MS method development for real complex sample 

analyses based on PIESI with enhanced detection sensitivity and selectivity. 
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