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Summary 

This study focused on the development of an analytical method whereby creatinine, creatine and 

caffeine could be determined quantitatively. Urine is the preferred body fluid for the analysis of 

metabolites that the body excretes after administration of medicinal and illicit drugs. The detection 

of these metabolites depends on the volume of water the patient has drunk or, in criminal cases, the 

amount of water the suspect may deliberately add to their urine to dilute it. Creatinine, whose 

concentration in urine has been found to correlate with muscle mass, is chosen as an endogenous 

control substance against which the metabolite concentration is compared. While high performance 

liquid chromatography with ultraviolet detection (HPLC–UV) is commonly selected for the analysis, 

the quality of chromatography is affected by the fact that creatinine, being highly polar, is not 

retained in the reversed-phase columns. Furthermore, urine contains many polar substances that 

elute with the solvent front along with creatinine, thereby grossly affecting HPLC measurements. 

Hydrophilic interaction chromatography (HILIC) is a good alternative, although these methods 

generally require extensive sample preparation.  

 

Direct infusion electrospray ionization mass spectrometry (DI–ESI–MS) is ideally suited to highly 

polar compounds and was selected for this work. Pneumatically assisted ESI is preferred above the 

standard ionization method of atmospheric pressure chemical ionization (APCI) since pneumatically 

assisted ESI disperses the solution into ion-containing aerosol droplets which do not promote online 

conversion of creatinine to creatine.  

 

The objective of this study was to develop a simple and sensitive DI–ESI–MS method for the 

determination of various compounds in urine with creatinine as analytical reference compound and 

internal standard (IS). The analytical method development includes addition of 1-methyl-3-

phenylpropylamine as a primary IS to standard solutions as well as to urine samples, followed by 

direct infusion of the sample into a mass spectrometer to determine the absolute concentrations of 

creatinine, creatine and caffeine. After appropriate instrument conditions were established, linear 

graphs of analyte-IS signal intensity ratios were obtained. The ratio of the concentration of the 

analyte (drug or metabolite) to that of creatinine (as IS) may be used to determine analyte 

concentration in artificial samples and/or urine. This method is not affected by change in fluid 

volume or adulteration of urine samples because the analyte-to-creatinine ratio remains unchanged. 

As part of this study, the developed DI–ESI–MS method was compared with an LC–UV–MS method 

developed for this purpose. 
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Opsomming 

Hierdie studie fokus op die ontwikkeling van ‘n analitiese metode waardeur kreatinien, kreatien en 

kaffeïen kwantitatief bepaal kan word. Uriene is die voorkeur liggaamsvloeistof vir die analise van 

metaboliete wat deur die liggaam, na administrasie van mediese en onwettige middels, uitgeskei 

word. Die deteksie van hierdie metaboliete hang van die volume water af wat die pasiënt gedrink 

het, of in strafbare gevalle, die hoeveelheid water wat verdagtes met opset by hul uriene gevoeg het 

ten einde dit te verdun. Daar is bevind dat die konsentrasie van kreatinien in uriene met spiermassa 

korreleer, derhalwe is kreatinien as ‘n interne kontrolemiddel gekies waarmee die metaboliet-

konsentrasie vergelyk kan word. Hoë-druk vloeistofchromatografie met ultravioletdeteksie (HPLC–

UV) word algemeen vir die analise van kreatinien ingespan, maar die gehalte van die chromatografie 

word deur die hoogs polêre aard van kreatinien beïnvloed en het swak retensie in omgekeerde-

fasekolomme tot gevolg. Bowendien, uriene bevat groot hoeveelhede polêre middels wat saam met 

kreatinien in die oplosmiddelfront elueer en sodoende HPLC-bepalings uitermatig beïnvloed. 

Hidrofiliese interaksiechromatografie (HILIC) is ‘n goeie alternatief, ofskoon omvangryke monster-

voorbereidings algemeen vereis word.  

 

Direkte inspuitelektrosproei-ionisasiemassaspektrometrie (DI–ESI–MS) is ideaal geskik vir hoogs 

polêre stowwe en is vir hierdie studie gekies. Pneumatiese hulp-ESI word bo die standaard ionisasie-

metode van lugdruk chemiese ionisasie (APCI) verkies weens pneumatiese hulp-ESI se vermoë om 

die oplosmiddel in aërosoldruppels wat ione bevat, te versprei – sonder die aanlynomskakeling van 

kreatinien na kreatien.  

 

Die doel van hierdie studie was om ‘n eenvoudige en sensitiewe DI–ESI–MS-metode te ontwikkel 

wat verskeie stowwe in uriene kan bepaal deur kreatinien as analitiese verwysingsmiddel en interne 

standaard (IS) vir die opstelling van ‘n IS-kalibrasiekurwe te gebruik. Die analitiese metode-

ontwikkeling sluit die gebruik van 1-metiel-3-fenielpropielamien as primêre IS in. Die IS word tot 

standaard oplossings en urienemonsters gevoeg, gevolg deur direkte inspuiting van die monster in ‘n 

massaspektrometer om die absolute konsentrasies van kreatinien, kreatien en kaffeïen te bepaal. 

Lineêre kurwes van die seinintensiteitsverhouding van analiet tot IS is verkry na gepaste 

instrumentkondisies vasgestel is. Die verhouding van konsentrasie van die analiet (middel of 

metaboliet) tot dié van kreatinien (as IS) mag gebruik word om die analietkonsentrasie in die 

standaard oplossings en/of urienemonster te bepaal. Die metode word nie deur veranderinge in die 

vloeistofvolume of verwatering van urienemonsters beïnvloed nie, weens die analiet-tot-

kreatinienverhouding wat onveranderd bly. ‘n LC–UV–MS-metode is voorts ontwikkel om die 

ontwikkelde DI–ESI–MS-metode se data te vergelyk. 
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Chapter 1:  
Creatinine – The internal reference compound 

 

1.1 Introduction 

The identification, detection and analysis of the metabolites of new drugs are important for drug 

discovery, for clinical and forensic toxicology as well as for the identification of illicit drug use. Illicit 

drugs are a challenge in South Africa and world-wide as these new drugs are developed continuously 

[1]. It is therefore of great importance to continue developing new methods of analysis and to 

improve those currently available. Numerous analytical methods are employed to determine the 

presence of and to quantify illicit drugs in the human body. Typically, body fluid samples such as 

blood, sweat, saliva and urine are used [2]. 

 

Abuse of drugs has been defined as repetitive use of drugs that results in adverse health 

consequences and social problems. Abuse of drugs often leads to addiction which is a chronic 

disease of the brain. Addiction has the potential to be fatal if untreated. Addiction cannot be cured, 

but can be brought into remission through abstinence from all psychoactive substances along with 

supported recovery [3]. Almost all cases of addiction involve psychoactive drugs which affect the 

brain and central nervous system (CNS). This class of drugs includes opioids, sedative hypnotics, 

stimulants, hallucinogens and recently, performance-enhancing drugs such as steroids. Different 

combinations of drugs may also produce similarly addictive psychological effects. Many drugs like 

opium, morphine, heroin, ecstasy, lysergic acid diethylamide (LSD), methamphetamine and 

marijuana have been classified as illegal only in the last half century [2]. 

 

The reasons for use and abuse of chemical substances vary. Interestingly, progressive levels of drug 

use can be easily defined. They begin with abstinence followed by experimentation and then 

recreational use, drug abuse and finally addiction [3]. Being chemically similar to neurotransmitters 

that occur naturally in the human brain, psychoactive drugs pass through the blood-brain barrier 

that protects the brain from foreign materials. Once in the brain they can stimulate or inhibit certain 

activities, and may block reuptake of the brain’s own neurotransmitters [3]. 
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The poor health and social problems resulting from addiction to illicit drugs include cardiovascular 

complications, impairment of the immune system, neurotoxicity, HIV infection [4] and many other 

physiological effects such as impaired memory, processing speed and executive functions [5], as well 

as detrimental, impulsive behavior and decision-making [6, 7]. 

 

Different body fluid matrices have been used in the analysis of illicit drugs. The most preferred body 

fluid to use for the analysis of metabolites in the body following medicinal administration or illicit 

drug use is urine since taking a urine sample is physically non-invasive. Large volumes of urine can be 

collected [8, 9]. Compared with other biofluids, urine is simply an aqueous matrix which contains 

relatively high concentrations of administered drugs and their metabolites [10]. Furthermore, the 

window for detecting drug abuse with urine often span several days for opiates and cocaine and may 

be up to months for chronic cannabinoid use while it is limited to only 1–2 days with blood testing.  

Limitations of testing urine for drugs include adulteration of samples to reduce concentrations of the 

parent drug that are excreted in urine or its metabolites [9]. 

 

The detection of metabolites in urine often depends on the volume of water the patient has drunk 

or, in criminal cases, on the amount of water deliberately added by the suspect to their urine to 

dilute it [11, 12]. Adulteration problems can be overcome by using creatinine (Crn), a small polar 

metabolite whose concentration in urine has been found to correlate with muscle mass [13-16]. 

Creatinine was used in this work as an endogenous control substance against which concentration 

levels of metabolite of interest can be compared.  

1.2 Creatinine formation in the body  

Creatinine, a product of dehydration of creatine (Cr) (Scheme 1.1), was discovered in 1847 by Liebig 

[17]. 

 

Creatine                                                      Creatinine                                                     

Scheme 1.1. Proposed dehydration of creatine to form creatinine. 
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The exact mechanism of creatine biosynthesis in the body has not yet been fully studied. However, it 

is largely accepted that the mechanism involves formation of guanidinoacetate in the kidneys, which 

is transported by blood to the liver where it undergoes methylation to form creatine as shown in 

Figure 1.1 [17].  

 

 

Figure 1.1. Creatine biosynthesis and formation of creatinine [17].  

 

Endogenously generated creatine is exported from the liver by blood and delivered to the organs 

that require it. Dietary creatine is first absorbed by the intestines and then transported through  

blood to creatine-requiring tissues [17]. A reversible enzyme-catalyzed phosphorylation of creatine 

occurs in these tissues to form phosphorylcreatine (PCr). Excess creatine is degraded into creatinine 

which is subsequently excreted through the kidneys.  High levels of creatine and phosphorylcreatine 

have been detected in skeletal muscles, heart, spermatozoa and photoreceptor cells of the retina 

[17]. It is important to note that all creatinine is excreted as a waste product [17] and none is 

reabsorbed or metabolized in the kidneys. This makes creatinine an ideal reference compound for 

the determination of substance abuse and clinical diagnoses of various diseases [18]. 
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1.3 Role of creatinine in metabolite analyses 

Creatinine is usually produced at a fairly constant rate by the body such that its concentration levels 

correlate with muscle mass. Creatinine is frequently considered to be the best natural internal 

standard for normalizing the excretion of many metabolites in urine. The concentration of 

metabolites and diagnostic markers in urine is commonly corrected based on the urinary creatinine 

concentration [19]. In addition, creatinine is most widely used as a marker of urine dilution and renal 

dysfunction [20]. Elevated creatine-to-creatinine ratio is used as marker for creatine transporter 

deficiency [21]. Other metabolites in urine which are used as diagnostic markers for various medical 

conditions include abnormal concentrations of uric acid and albumin (for hypertension, gouty 

arthritis, pneumonia, kidney damage, renal death and hyperuricemia) [20, 22], guanidinoacetate as 

parameter for urea cycle defects [23, 24], pteridines (neopterine, xanthopterine, isoxanthopterine, 

biopterine) and nucleosides (pseudouridine) as prognostic cancer markers [25-27], and delta-

aminolevulinate (δ-ALA) as index of occupational exposure to lead [28].  

 

Recently, a creatinine range of 300 μg/mL – 3000 μg/mL in urine has been adopted as a criterion for 

specimen acceptance in human biomonitoring studies by the World Health Organization, the 

American Conference of Governmental Industrial Hygienists as well as by the Human Biomonitoring 

Commission of the German Federal Environmental Agency, the Deutsche Forschungsgemeinschaft 

(DFG, German Research Foundation) [29]. The normal amount of creatinine in urine, approximately 

900–1500 μg/mL, is used as an exclusion criterion for deciding on artificially diluted or concentrated 

samples [26, 29]. 

1.4 Separation and detection methods applicable to urinary creatinine 

The most recent review of separation methods applicable to urinary creatinine was conducted by 

Smith-Palmer in 2002 [30]. Since the Smith-Palmer review however, many developments and 

improvements have been reported. Further updates to the Smith-Palmer review are therefore given 

here to highlight the general direction of creatinine-based analyses. This section is presented as a 

background to the new direct infusion mass spectrometry method discussed in the following two 

chapters. 
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1.4.1 Classical Jaffé reaction 
 

The Jaffé method [31] is most often employed for the determination of urinary creatinine 

concentration. Creatinine reacts with picric acid under alkaline conditions and forms an orange-red-

colored complex which is detected spectrophotometrically. This reaction is, however, not very 

specific and prone to interferences by a variety of metabolites in urine, such as glucose, fructose, 

ketone bodies, ascorbic acid, and cephalosporins [8]. Many studies employ the Jaffé reaction, or 

colorimetric methods based on the Jaffé reaction, as a comparison to the developed methods for 

validation purposes [29, 32-36]. 

 

1.4.2 Electrochemical biosensors 
 

Enzymatic methods have been developed to enhance specificity in determining creatinine 

concentration. A three-enzyme method in which creatininase (CA), creatinase (CI), and sarcosine 

oxidase (SOx) are used to catalyze the hydrolysis of creatinine producing hydrogen peroxide which is 

detected amperometrically has been reported [37]. The three reactions are shown below. 

 

creatinine + H2O             creatine 

creatine + H2O             sarcosine + urea 

sarcosine + H2O + O2             glycine + H2CO + H2O2 

 

The catalyzed hydrolysis of creatinine producing ammonia by creatinine iminohydrolase has also 

been reported, in which the ammonia was detected potentiometrically [38]. The disadvantages of 

the more creatinine-specific enzymatic methods are the complex immobilization procedures, high 

cost and the instability of reagents. Mimetic biosensors have also been developed by designing and 

synthesizing molecularly imprinted polymers (MIP) for creatinine. Sreenivasan and Sivakumar 

prepared the first MIP for creatinine determination in 1997 [39], after which many investigations 

into preparation of MIP for creatinine ensued [40-45]. 

 

1.4.3 High performance liquid chromatography 
 

The analysis of urinary creatinine has been performed by an array of high performance liquid 

chromatography (HPLC) methods, including reversed-phase HPLC on a range of different stationary 

SOx 

CI 

CA 

Stellenbosch University  http://scholar.sun.ac.za



 

6 
 

phases, reversed-phase ion-pair chromatography, and ion-exchange columns as discussed in the 

review by Smith-Palmer [30]. In this work, the focus is on reversed-phase HPLC and hydrophilic 

interaction chromatography (HILIC).  

 

1.4.3.1 Reversed-phase HPLC 

 

Reversed-phase HPLC is still used widely for the isolation and quantitation of creatinine in 

conjunction with various other metabolites, such as methotrexate and several pteridines [26], uric 

acid [19], tryptophan and tryptophan-related metabolites [46].  

 

Durán Merás et al. [26] described the chromatographic separation of creatinine, methotrexate, 

neopterine, biopterine, pterine-6-carboxylic acid, and isoxanthopterine on a 3.9  150 mm (5 μm 

particle size) C18 Nova-Pack column with a 8 min isocratic elution program (1.000 mL/min flow rate) 

and a mobile phase consisting of 15 mM tris(hydroxymethyl)aminomethane (Tris) and 1 mM sodium 

chloride (NaCl) (pH 6.8). Creatinine was photometrically detected by ultraviolet (UV) absorbance at 

230 nm and the rest of the metabolites were detected fluorimetrically with excitation at 280 nm and 

emission at 444 nm. The two detectors were in series. Creatinine eluted at 1.85±0.01 min with all 

the metabolites eluting within 7 min. The limit of detection (LOD) was 3.69 μg/mL for creatinine. 

 

Creatinine and uric acid in human urine were determined by Zuo et al. [19] by employing a 

symmetry C18 reversed-phase column (3  150 mm, 5 μm) fitted with a 10 mm C18 guard column 

with a solvent gradient elution program that consisted of sodium phosphate buffer (eluent A), pH 

4.75, and acetonitrile (eluent B). The analysis time was 10 min with a flow rate of 0.450 mL/min for 

the first 3.5 min and increased to 0.500 mL/min for the remainder of the elution. Absorbance was 

measured at 205 nm. Samples were diluted 100-fold with distilled water and an acid precipitation of 

protein with phosphorous acid at pH 2.35 was employed before injection. Creatinine (2.970±0.031 

min), uric acid and hypoxanthine (internal standard) eluted within 6 min of injection and a LOD of 

0.045 μg/mL for creatinine was reported. 

 

Zhao et al. [46] reported the separation of urinary creatinine, tryptophan, kynurenine, kynurenic 

acid, and 5-hydroxyindole-3-acetic acid. A 4.6  250 mm (5 μm particle size) Agilent HC-C18 column 

was used and a 30 min gradient elution program at a constant flow rate of 1.000 mL/min and 

ambient temperature. The mobile phase consisted of eluent A (20 mM sodium acetate, 30 mM 

acetic acid and 3% methanol) and eluent B (20 mM sodium acetate/acetic acid, 10% methanol and 
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10% acetonitrile).  Creatinine, kynurenine and kynurenic acid were measured with a variable 

wavelength detector (VWD) at 258 nm, 365 nm (at 9 min) and 344 nm (at 14 min), respectively. 

Tryptophan and 5-hydroxyindole-3-acetic acid were fluorimetrically determined with excitation at 

295 nm and emission at 340 nm. Urine samples were diluted five-fold before injection. The LOD for 

creatinine was 0.2 μg/mL with a retention time (Rt) of 4.18±0.00 min.  

 

All three methods have time-consuming sample preparation procedures, although the HPLC analysis 

in the first two methods for the simultaneous determination of creatinine and the other metabolites 

are fast. Analysis of the last method is complicated by the characteristics of the compounds. Zuo et 

al. [19] reported the lowest LOD for creatinine. 

 

1.4.3.2 HILIC 

 

A HILIC method was developed for simultaneous determination of urinary creatinine and uric acid by 

Zuo et al. [20] with cimetidine as internal standard. Urine samples were diluted 100-fold after which 

protein precipitation, centrifugation and filtration were carried out. Isocratic elution was used for 

separation on a S5NH2 column (4.6  250 mm, 5 μm) with an NH2 guard column (4.6  7.5 mm, 5 μm) 

within 6 min at a flow rate of 1.200 mL/min and UV detection measured at 205 nm. The mobile 

phase consisted of 50% acetonitrile and 50% 10 mM sodium phosphate buffer solution (pH 4.75). 

Creatinine eluted at 3.08±0.01 min. The LOD was 0.04 μg/mL for creatinine and 0.06 μg/mL for uric 

acid. This method proved to be fast, accurate and reliable as well as being simple and robust when 

compared with reversed-phase HPLC methods. 

 

1.4.4 Tandem mass spectrometry 
 

1.4.4.1 Direct infusion tandem mass spectrometry 

 

Hušková et al. [36] used isotope dilutions for the analysis of urinary creatinine with a d3-labeled 

isomer as the internal standard. Two methods were evaluated, one analyzing samples without 

pretreatment (WP-TMS method) and one after solid-phase extraction (SPE) cation-exchange clean-

up (SPE-TMS method). The LOD for creatinine was 0.2 μmol/L (22.6 ng/mL) for both methods. 

 

Stellenbosch University  http://scholar.sun.ac.za



 

8 
 

1.4.4.2 Liquid chromatography tandem mass spectrometry 

 

Park et al. [47] performed a liquid chromatography tandem mass spectrometry (LC–MS/MS) analysis 

on a XTerra MS C18 column (2.1  30 mm, 3.5 μm) and an eluent consisting of 50% acetonitrile and 

0.1% formic acid with a flow rate of 0.300 mL/min at ambient temperature. The ion transitions at 

mass-to-charge (m/z) ratios of 114.0 → 44.0, were monitored in multiple reaction monitoring 

(MRM) mode. This method had a LOD of 1 ng/mL for creatinine. 

 

Isotope dilution electrospray tandem mass spectrometry, using d3-labeled creatinine as the internal 

standard, has been used for the simultaneous separation of urinary creatinine and uric acid [35]. A 

multi-mode ODS column (2  75 mm, 3 μm) fitted with a guard column (2  5 mm, 3 μm) was used 

with the mobile phase consisting of 0.2% formic acid (eluent A) and acetonitrile (eluent B) at a flow 

rate of 0.150 mL/min. The total analysis time was 11 min with creatinine eluting at 1.20 min. The 

HPLC system was coupled to a QTrap triple-quadrupole mass spectrometer with electrospray 

ionization (ESI) operated in positive mode for creatinine and negative mode for uric acid analysis. 

Detection was carried out in MRM mode using the ion transitions (114.0 → 86.0 and 114.0 → 44.0 

m/z) and (166.9 → 124.1 and 166.9 → 95.9 m/z) for creatinine and uric acid, respectively. The 

sample preparation involved centrifugation of the urine samples to obtain clear supernatants at 50 

000 g for 3 min. The samples were diluted 40-fold with distilled water after which it was diluted 

again three-fold with the internal standard solution and acetonitrile. The solution was filtered before 

injection for LC–MS/MS analysis. A LOD of 30 ng/mL for creatinine was obtained. 

 

A HILIC method by Goucher et al. [48] involved the simultaneous extraction, separation and 

detection of creatinine and the opioid methadone, as well as methadone’s primary metabolites (2-

ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine and 2-ethyl-5-methyl-3,3-diphenyl-1-pyrroline) in 

human urine. SPE was performed prior to HPLC analysis and the total runtime was 3 min. An amide-

80 (4.1  250 mm, 3 μm) HILIC carbamoyl phase column with an isocratic mobile phase containing 

28% (v/v) acetonitrile (with 0.01% formic acid) and 72% 3 mM ammonium formate in water (with 

0.01% formic acid) and a flow rate of 0.250 mL/min was used. MS/MS analysis was performed in 

positive ESI and MRM mode. The ion transition 114.3 → 44.6 m/z was used for quantification. The Rt 

was 1.81±0.6 min for creatinine with a LOD of 0.250 ng/mL. 

 

Very low LODs are obtained with MS/MS analyses compared with HPLC. This is a clear indication of 

the sensitivity of MS detectors. 
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1.4.5 Gas chromatography mass spectrometry 
 

The analysis of creatinine by gas chromatography (GC) requires the derivatization of the compound 

to facilitate their movement through the column. Isotope dilution gas chromatography mass 

spectrometry (GC–MS) methods have been established for the analysis of urinary creatinine alone 

[29] and in conjunction with guanodinoacetate [23] and creatine [49]. 

 

Creatinine was derivatized with bis(trimethylsilil) tri-fluoroacetamide and the ion was measured at 

258 m/z in the method employed by Arias et al. [23]. MacNeil et al. [49] determined the 

concentrations of creatinine and creatine by HPLC and performed separation of the two compounds 

with cation-exchange chromatography after which each fraction was derivatized with trifluoroacetic 

anhydride to determine the ratios of creatinine:creatinine-d3 and creatine:creatine-d3 by GC–MS 

analysis. A new GC–MS method was reported by Tsikas et al. [29] for the quantitative determination 

of creatinine in human urine. The derivatization reagent 2,3,4,5,6-pentafluorobenzyl bromide was 

used to derivatize creatinine and selected-ion monitoring of 112 m/z was performed. The LOD was 

reported to be 100 amol. 

 

1.4.6 Capillary electrophoresis 
 

Analysis of creatinine by capillary electrophoresis (CE) and microchip capillary electrophoresis (μCE 

chip) has enjoyed considerable attention over the past 10 years. The advantages attributed to CE are 

high separation efficiency, fast analysis speed, multiple separation modes, and excellent 

biocompatibility. The analysis of complex matrices such as urine requires pretreatment procedures 

to suppress interferences. These procedures are tedious and time-consuming [50]. Simultaneous 

analysis of creatinine and other compounds such as creatine, guanidinoacetic acid, uric acid, p-

aminohippuric acid, serotonin, and nucleosides in human urine have been performed.  

 

Costa et al. [51] analyzed creatinine in urine (20-fold dilution) in 22 s, using a buffer composed of 10 

mM Tris and 20 mM 2-hydroxyisobutyric acid at pH 3.93. Separation was performed on a fused-silica 

capillary (8.5 cm effective length), with direct UV detection at 215 nm. Simultaneous separation and 

detection of creatinine, creatine and guanidinoacetic acid was reported by Zinellu et al. [52] using an 

uncoated fused-silica capillary (50 cm effective length) and a 75 mM Tris buffer (pH 2.25) at 15°C 

with a 30 kV applied voltage. The separation was completed within 8 min with detection of the 
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compounds by a spectrophotometer. Urine samples were diluted 20-fold with water before 

injection.  

 

Szymaoska et al. [34] applied an extensive SPE procedure to undiluted urine samples in order to 

separate 13 nucleosides. Separation was conducted in a fused-silica capillary (70 cm effective length) 

with a background solution containing 100 mM borate, 72 mM phosphate and 160 mM sodium 

dodecyl sulphate (SDS), pH 6.7, at 30°C with a 25 kV separation voltage applied to the capillary. The 

nucleosides and creatinine were detected spectrophotometrically. The analysis was completed after 

26 min. Creatinine was separately analyzed under the same conditions with a migration time of 10 

min. Jiang and Ma [53] reported a dramatically reduced separation time of 7.5 min for ten modified 

nucleosides in urine samples. Creatinine was also analyzed separately. Electrophoretic separation 

was achieved in a fused-sillica capillary (38 cm effective length) at –15 kV applied voltage and 25°C 

with a buffer, which contained 25 mM borate, 25 mM phosphate and 25 mM cetyltrimethyl-

ammonium bromide at pH 9.5. 

 

A serial ultrasound-assisted emulsification microextraction procedure for urine pretreatment was 

employed by Huang et al. [50] to analyze creatinine and serotonin. The separation was concluded 

after 15 min migration time on a 48 cm effective length fused-silica capillary and 30 mM Tris-

phosphate buffer, at pH 2.85, with an applied voltage of 20 kV. The method provided a sensitivity 

enhancement of 360-fold for the detection of serotonin.   

 

Lee and Chen [54] reported the separation of creatinine and uric acid in human urine in 400 s by 

incorporating a multiple-enzyme (CA, CI and SOx) assay into a μCE chip with electrochemical 

detection. Urine samples were diluted ten-fold and filtered before injection. Wang et al. [55] used 

the same enzymatic assay and electrophoretically separated creatinine, creatine, uric acid, and p-

aminohippuric acid and amperometrically detected reaction products. Application of this method to 

a 50-fold diluted urine sample yielded a separation and detection of creatinine and uric acid within 

400 s, however p-aminohippuric acid was not detected. Garcia et al. [56] described the separation of 

creatinine, creatine and uric acid in a urine sample (20-fold dilution) within 150 s by pulsed 

electrochemical detection using a buffer consisting of 30 mM borate (pH 9.4) and 1 mM SDS. 
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1.4.7 Limitations of current methods for creatinine analysis 
 

The limitations of the current methods for analysis of creatinine are summarized in Table 1.1. None 

of these methods directly address the problem of sample adulteration and most require 

cumbersome and time-consuming sample preparation and analysis procedures. 

 

Table 1.1. Limitations of current methods for analysis of creatinine. 

Method Limitation(s) 

Classical Jaffé reaction Non-specific for creatinine 

Electrochemical biosensors Complex immobilization procedures, high cost and instability of 

reagents 

Reversed-phase HPLC Cumbersome and time-consuming sample preparation and analysis 

procedures 

HILIC High cost 

Direct infusion MS/MS - 

LC–MS/MS High cost and time-consuming sample preparation and analysis 

procedures 

GC–MS High cost and time-consuming sample preparation procedures 

(derivitization) 

CE Time-consuming sample preparation and analysis procedures 

 

1.5 Mass spectrometry 

The birth of MS is attributed to Sir Joseph J. Thomson who discovered the electron in 1897 and he 

constructed the first mass spectrometer in 1902 [57].  

 

MS has unique capabilities which have made it widely popular. Firstly, it provides unsurpassed 

molecular specificity because of its unique ability to measure accurate molecular mass. Secondly, it 

provides ultrahigh detection sensitivity. Thirdly, it has unparalleled versatility to determine the 

structures of most classes of compounds and individual elements. Furthermore, it is applicable to a 

large variety of samples, volatile and non-volatile, polar or non-polar. Lastly, it can be applied in 

combination with high resolution separation devices [58]. 
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All mass spectrometers consist of five essential components, namely an inlet, ion source, mass 

analyzer, detector, and data system (Figure 1.2) [58]. It can be arranged in many instrumental 

configurations, each with its specific advantages, limitations and cost-to-benefit ratio. Novel 

ionization methods, mass analyzers and sample pretreatment techniques are continually being 

developed, improved and utilized.   

 

 

Figure 1.2. Essential components of a mass spectrometer. 

 

MS has become one of the most relevant techniques in drug development, profiling of 

metabolomes, clinical and forensic toxicology, analyses of polymers [59] and many more. Due to its 

high sensitivity and specificity, MS hyphenation with chromatographic procedures has proved to be 

invaluable in the analysis of drugs, toxins, and/or their metabolites in complex biological samples 

such as blood or urine, or alternative matrices such as hair, saliva, sweat, or meconium [60, 61]. Both 

LC–MS and GC–MS have become particularly relevant in the detection of illicit drugs [62]. In 

hyphenated cases the MS instrument is used as a detector. In the case of LC–MS the effluent from 

the HPLC column enters the ionization chamber through the ESI needle as shown in Figure 1.3. 

 

 

Figure 1.3. Block diagram for an Agilent quadrupole MS system. 
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The LC–MS set-up allows the identification of the compounds of interest so that they can be 

quantitatively analyzed by the chromatographic technique. However, many analytes require 

pretreatment of the sample in order to make them volatile in the case of GC–MS or to make them 

responsive to light in the case of LC–UV. It should be noted that sample treatment is time 

consuming.  

 

In recent years, advances have been made to conventional MS interfaces such as matrix-assisted 

laser desorption/ionization (MALDI) under vacuum [63, 64] and ESI techniques to allow more direct 

analysis of samples by mass spectrometry. These techniques include atmospheric pressure MALDI 

[65], desorption electrospray ionization (DESI) [66, 67], desorption atmospheric pressure 

photoionization (DAPPI) [68], direct analysis in real time (DART) [69, 70] and desorption sonic spray 

ionization (DeSSI) [71] among others. These approaches still fall short with regard to quantitative 

determination. 

 

1.5.1 Electrospray ionization 
 

ESI is based on the application of high voltage to sample flow to produce small droplets. The 

discovery of electrospray phenomenon can be dated back to 1750, when Jean-Antoine Nollet 

observed that water flowing from a small hole of an electrified metal container forms aerosol when 

placed near the electrical ground [72]. Later, a series of systematic studies on electrospray were 

carried out by Zeleny [73-75] and Taylor [76] allowing a detailed description of the phenomenon. 

Electrospray was mainly put to use as an effective painting technique, but in the 1960s and early 70s 

Dole et al. reported the first use of electrospray as an ion source for mass spectrometry when they 

produced gas-phase, high molecular weight polystyrene ions by electrospraying a benzene/acetone 

solution of the polymer [77, 78]. The latest basic developments of ESI–MS were made by Fenn et al. 

[79-81] for which John B. Fenn received the Nobel Prize in Chemistry in 2002 [82]. 

 

The mechanism of ESI can be described in three main steps. The first step involves the formation of 

charged droplets at the tip of the spray capillary. In conventional ESI, the charging of the droplets is 

due to the action of the applied electric field between the spray capillary tip and a counter 

electrode. A charge separation takes place and an enrichment of ions of the same polarity as that of 

the emitter will occur at the emitter. In pneumatically assisted ESI, co-axial flow of heated nitrogen 

gas is introduced to enhance droplet formation and ionization in the ion source with the spray 

capillary grounded. An electric field is applied between an electrode in the spray chamber and the 
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inlet capillary which serves as the counter electrode. If the field is strong enough, charged droplets 

are directed to the heated capillary inlet and naked ions are formed as the solvent evaporates. This 

ionization phenomenon is strongly enhanced by the presence of hydrogen ions. The eruption of 

charged droplets into naked ions is strongly influenced by the solvent physico-chemical properties 

(viscosity, surface tension, pKa), the concentration and chemical nature of analytes as well as ionizing 

agents i.e. acid, and the voltage applied between inlet capillary and counter electrode [58, 83, 84]. 

 

The second step entails the evaporation of solvent from the droplets. When a charged droplet 

travels towards the counter electrode, its radius decreases as the solvent evaporates, but its charge 

remains constant. Solvent evaporation is achieved by the flow of hot nitrogen, which also heats up 

the spray chamber. Evaporation of the charged droplets is further enhanced by a heated capillary. 

The decrease in droplet radius leads to an increase in surface charge density. At a certain point, 

called the Rayleigh limit, the Coulombic force overcomes the surface tension of the liquid and the 

droplet undergoes irregular fission into several offspring droplets. This so-called Coulombic fission 

can be repeated in several cycles, leading to very small highly charged second-generation droplets 

[58, 83, 84].  

 

The final step is the formation of gas phase ions. The actual mechanism for the transfer from 

solvated ions to gas phase ions is not fully understood and has been under discussion for a long 

time. Two main theories have been suggested: the charged residue model (CRM) and the ion 

desorption model (IDM). Lately it has been suggested that both mechanisms apply. The CRM 

involves a process of repeated sequential solvent evaporation and a series of scissions which lead to 

the production of small droplets containing only one solute molecule. As the last solvent molecules 

on each droplet evaporate, analyte molecules are dispersed into the ambient gas, retaining the 

charge of the droplets. The IDM also relies on the sequence of solvent evaporation and fission of the 

droplets. This model, however, proposes the expulsion of the solvated ions into the gas phase at 

some intermediate droplet size when the electric field due to the surface charge density is 

sufficiently high but less than the Rayleigh instability limit [58, 81, 83, 84]. 

 

The ESI source can lead to the production of positive or negative ions, depending on the polarity of 

voltage applied to the sprayer and the counter electrode [84] or in the case of pneumatically 

assisted ESI with the spray capillary grounded, between an electrode in the spray chamber and the 

inlet capillary. ESI is by far the method of choice in LC–MS metabolomic studies because it produces 

large numbers of ions via charge exchange in solution. The unique formation of molecular ion 
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species in the gas phase makes the ESI method highly interesting for the analysis of complex 

mixtures. If these ions were transferred reproducibly, quantitative analysis by MS would be carried 

out directly without the need of prior chromatographic separation. Through a simple direct infusion 

of the mixture dissolved in a suitable solvent it is possible to obtain relative ratios of the molecular 

species present in the mixture itself. 

 

1.5.2 Mass analyzer 
 

The mass analyzer is the heart of a mass spectrometer. It is a fundamental part which separates and 

mass-analyzes the ionic species according to their mass-to-charge (m/z) ratio and focuses all mass-

resolved ions at a single focal point. The m/z is by definition the mass of an ion (m) divided by the 

number of charges (z) the ion carries. The motion of the ions is controlled by magnetic and/or 

electric fields. The most common forms of mass analyzers include a quadrupole, time-of-flight, 

magnetic sector, orbitrap, quadrupole ion trap, and Fourier transport ion cyclotron resonance 

instrument. A mass analyzer is best defined according to its ion transmission efficiency and mass 

resolution. Ion transmission efficiency involves the ability of a mass analyzer to deliver various ions 

in the entire mass range to the detector. This is also a reflection of the sensitivity of the instrument. 

By definition, mass resolution is the analyzer’s capability to distinguish between two neighboring 

signals of ions that differ only slightly in their mass (Δm) [58, 83]. 

 

The quadrupole mass analyzer is shown in Figure 1.4. It consists of four cylindrical rods that are 

parallel to one another. Direct current (dc) and radio-frequency (rf) potentials are applied to these 

symmetrically arranged rods. The field within the square array is created by alternating voltages 

between opposite pairs of electrodes. The ions accelerated along the z-axis enter the space between 

the rods and maintain their velocity along this axis. Due to the electric field, these ions are also 

accelerated in the x and y-directions. Ions with a specific m/z value pass through the geometry of the 

rods when a set of defined dc and rf potentials are applied because of their stable trajectories. In the 

xz-plane, a positive ion will be accelerated toward the central axis when a positive dc potential is 

applied to the pair of rods in the same plane. The simultaneous action of the rapidly changing rf 

potential during its negative half-cycle will accelerate these ions towards the rods. The positive 

electrodes act as a high-pass filter. The pair of electrodes in the yz-plane is at a negative polarity. The 

positive ions will be attracted toward these rods and during the positive half-cycle of the rf potential 

only the ions with lower m/z will be focused to the central axis. The negative electrodes act as a low-
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pass filter. The combination of these actions creates a stability window for ions of a narrow m/z 

range to travel through the rods in the z-direction [58, 83]. 

 

 

Figure 1.4. Quadrupole mass analyzer. 

 

The low cost, mechanical simplicity, high scan speeds, high transmission, increased sensitivity, 

independence from the initial energy distribution of ions, and linear mass range are advantageous 

attributes of a quadrupole mass analyzer [58]. 

 

1.5.3 Detector 
 

The detector is responsible for converting the ion current into signals. The MS used in this work was 

equipped with the electron multiplier detector. The ions from the mass analyzer are accelerated to a 

high velocity in order to enhance detection efficiency by holding the conversion dynode at a high 

potential (from ±3 to ±30 kV) opposite to the charge polarity of the detected ions. A positive ion 

striking the conversion dynode causes the emission of several electrons. These are then amplified by 

a cascade effect to produce an amplified electric signal [83]. 

 

1.5.4 Direct infusion electrospray ionization mass spectrometry 
 

Direct infusion electrospray ionization mass spectrometry (DI–ESI–MS) is ideally suited to highly 

polar compounds and was selected for this work. Its advantages include high sensitivity, high 

selectivity, wide dynamic range, robustness, and the ability to identify metabolites [85]. In contrast 

to LC, the use of DI–ESI–MS has the greatest potential for high peak capacity and sample throughput 

with minimal or no sample pretreatment. Complex samples can be analyzed without sample 

separation steps [86, 87]. The application of DI–ESI–MS to highly complex and variable samples such 

as urine and plasma/serum where matrix effects are inevitable has a number of challenges. Such 

 

Y 
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challenges include ion suppression or undesired signal enhancement, and difficulties in separating 

isobaric substances [87, 88]. DI–ESI–MS has been applied in various fields of research, including the 

study of blood plasma metabolites [89], urinary metabolites [90], human metabonomics and 

metabolomics [86-88], fungi and yeast metabolomics [91, 92], secondary metabolites from 

microorganisms [93], fruit and vegetable metabolomics [94-98], food [99, 100], polymers [101], and 

characterization of proteinaceous glues [102]. 

1.6 Aim of this study 

The objective of this study was to develop a simple and sensitive DI–ESI–MS method for the 

determination of various compounds in urine with creatinine as analytical reference compound and 

internal standard (IS) for the construction of an IS calibration curve. When fully developed, this 

method will not be affected by change in fluid volume or adulteration of urine samples because the 

analyte-to-creatinine or analyte-to-creatine ratio remains unchanged.  
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Chapter 2:  
Method development – Quantitative direct infusion 
electrospray mass spectrometry 

 

2.1 Introduction 

Creatinine and creatine are small, highly polar metabolites found in urine. Although these 

compounds have been analyzed with liquid chromatography (LC) and gas chromatography (GC)-

based methods, they are associated with some limitations. In reversed-phase LC, these compounds 

elute with the solvent front while in normal phase, they tend to stick to the stationary phase. Since 

these metabolites are highly polar and typically have very high boiling points, they are unsuitable for 

analysis by GC unless they are chemically derivatized. Other different analytical methods for 

metabolites in urine are limited in that they require extensive sample pretreatment and are in many 

cases quite cumbersome and tedious as evident in the review of Smith-Palmer [30] and the 

discussion in section 1.4.  

 

In this work, a simple and sensitive direct infusion electrospray ionization mass spectrometry (DI–

ESI–MS) method was developed for the detection and quantification of creatinine, creatine (Scheme 

1.1) and caffeine (Scheme2.1). Caffeine was selected as a model compound to represent common 

drugs or drug metabolites that may be analyzed. 

  

           

        Caffeine 

Scheme 2.1. Chemical structure for caffeine. 
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2.2 Experimental procedures 

2.2.1 Materials and methods 
 

All chemical and chromatographic reagents used were of HPLC grade. Creatinine, creatine, caffeine, 

2-phenylbutyric acid, 1-methyl-3-phenylpropylamine (MPPA), methanol and acetic acid were 

purchased from Sigma-Aldrich (St. Louis, Missouri, USA) and were of the highest purity. Millipore 

water (Millipore, Milford, Massachusetts, USA) was used in all solutions and analyses. Mass 

spectrometry (MS) was performed on an Agilent 6120 LC/MSD Single Quad purchased from Agilent 

Technologies (Böblingen, Germany) connected to a N2-Mistral-LCMS nitrogen generator purchased 

from LNI Schmidlin SA (Geneva, Switzerland). The system consists of two regions: (A) Ion source and 

(B) Ion transport and focusing region. The atmospheric pressure ionization source is an ESI source. 

The ion transport and focusing region consists of four stages which are under vacuum: (A) Inlet 

capillary and fragmentation zone; (B) Skimmers; (C) Octopole; (D) Quadrupole mass analyzer and 

electron multiplier detector. All statistical and graphical analyses were performed with SigmaPlot® 

11.0 (Systat Software, Inc., Chicago, Illinois, USA). 

 

2.2.2 Direct infusion mass spectrometry 
 

The determination of concentration of creatinine, creatine and caffeine by ESI–MS involves 

continuous infusion of the analyte solution. The analyte solution enters the needle by gravitational 

force alone, since a pump is not used, ensuring a consistent and reproducible flow speed. The MS 

conditions for the direct infusion analysis are summarized in Table 2.1. 

 

Table 2.1. MS conditions for direct infusion analysis. 

Mass analyzer mode Scan 

Ion polarity mode Positive 

Mass-to-charge range 20–300 m/z 

Capillary voltage -4000 V 

Chamber voltage -3500 V 

Fragmentation voltage 95 V 

Scan time 5 min 
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A schematic diagram of the Agilent 6120 MS instrument, which was used for the direct infusion 

experiments, is shown in Figure 2.1.  

 

 

Figure 2.1. Agilent 6120 Mass Spectrometer. 

 

The analyte solution is continuously introduced by the ESI needle to the ion source in the spray 

chamber which is a high voltage region. The needle is placed inside a larger capillary through which 

nitrogen gas is pumped to nebulize the solution. Upon nebulization the analyte molecules are 

ionized by cations (X+), predominantly H+ ions from solution, forming [M+nX]n+ ions. The charged 

droplets pass across an electric field between the electrode at a higher voltage (-3500 V) relative to 

the heated capillary held at -4000 V. The ions are electrostatically guided and drift towards the 

relatively high negative voltage; in doing so, the ions enter the heated capillary and proceed into the 

analyzer region. Data processing involved multiple scanning of the mass range (20–300 m/z) ions for 

about 5 min to obtain an average mass spectrum with averaged signals for each ion detected. 

 

2.2.3 Construction of calibration curves 
 

Stock solutions containing 1 mg/mL standard were prepared for creatinine, caffeine and MPPA in 

distilled water and stored in a cool, dry place. Dilutions of each standard stock were made with a 

solvent containing 90:7.5:2.5 (% v/v/v) methanol, water and acetic acid. Two sets of calibration 

-3500 

V -4000 

V VV 

-3500 V 

-4000 V 
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curves were constructed. The first set contained creatinine as the analyte and MPPA as primary 

internal standard. The standard mixtures were made in triplicate to contain 1, 2.5, 5, 7.5 and 10 

μg/mL of creatinine, respectively, and each with 5 μg/mL of MPPA, the primary internal standard. 

The second set contained caffeine as the analyte and creatinine as secondary internal standard. The 

standard mixtures were made in triplicate to contain 1, 2.5, 5, 7.5 and 10 μg/mL of caffeine, 

respectively, and each with 5 μg/mL of creatinine, the secondary internal standard. 

 

Triplicate measurements of each standard were made by DI–ESI–MS. Blank runs were performed 

after every measurement to ensure that there was no carry-over between runs. The ratio of the 

absolute counts (abundance) of the m/z signals and the concentration ratio of the analyte (AN) and 

internal standard (IS) were calculated: (CntsAN)/(CntsIS) and CAN/CIS respectively. Calibration curves of 

(CntsAN)/(CntsIS) versus CAN/CIS were constructed. The calibration curves displayed a linear 

relationship over the concentration range of 1–10 μg/mL for the analyte and were fitted with a 

linear equation (given below) by linear regression in SigmaPlot® 11.0. 

 

  Eq. 1 

 

2.2.4 Preparation of unknown and urine sample 
 

The three samples with unknown amounts of creatinine and caffeine were prepared by a laboratory 

at the Department of Biochemistry, Stellenbosch University (Stellenbosch, South Africa). Urine from 

a subject was collected over 24 hours. After each collection, the urine was immediately stored at 

4°C. After 24 hours the collections were pooled and a sample was taken. Before analysis, the 

unknown and urine samples were kept at room temperature for 30 min. 0.5 mL of a 100 μg/mL stock 

solution of the internal standard, MPPA, in distilled water was added to 100 μL of unknown or urine 

sample in a 10 mL volumetric flask. Solvent (90:7.5:2.5 (% v/v/v) methanol, water and acetic acid) 

was added to the mark to obtain a 100-fold dilution. The samples were then ready for DI–ESI–MS 

analysis. 

2.3 Metabolite quantification 

The quantification of urinary metabolites with MS is usually performed by coupling the mass 

spectrometer to another analytical instrument where the mass spectrometer serves as a 
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complementary technique.  In this work quantification with DI–ESI–MS was assessed. Three common 

methods of quantification, namely, external calibration method, standard addition method and the 

internal standard method were considered as discussed below. 

 

2.3.1 External calibration method 
 

External calibration is the most common method determining analyte concentration in a sample. 

The method involves construction of a calibration plot of the instrument response versus 

concentration of standard solutions. The response of an unknown is used to read its concentration 

from the calibration graph. Comparison of the instrument response of a sample directly to that of a 

single standard solution is unreliable. It is therefore of utmost importance that multiple standards 

are used to ensure greater reliability of the results. Analyte concentration in a given sample is 

determined either visually from the graph as a value corresponding to the sample signal or by 

calculation using the equation of the graph [103]. 

 

The external calibration method has several desirable characteristics and is widely used in 

quantitative instrumental analysis. The two most common advantages of external calibration are its 

general applicability and efficiency in routine analyses. Once the calibration graph has been 

prepared, a large number of samples which may vary can be analyzed. However, frequent 

confirmation of readings of the standards is necessary to ensure that the instrument response is 

constant [103]. The greatest disadvantage of external calibration arises from the fundamental 

assumption that the instrument response observed for the standards remains unchanged whenever 

the unknown is measured. Most unknown samples contain a matrix, components not present in the 

standards, which often affect the response. Such matrix components do often give rise to systematic 

error in the results, unless their effect is corrected or they are removed [103]. 

 

2.3.2 The standard addition method 
 

Some analyses are only possible with standard additions. In general, the standard addition method is 

used to eliminate the effects of the sample matrix in the results. The method is carried out by first 

dividing the sample which contains the analyte of interest into several solutions to which a known 

amount of a pure standard is added. The amount of analyte in the unknown (U) sample remains 

constant while the amount of standard (S) added increases proportionally with each increment. The 

equation of the graph (Figure 2.2) is used to determine the intercept, VS’–which corresponds to the 
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negative of the amount of analyte in the original unknown–once the line has been extrapolated to 

the x-value that corresponds to the y-value of zero [103]. The unknown concentration of the analyte 

in the original sample mixture is determined by calculation using equation 2, 

 

U

SS

U
V

VC
C

'
   Eq. 2 

 

where CU is the concentration of the unknown, CS is the concentration of the standard, VS’ is the 

intercept of the x-axis (volume of standard) and VU is the volume of the unknown. 
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Figure 2.2. Typical standard additions plot. 

 

While it allows reduction of the matrix effects on the response of the instrument and thereby 

increasing reliability of the results, the standard addition method is suitable only for non-routine 

analyses. Its calibration plot is good for a given, single sample or set of very similar samples. Further 

limitations include additive matrix effects. The standard addition method is affected greatly by 

fluctuations in instrument response for a given sample and is therefore not suitable for quantitative 

analysis by DI–ESI–MS [103].  
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2.3.3 The internal standard method 
 

The internal standard method, otherwise known as internal standardization, is ideal when variations 

in sample sizes and instrument response are encountered during analysis. The method is similar to 

external calibration in that a series of standards is needed and similar to standard additions in that a 

known amount of a standard is added. The method involves addition of a known quantity of a 

reference compound, the internal standard, in all the standards and the unknown samples analyzed 

for quantification. The response signals for both the analyte and the internal standard are measured 

[103]. 

 

The concentration ratio and the response ratio of analyte to internal standard are calculated for 

each solution. A calibration plot of the response ratio versus concentration ratio is prepared. The 

response ratio is not affected by a variation in the response signals that may vary from sample to 

sample, resulting in a linear plot over a certain range of ratios. Linear regression is performed on the 

resulting plot and a linear least squares (LLS) equation is obtained. After the response ratio for the 

unknown is determined, the LLS equation of the internal standard line is used to calculate the 

corresponding concentration ratio. The known concentration of the internal standard added is 

multiplied by the ratio to obtain the concentration of the unknown [103]. 

 

The internal standard method is ideal for analysis without auto-sampler equipment as it is 

independent of the accuracy of injection. A suitable compound is necessary to ensure the success of 

the internal standard method. The requirements that need to be met by such a compound are that it 

is not present in the unknown, it does not react with anything in the sample matrix, both the analyte 

and the internal standard are affected in the same manner and show similar changes in the 

instrument response. Lastly, the analyte and internal standard should produce separate signals, 

which do not overlap each other or the signals of matrix components. The internal standard method 

is primarily associated with instrumental methods having sharp, narrow output signals, such as mass 

spectrometry [103]. 

 

Considering all the characteristics, the internal standard method is the most promising method in 

the quantification of the urine metabolites by DI–ESI–MS, provided a suitable internal standard 

compound can be identified, and was applied in the quantification of the urine metabolites: 

creatinine, creatine and caffeine in this work. 1-Methyl-3-phenylpropylamine was used as a primary 

internal standard to quantify creatinine. After the concentration of creatinine has been determined, 
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creatinine acts as the secondary internal standard to quantify creatine and caffeine. The 

quantification was achieved by generating calibration curves for the metabolites. 

2.4 Proposed method development strategy 

A useful strategy towards developing a practical method for the simultaneous detection and 

quantification of urine metabolites involved a close study of their chemistry, particularly their 

capacity for ionization and ability to form hydrogen bonds in solution. The chemical behavior of 

these compounds was evident from their mass spectra. 

 

Based on some fundamentals of different methods of quantification and the preliminary 

observations, discussed in chapter 3, key parameters were established which allow direct infusion 

mass spectrometry to be used as proposed. Firstly, to ensure low viscosity and volatility of the 

carrier solvent, methanol was incorporated in the solvent mixture. Since the metabolites to be 

analyzed are highly polar, water was also incorporated. To promote quantitative ionization of the 

analyte molecules into [M+H]+ species, acetic acid was also made part of the solvent carrier for the 

proposed DI–ESI–MS method. The fragmentation voltage which is applied at the skimmer, which is 

part of the ion transfer optics, was used to ensure that the analyte molecules are in the monomeric 

form and not clusters. This is important as it prevents multiplicity of the signals. Furthermore, an 

internal standard method was selected for DI–ESI–MS in view of the associated high level of signal 

intensity variations. The internal standard method was most appropriate in another sense as well. 

The internal standard method allows use of an endogenous metabolite, creatinine, as an internal 

standard for quantitative determination of other urine metabolites. To use creatinine successfully as 

an internal standard, a primary standard is required, which is not a component of urine, so that 

creatinine concentration can be determined against it. For this purpose, 1-methyl-3-

phenylpropylmine was selected. 
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Chapter 3:  
Results and discussion 

 

3.1 Preliminary observations 

Preliminary LC–MS analysis of creatinine (11 μg/mL in deionized water) revealed that creatinine was 

converted online to creatine, and indicated the presence of sodium adducts of both compounds 

(Figure 3.1). A Waters LC–MS Q–TOF instrument used in these preliminary experiments was 

equipped with an atmospheric pressure chemical ionization (APCI) chamber, as shown in Figure 3.2, 

which could facilitate online conversion of creatinine to creatine. More importantly the Waters LC–

MS instrument uses the conventional direct electrospray process for ionization where a high positive 

voltage (2500 to 4500 V) is applied to a metal capillary. In this set-up it has been reported that 

electrochemical reactions may occur which could lead to bond cleavage and hydrolysis. Such a 

process would convert creatinine into creatine. Conventional, direct electrospray ionization mass 

spectrometry was therefore not pursued any further in this work.   

 

 

Figure 3.1. Mass spectrum of creatinine with APCI as the method of ionization. Online conversion of 

creatinine (a) to creatine (b) and sodium adduct formation with both compounds are observed. 
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Figure 3.2. Waters LC–MS Q–TOF Mass Spectrometer. 

 

Further experiments were carried out on the Agilent 6120 LC–MS system which is equipped with a 

pneumatically assisted atmospheric pressure ESI chamber as shown in Figure 2.1. When creatinine 

(10 μg/mL in 90:10 (% v/v) methanol and water) was analyzed, online conversion of creatinine to 

creatine was not observed. The mass spectrum is shown in Figure 3.3. Considering the multiple 

peaks in the mass spectrum which were generated from a single analyte, it was evident that the 

response of creatinine needed to be simplified. As shown in Figure 3.3, four creatinine species 

[M+H]+, [M+Na]+, [2M+H]+ and [2M+Na]+ with m/z of 114, 136, 227 and 249 respectively, were 

observed instead of a single peak, [M+H]+ at  114 m/z. 

  

 

Figure 3.3. Mass spectrum of creatinine with atmospheric pressure ESI as ionization method.  

Online conversion of creatinine (a) to creatine is not observed. Creatinine sodium adduct formation 

occurred and dimerization (b) of both creatinine and the sodium adducts are observed. 
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3.2 Overcoming sodium adduct ion formation  

Although all measures were taken to ensure contamination free equipment were used, sodium 

adduct ions were observed. It is possible that adventitious sodium ions, likely from storage bottles 

and vials or residues due to handling, compete with hydrogen ions in pH-neutral solutions and form 

undesirable sodium adducts [104-106]. The solvent in the creatinine solution consisted of 90:10 (% 

v/v) methanol and water. Acetic acid was added in order to promote the formation of hydrogen-

adduct [M+H]+ ions over sodium adduct [M+Na]+ ions. When a new creatinine solution (10 μg/mL) 

was made up with methanol, water and acetic acid in 90:9.9:0.1 (% v/v/v) ratio and analyzed, signal 

intensities of the two creatinine sodium adduct species, [M+Na]+ and [2M+Na]+, were significantly 

reduced (Figure 3.4).  

 

 

Figure 3.4. Mass spectrum of creatinine with the addition of acetic acid to the solvent. (a) Creatinine; 

(b) creatinine dimer. The availability of an excess amount of hydrogen ions shadow the sodium ions 

present and a reduction in the [M+Na]+, [2M+H]+ and [2M+Na]+ species is observed. 

 

Although a significant decrease in the creatinine dimer species, [2M+H]+ and [2M+Na]+, was 

observed after addition of acetic acid, further reduction of dimer formation required additional 

measures as discussed next. 

3.3 Overcoming creatinine dimerization 

Creatinine molecules, as well as creatine, seem to form hydrogen bonded dimers in solution 

(Scheme 3.1), which survive transition into the gas phase as [2M+H]+ ions. The intermolecular H-

bonds are generally weaker than intramolecular bonds and are disrupted by high voltage applied at 
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the skimmer. Voltage applied at this point of the ion transmission optics is referred to as 

fragmentation voltage as it can cause fragmentation of ordinary compounds when it is set 

sufficiently high. 

 

Scheme 3.1. Proposed chemical structure for a creatinine dimer. Two hydrogen bonds are formed 

between two creatinine molecules to form the dimer. 

 

An experiment was conducted whereby fragmentation voltage was varied in small 5 V increments to 

identify the optimum setting at which the maximum amount of creatinine as well as creatine ions 

remain intact, while the maximum amount of dimer ions [2M+H]+ and [2M+Na]+, is fragmented into 

monomer ions [M+H]+. Creatinine solution (10.0 μg/mL in 90:9.9:0.1 (% v/v/v) methanol, water and 

acetic acid) was analyzed at different fragmentation voltages which were increased in 5 V 

increments from 70 V to a final value of 120 V. A significant decrease in the dimer species, [2M+H]+ 

and [2M+Na]+, was observed as shown in Figure 3.5. 

 

 

Figure 3.5. Mass spectrum of creatinine. (a) Creatinine; (b) creatinine dimer. The reduction in the 

[2M+H]+ and [2M+Na]+ species observed when fragmentation voltage was set at 95 V. 
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A comprehensive picture of what happens to each of the four creatinine ions [M+H]+, [M+Na]+, 

[2M+H]+ and [2M+Na]+ and those of creatine [M+H]+ is reflected in the plot of fragmentation voltage 

against signal intensity (Figure 3.6).  

 

 

Figure 3.6. Change in signal intensity of urinary metabolites with increase in fragmentation voltage.  

(A) Creatine, 132 m/z ( ); (B) Creatinine, 114 m/z ( ); (C) Creatinine sodium adduct, 136 m/z 

( ); (D) Creatinine dimer, 227 m/z ( ); and (E) Creatinine dimer sodium adduct, 249 m/z 

( ). A and B are plotted on the left y-axis and a quadratic regression of both resulted in R2 values 

of 0.997 and 0.977 respectively. C, D and E are plotted on the right y-axis. A quadratic regression of C 

resulted in a R2 value of 0.932. Inverse first order regression of D and E resulted in R2 values of 0.970 

and 0.987 respectively. All data points represent averages of duplicate values. 

 

The hydrogen bonds between the creatinine monomers that form the creatinine dimer species, 

[2M+H]+ and [2M+Na]+, are broken by the fragmentation voltage. An increase in creatinine and 

creatine ions was clearly seen when fragmentation voltage was increased from 70 V to about 90 V. 

However, further increase to greater than 95 V appeared to destroy the monomers. The optimum 

fragmentation voltage was identified as 95 V where a substantial decrease in the dimer species was 

obtained without significant loss in monomer species. 

3.4 The carrier solvent 

The development of a direct infusion mass spectrometry method suited to quantify the urinary 

metabolites required the selection of appropriate solvents. The solvents influence the ability of the 
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analyte to enter the nebulizer capillary and the ESI mechanism. The latter has an effect on the ion 

transportation, ion separation and ion detection [104] which was discussed in detail in subsection 

1.5.1. 

 

The inlet where the sample is introduced into the capillary of the nebulizer posed certain challenges. 

The sample introduction depended solely on the gravitational force on the analyte as a pump was 

not used. The viscosity of the sample determines if the sample will be able to enter the capillary of 

the nebulizer. A solvent containing methanol, water and acetic acid was used in various ratios. All 

the solvent solutions contained 90% methanol and either 9.9% and 0.1% water and acetic acid, 

respectively, or 7.5% and 2.5% water and acetic acid, respectively. The methanol ensured a low 

viscosity and the addition of acetic acid was discussed in section 3.2. 

 

As mentioned, ESI is influenced by the composition of the solvent. Positive ion ESI is usually 

performed with protonated solutions such as methanol/water. The solvent reacts with a weak acid, 

in this case acetic acid, which results in the charge being carried by protonated solvent clusters. 

Protonation of the analyte is facilitated by the low pH of the acidic solution [104]. 

3.5 The primary standard 

The need for a reference compound as a primary internal standard was discussed in section Error! 

Reference source not found.. Two compounds were identified and investigated as possible 

candidates for this purpose. It has been reported in the literature that both 2-phenylbutyric acid 

(PBA)  [107] and 1-methyl-3-phenylpropyl-amine (MPPA) [108-111] are suitable internal standards 

when analyzing urine or other humic samples with analytical methods such as HPLC and GC–MS, 

although both have not specifically been reported as reliable internal standards when analyzing 

urine samples with direct infusion mass spectrometry. 

 

3.5.1 2-Phenylbutyric acid 
 

The PBA was easier to use because it is available as a powder (Scheme 3.2). It has a molecular weight 

of 164.2 g/mol. The PBA met most of the criteria for an internal standard, namely it is not present in 

urine, it does not react with anything in the sample matrix, and both the analyte and PBA are 

affected in the same manner and leads to similar changes in the instrument response. Furthermore, 

the analyte and internal standard produce separate signals, which do not overlap each other or the 
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signals due to matrix components. However, mass spectrometry analysis showed that PBA is not 

readily protonated and prefer to undergo deprotonation of its acidic moiety. PBA could be analyzed 

in the negative mode with a mass spectrometer, but a more suitable internal reference that could be 

readily protonated and analyzed in the positive mode was preferred. The second compound, MPPA, 

was therefore investigated. 

 

 

Scheme 3.2. Chemical structure for PBA. PBA is not easily protonated. 

 

3.5.2 1-Methyl-3-phenylpropylamine 
 

The MPPA is only available as a liquid (Scheme 3.3). The structure of MPPA was considered and the 

protonation of the amine group is possible. It met all the requirements for an internal standard as 

described in the previous subsection.  

 

 

Scheme 3.3. Chemical structure for MPPA. The amine group allows easy protonation which makes 

MPPA better suited as a primary internal standard in positive mode MS analysis. 

 

MPPA has a molecular weight of 149.23 g/mol and is thus comparable to all the urine metabolites of 

interest, namely creatinine, creatine and caffeine. Mass spectrometry analysis of MPPA confirmed 

that it is protonated and thus suitable to act as a primary internal standard. 
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3.6 Calibration curves 

Initially, a study was conducted to establish if creatinine can be employed as a secondary internal 

standard. Creatine was the analyte in unknown quantities. Standards of creatine were prepared and 

5 μg/mL of the internal standard was added to each of the standards. The standards covered a range 

of concentrations similar to that expected to be found in urine to construct a calibration curve for 

creatine. Determination of the resulting response signals allowed for a calibration curve of creatine 

to be obtained over a final concentration range of 1–10 μg/mL (Figure 3.7). The result indicated a 

linear calibration curve for creatine which was expected since the internal standard method corrects 

for any instrumental response factors.  
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Figure 3.7. Calibration curve of creatine. Linear regression of the plot resulted in a R2 value of 0.997. 

All data points represent the mean of duplicate values, with the error bars denoting the standard 

deviation. 

 

The results from this experiment suggested that the quantification of urine metabolites by direct 

infusion mass spectrometry is possible. Standards of creatinine and caffeine were prepared and 5 

μg/mL of the primary internal standard, MPPA, and the secondary internal standard, creatinine, 

were added to the respective sets of standards. The standards covered a range of concentrations 

similar to that expected to be found in urine, taking into account the dilution that occurs during 

sample preparation, to construct a calibration curve for creatinine and caffeine. Determination of 

the resulting response signals allowed for calibration curves of both metabolites to be obtained over 

a final concentration range of 1–10 μg/mL (Figure 3.8). The results indicated linear calibration curves 

for creatinine and caffeine.  
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Figure 3.8. Calibration curves of the urinary metabolites. (A) Creatinine calibration curve; (B) Caffeine 

calibration curve. Linear regression of A and B resulted in R2 values of 0.985 and 0.977 respectively. 

All data points represent the mean of triplicate values, with the error bars denoting the standard 

deviation. 

3.7 Limits of detection and quantification 

The ability of the developed method to accurately detect and quantify the urine metabolites in 

artificial samples was subsequently assessed in terms of the limit of detection (LOD) and limit of 

quantification (LOQ). The LOD of a specific analyte is defined as the lowest concentration of the 

analyte that can be detected that is statistically different from an analytical blank. The definition of 

LOQ is the lowest concentration of a specific analyte which can be quantitatively analyzed with 

reasonable reliability. LOD and LOQ are calculated by estimating the LOD from previous experience 

with the method. A sample containing approximately the same concentration (1 μg/mL) as the LOD 

is prepared and the signal measured for six replicate samples ( 6n ). The standard deviation ( ds ) 

of the six measurements is computed by using the following equation, 

 

1

)( 2









n

xx

s i

i

d    Eq. 3 

 

where n  is the number of measurements, ix  is the value of each measurement and x  is the mean 

of n  measurements.   

 

A B 
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The signal from six blanks (containing no analyte) is measured and the mean value, blanky , calculated. 

By using equation 4 to determine the signal detection limit ( dly ), this procedure produces a dly  

with a 99% chance of being greater than the blank. Once the dly  and signal quantification limit 

( qly ) are known, the LOD and LOQ can be calculated and expressed in concentration units. 
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The LOD and LOQ values for all the urinary metabolites of interest were calculated in this manner 

and the results are shown in Table 3.1. 

 

Table 3.1. LOD and LOQ values for the urinary metabolites of interest. 

Compound ds  blanky  dly  qly  x  
LOD 
μg/mL 

LOQ 
μg/mL 

Analysis 
range 
μg/mL 

Creatine 326.6 1369 2349 4635 32239 0.073 0.144 1 – 10 

Creatinine 1160 438.7 3917 12034 6559 0.597 1.835 1 – 10 

Caffeine 141.9 61.2 486.8 1480 341.0 1.427 4.339 1 – 10 

 

LOD and LOQ are very strict measurements of accuracy and an analytical method that gives very low 

variability in the obtained values is expected to produce satisfactory values.  

3.8 Quantification of artificial samples 

The ability of the developed method to accurately detect and quantify the creatinine and caffeine as 

the urinary metabolites was evaluated. The primary internal standard, MPPA, was added to three 

artificial samples containing an unknown amount of creatinine and analyzed. The concentration of 

creatinine and the percentage recovery were successfully calculated for each sample using the LLS 

equation of the creatinine calibration curve in Figure 3.8. Creatinine as secondary internal standard 
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was used to successfully calculate the concentration and the percentage recovery of caffeine for 

each sample using the LLS equation of the caffeine calibration curve in Figure 3.8. The results are 

reported in Table 3.2. 

 

Table 3.2. Quantitative results for creatinine and caffeine samples with unknown amounts. All the 

data represent the mean of triplicate values, with the standard deviation noted.  

Compound Sample 
Theoretical 

concentration 
μg/mL 

Measured 
concentration 

μg/mL 
% recovery 

Creatinine 

Unknown 1 67.5 68.4±3.1 101±3.6 

Unknown 2 22.5 22.4±0.9 99.6±7.1 

Unknown 3 15.0 15.3±2.3 102±3.8 

Caffeine 

Unknown 1 85.0 82.5±1.4 97.1±2.1 

Unknown 2 12.5 12.3±1.1 98.4±4.7 

Unknown 3 60.0 60.5±0.8 101±5.1 

 

3.9 Quantification of urine sample 

A urine sample was analyzed using the DI–ESI–MS method to detect and quantify creatinine and 

caffeine. The internal standard, MPPA, was added and a final dilution of 100-fold obtained. The 

resulting mass spectrum of the analyzed urine sample is shown in Figure 3.9.  

 

 

Figure 3.9. Mass spectrum of a urine sample diluted 100-fold. Creatinine (a), MPPA (b) and the 

sodium-adduct of (a) are observed at m/z of 114, 150 and 136, respectively. Caffeine is not observed 

at 195 m/z. 
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The mass spectra confirmed the presence of creatinine and MPPA at m/z of 114 and 150, 

respectively. The creatinine sodium adduct was also present at 136 m/z. Creatinine was quantified 

and a concentration of 835±3.1 μg/mL was obtained. The signal for caffeine (195 m/z) was very low 

and many ions due to the urine matrix are observed. The need to dilute urine 100-fold to analyze 

creatinine in the calibration range proved to be detrimental to the determination of caffeine due to 

the low concentration present in the sample. Ionizability of caffeine is a problem even in other 

systems that use it as a calibrant. Analysis of an undiluted urine sample to confirm the presence of 

caffeine was unsuccessful due to the high salt and protein concentrations present which clogged the 

spray capillary rendering ESI impossible. Therefore we were unable to perform simultaneous 

quantification for both compounds in a urine sample. 
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Chapter 4:  
Method validation – Comparison with HPLC-based 
quantitation of creatinine and caffeine 

 

4.1 Introduction 

High performance liquid chromatography (HPLC) is a popular and relatively simple and sensitive 

analytical method commonly used to analyze various substances. It is a fast, reproducible and robust 

form of liquid chromatography which often is highly automated.  HPLC in conjunction with a range of 

detectors has become one of the main tools of a modern laboratory.  

 

However, in contrast to gas chromatography (GC), which was successfully hyphenated with mass 

spectrometry (MS) in the early 1960s and has for long been the golden standard in analytical 

toxicology, the hyphenation of liquid chromatography (LC) with MS took more than 30 years longer 

[112, 113]. At first the scientific and/or practical progress of hyphenating LC with MS was strained by 

using existing LC–UV or GC–MS procedures which had many limitations for this new technique, 

including poor spectral information (in single-stage apparatus), poor ionization reproducibility, and 

susceptibility to matrix effects (ion suppression or enhancements). These limitations of LC–MS have 

in recent years experienced considerable improvements including instrumental advances, the 

development of suitable specimen clean-up procedures to avoid matrix effects, improvements of 

reagents and in chromatographic separation, as well as effective internal standard quantification 

[61].  

 

Electrospray ionization (ESI) was discussed in subsection 1.5.1 and is the ionization method most 

widely employed in LC–MS. In ESI, direct analysis of analyte solutions is made possible by ionization 

at atmospheric pressure. HPLC and MS do, however, present some problems that arise from their 

intrinsically different operative conditions. LC employs (often non-volatile) mobile phases to achieve 

high chromatographic resolution and mass spectrometers generally exhibit a low tolerance for the 

high liquid flows used in LC. Further complications in LC–MS operation stems from the differences 

among classes of analytes with regard to molecular weight, polarity and stability; the variable 

solvent composition of the mobile phase reflecting on the formation of droplets of different 
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dimension and lifetimes; and the compatibility of the chromatographic eluate flow with the sprayer 

operative flow [114]. 

 

Despite these constraints, LC–MS is nowadays becoming a routine technique ideally suited most 

notably for quantification of polar, thermolabile, or low-dosed drugs due to its ability to guarantee 

the stability of analytes in the biosample during the whole analytical procedure [60, 61, 114, 115]. 

However, it is important to bear in mind several aspects when establishing LC–MS screening 

procedures in routine work. The spectral information attainable by electron impact mass spectra in 

GC–MS can be reached in LC–MS only by using product ion spectrum mode on tandem MS 

instruments, whereas the information of single-stage ESI and/or atmospheric pressure chemical 

ionization (APCI) spectra is rather poor. In-source fragmentation caused by increasing the 

fragmentor voltage in ESI and/or APCI allows the formation of structure-related fragments. Traces 

with different fragmentor voltages can be recorded during LC separation using modern apparatus 

which allow very fast switching between voltages. The loss of spectral information can thus be 

limited when analyzing compounds with different fragmentation properties in one run [116-118]. A 

second important consideration is the fact that LC–MS is susceptible to matrix effects, with the 

ionization source determining the extent thereof. APCI is less susceptible to matrix effects than ESI, 

although the sensitivity is generally lower, depending on the analyte, matrix and the instrument 

used and should always be evaluated [119]. In comparison, LC–MS is much more selective and 

sensitive than LC–UV, although the latter should be free of matrix interferences. 

 

The importance of LC–MS in routine quantitative clinical and toxicological analysis of various 

analytes has increased in the past 15 years and has certainly left the development stage, especially 

considering single-stage or tandem LC–MS/MS with ESI or APCI [60, 120]. These LC–MS techniques 

have made it possible to explore new ways to interpret clinical and toxicological data. A few 

examples include the determination of chronic alcohol consumption by determining ethanol 

conjugates in urine, plasma and hair [121], and sensitive detection of chemical agents in hair in the 

case of drug-facilitated crimes [122]. 

 

Several HPLC methods have been described for the analysis of urinary creatinine either alone or in 

conjunction with various other target analytes. These HPLC methods include the use of reversed-

phase LC on a range of different stationary phases, ion-pair chromatography, automatic analyzers 

using cation-exchange columns and more recently hydrophilic interaction chromatography (HILIC) as 

reviewed in section 1.4 [20, 30, 48, 123].  
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Reversed-phase HPLC is a powerful separation technique; however the low retention and poor 

separation of polar molecules are major limitations [123, 124]. Most hydrophilic compounds elute at 

or near the column void volume under typical reversed-phase conditions using conventional C18 

columns and highly aqueous mobile phases [125]. Traditionally, some polar compounds have been 

separated with non-aqueous mobile phases using normal-phase liquid chromatography (NP–LC). A 

difficulty does arise in dissolving hydrophilic compounds in these phases, resulting in an important 

limitation [123]. 

 

HILIC presents a viable alternative to reversed-phase, ion-exchange and normal-phase LC for the 

separation of such polar compounds with the most important reasons being the clear advantages 

with regard to the solubility of biological compounds and no need for compound derivatization. 

These advantages facilitate easier sample processing and compatibility with further mass 

spectrometric analysis, where volatile buffers are used and a low amount of volatile salt is allowed 

[123]. 

 

HILIC is similar to normal-phase chromatography because polar compounds are retained longer than 

the non-polar ones and the polar component of the mobile phase (usually water) is the strong 

solvent. Retention of the polar compounds is achieved by the use of a polar stationary phase in HILIC 

and an initial mobile phase consisting of a high content of an organic solvent. Water in the mobile 

phase forms a stagnant enriched aqueous layer on the polar stationary phase surface. Analytes may 

selectively partition into this layer as described by Alpert [126], and more recently evaluated and 

confirmed by McCalley and Neue [127]. This allows for the promotion of hydrophilic interactions 

between the analyte and the polar hydrophilic stationary phase. The nature of the mobile phases 

used in HILIC is comparable to reversed-phase separations, which results in HILIC being superior to 

normal-phase chromatography with regard to the solubility of analytes in the mobile phase and 

matrix compatibility [123, 128]. 

4.2 Strategy 

The aim of this part of the study was to develop a LC–UV–MS method for the validation of the 

developed DI–ESI–MS method reported in the two previous chapters. Separation with LC should 

reduce matrix effects that could affect the results obtained with the DI–ESI–MS method. A 

comparison between the DI–ESI–MS method and the LC method with either UV or MS detection is 
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therefore needed to determine if significant differences are obtained in terms of a) precision, and b) 

the mean values produced by these methods for validation purposes. Separation with LC should 

reduce matrix effects that can affect the results obtained with the DI–ESI–MS method. The 

structures of creatinine and caffeine were considered in the development of a LC–UV–MS method 

for the separation, detection and quantification of these metabolites. The aspects that were 

considered are discussed in detail below. 

 

4.2.1 Development of LC–UV–MS method 
 

Inspection of the chemical structures and properties of the two metabolites, creatinine and caffeine, 

and the internal standard, MPPA, highlights the parameters that must be considered in the 

development of a suitable HPLC separation method. 

 

The variable number of polar covalent bonds among the two metabolites and the internal standard 

accounts for the most important determinant of differential polarity and hydrophobicity between 

them. These differences in polarity and hydrophobicity can be quantified by calculation of the 

specific partition constant (P) for each compound [129]. Although commonly used for this purpose, 

the log of the calculated octanol/water partition constant, c log P, is only valid for neutral 

compounds. Evaluation of the pKa values of the target molecules reveals that, at a pH of 4.5, all three 

the compounds are to some extent charged due to their respective basic or acidic functional groups. 

The distribution of these compounds in octanol/water mixture therefore becomes pH-dependent. 

The distribution coefficient, D, serves as a quantitative descriptor of hydrophobicity for ionizable 

compounds. Calculation of D depends on the assumption that only the neutral form of a compound 

will partition into the organic phase [130, 131]. The log of D can be calculated from c log P and pKa 

values according to equation 8, 

 

)101log(loglog
)( 

 apKpH
PcD   Eq. 8 

 

where Δ is equal to 1 for acids and -1 for bases. 

 

Ionization of the compounds decreases their retention in reversed-phase chromatography, whereas 

it increases their retention when using HILIC. The pKa, c log P and log D values are presented in Table 

4.1 for the two metabolites and the internal standard under consideration. Hydrophobicity is directly 
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proportional to c log P and log D values, i.e. the larger the c log P and log D value, the more 

hydrophobic the compound. 

 

Table 4.1. Physical properties of two metabolites and internal standard. 

Physical 

property 

Compound 

Creatinine Caffeine MPPA 

pKa
a  4.8 10.4 9.79 

c log Pb -1.76 -0.07 2.12 

log Dc -2.75; -2.45 -0.63 -0.84 

a
 pKa values were obtained from the PHYSPROP©Database, S.R.C. 

b
 log P values were obtained from ChemDraw and calculated using the embedded CLOGP function 

developed by the BioByte Corporation.  
c
 log D values were obtained from SciFinder and calculated using Advanced Chemistry Development 

(ACD/Labs) Software Solaris V11.02 (© 1994-2012 ACD/Labs) at pH 4 (first value) and pH 5 (second 
value). If the log D values are the same value at both pH values, it is reported only once. 

 

The c log P and log D values of the two metabolites and the internal standard exhibit good variation, 

indicating that their separation by reversed-phase LC and/or HILIC, in which the compounds would 

elute either in order of increasing or decreasing hydrophobicity respectively, should be possible. This 

suggests both reversed-phase LC and HILIC as effective methods for the separation of the two 

metabolites and the internal standard. 

 

Two types of detectors, UV and MS, were selected for the development of the HPLC method. UV is 

an established method for the routine quantification of compounds, provided that sufficient 

selectivity and sensitivity is attainable. MS detection on the other hand is most commonly used as a 

qualitative method for identification of compounds of interest. The same optimized experimental 

conditions as reported for the DI–ESI–MS method were used for LC–MS detection. LC–MS also 

allows the generation of extracted ion chromatograms, which were evaluated for quantitative 

analysis in this work. 

 

4.2.2 Metabolite quantification 
 

The quantification of the two metabolites from chromatographic peak areas can be achieved by 

following different approaches. Three common methods of quantification, namely the external 

standard, standard addition and the internal standard method can be used in HPLC for validation of 

the direct infusion mass spectrometry method. The internal standard method was selected for 
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validation by HPLC because this approach was used in the development of the direct infusion mass 

spectrometry method and because the HPLC instrument used was equipped with a manual injector. 

4.3 Materials and experimental procedures 

4.3.1 Chemicals and reagents 
 

All chemical and chromatographic reagents used were of HPLC grade. Creatinine, caffeine, MPPA, 

methanol (MeOH), ammonium acetate, ammonium formate, acetic acid and formic acid were 

purchased from Sigma-Aldrich (St. Louis, Missouri, USA). Acetonitrile (ACN) was purchased from 

ROMIL Pure Chemistry (Cambridge, UK). Millipore water (Millipore, Milford, Massachusetts, USA) 

was used in the preparation of all solutions. 

 

4.3.2 Materials and instrumentation 
 

Standards were used to develop the method. Separations were performed in a HPLC Agilent 1220 

Infinity LC system (Agilent Technologies, Inc., Santa Clara, California, USA) equipped with a gradient 

pump (Model # G4281B) with an integrated degassing unit, and a manual injector. Ultraviolet 

detection was performed using a Model # G4284B variable wavelength detector, which was used in 

the range of 205–260 nm. Chromatograms were recorded and processed using Agilent ChemStation 

software for LC, Rev. B.04.03. The ZORBAX® SB-C18 (2.1  50 mm, 1.8 μm) reversed-phase column 

was obtained from Agilent Technologies and the BETASIL® Diol-100 (4.6  250 mm, 5 μm) HILIC 

column was obtained from Thermo Electron Corporation (Waltham, Massachusetts, USA). The 

BETASIL® Diol-100 column was protected by an aminopropyl SecurityGuard™ (3  4 mm, 5 μm) 

column obtained from Phenomenex, Inc. (Torrance, California, USA). 

 

pKa values were obtained from the PHYSPROP©Database, S.R.C. (North Syracuse, New York, USA). 

Calculation of c log P values for all compounds was performed in ChemDraw® (CambridgeSoft, 

Cambridge, Massachusetts, USA) using the embedded CLOGP function. CLOGP software calculates c 

log P values based on fragmental contributions and was developed by the BioByte Corporation 

(Claremont, California, USA). log D values were obtained from SciFinder and calculated using 

Advanced Chemistry Development (ACD/Labs) Software Solaris V11.02 (© 1994-2012 ACD/Labs). All 

graphical and statistical analyses were performed with SigmaPlot® 11.0 (Systat Software, Inc., 

Chicago, Illinois, USA).  
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4.3.3 Procedures for LC–UV–MS method development 
 

4.3.3.1 Experimental conditions for the reversed-phase column 

 

The ZORBAX® SB-C18 column was evaluated for separation of creatinine, caffeine and MPPA 

standards. A binary solvent system was used that consisted of 5 mM ammonium acetate (pH 4.5) in 

water and ACN in a 99:1 (% v/v) ratio. A 30 min isocratic analysis with a flow rate of 0.250 mL/min 

was used to analyze a 2 μL sample injection containing 10 μg/mL creatinine, caffeine and MPPA 

dissolved in 90:7.5:2.5 (% v/v/v) methanol, water and acetic acid. Detection was performed at 250 

nm. The analysis was repeated at a flow rate of 1.000 mL/min in a second experiment, which was 

also repeated with detection performed at 230 nm.  

 

4.3.3.2 Experimental conditions for the HILIC column 

 

The BETASIL® Diol-100 column was evaluated and used for the development of an extended method 

for the separation of creatinine, caffeine and MPPA standards. A binary solvent system was used 

that consisted of 5 mM ammonium acetate (pH 4.5) in water and ACN, respectively. Initially a 12 min 

analysis method (Method A) with a flow rate of 1.000 mL/min was used to analyze a 2 μL sample 

injection containing 10 μg/mL creatinine, caffeine and MPPA dissolved in pure water. The method 

started with 99% ACN and 1% ammonium acetate, after which the percentage of ammonium acetate 

was increased over time as follows: isocratic, 0-2 min; 1-50% ammonium acetate, 2-10 min; isocratic, 

10-11 min; 50-1% ammonium acetate, 11-12 min. A 5 min post-run ensured the system was at initial 

conditions. Detection was performed at 210 nm.  

 

A second gradient profile was evaluated by injecting 2 μL of a sample containing 100 μg/mL 

creatinine, caffeine and MPPA dissolved in pure water. The analysis method (Method B) was 

extended to 28 min with a flow rate of 0.500 mL/min and started with 99% ACN and 1% ammonium 

acetate, after which the percentage of ammonium acetate was increased over time as follows: 

isocratic, 0-2 min; 1-50% ammonium acetate, 2-20 min; isocratic, 20-25 min; 50-1% ammonium 

acetate, 25-27 min; isocratic, 27-28 min. A 5 min post-run ensured the system was at initial 

conditions. Absorbance was measured at 214 nm. 
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4.3.3.3 Modified methods for the separation of metabolites 

 

Chromatographic conditions were the same as for establishing metabolite Rt-values (subsection 

4.3.3.2). These conditions were kept constant with respect to the column, injection volume, 

absorbance detection wavelength and post-run time. Adjustments were only made to the solvent 

system, analysis time and gradient profiles for the various modified methods with respect to Method 

B as described in the previous subsection. 

 

Method C 

The binary solvent system of the analysis method was changed to consist of 10 mM ammonium 

formate (pH 4.48) in water and ACN, respectively. The same gradient profile as Method B was used. 

 

Method D 

The binary solvent system of the analysis method was changed to consist of 0.05 % (v/v) formic acid 

(pH 4.5) in water and ACN, respectively. The same gradient profile as Method B and C was used. 

 

Method E 

The analysis time of the method was adjusted to 24 min and gradient profile changed to start with 

99% ACN and 1% formic acid, after which the percentage of formic acid was increased over time as 

follows: isocratic, 0-2 min; 1-55% formic acid, 2-20 min; isocratic, 20-22 min; 55-1% formic acid, 22-

23 min; isocratic, 23-24 min. The rest of the conditions remained unchanged with respect to Method 

D. 

 

4.3.4 Procedures for establishing calibration curves 
 

Stock solutions containing 1 mg/mL standard were prepared for creatinine, caffeine and MPPA in 

distilled water. Dilutions of each standard stock were made with distilled water. Two detectors were 

used, namely the variable wavelength detector (VWD) and the mass spectrometer detector (MSD) 

resulting in four sets of calibration curves: a calibration curve each for creatinine and caffeine with 

the different detectors. The sets contained either creatinine or caffeine as the analyte and MPPA as 

internal standard in each case. The standard mixtures were prepared in triplicate to contain 5, 10, 

25, 50, 75 and 100 μg/mL of metabolite and 50 μg/mL of the internal standard for analysis of 

samples in the same concentration range. 
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Each set of standards was analyzed in triplicate by LC–UV–MS with Method E and blank runs were 

performed after every sample run to ensure that there was no carry-over between runs. The peak 

areas of interest were obtained by manual integration and calibration curves of peak area versus 

concentration were constructed for both the LC–UV and MS extracted ion chromatograms. The MS 

extracted ion chromatograms were obtained for ions at m/z of 114, 150 and 195 for creatinine, 

MPPA and caffeine, respectively. Calibration curve sets were fitted with linear equations over the 

concentration range of 5–100 μg/mL by linear regression in SigmaPlot® 11.0. 

 

  Eq. 9 

 

4.3.5 Preparation of unknown and urine sample 
 

The three samples with unknown amounts of creatinine and caffeine were prepared independently 

by a laboratory at the Department of Biochemistry, Stellenbosch University (Stellenbosch, South 

Africa). Urine from a subject was collected over 24 hours. After each collection, the urine was 

immediately stored at 4°C. After 24 hours the collections were pooled and a sample was taken. 

Before analysis, the unknown and urine samples were kept at room temperature for 30 min and 1 

mL was then diluted two times using a stock solution of 100 μg/mL of the internal standard, MPPA, 

in distilled water. The samples were then ready for LC–UV–MS analysis. 

4.4 Results and discussion 

4.4.1 Detection of metabolites by UV 

 

Detection of creatinine, caffeine and MPPA by UV was evaluated to establish the optimum 

wavelength at which all three analytes absorb. Detection at 210, 214, 220, 230, 250 and 254 nm 

were considered with absorbance at 214 nm determined as optimum for all three analytes. 

 

4.4.2 Separation of metabolites by HPLC 
 

The development of an LC–UV–MS method required that appropriate stationary and mobile phases 

be selected. Thereafter, the next challenge was to optimize the solvent gradient for efficient 

separation of both metabolites in such a manner that baseline resolution and symmetric peak 
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shapes could be achieved. Only after both these objectives were achieved could the LC–UV–MS 

method be deemed suitable for quantitative studies. The details of the method development are 

discussed in the following subsections. 

 

4.4.2.1 Reversed-phase HPLC method 

 

We decided to investigate the use of a hydrophobic stationary phase based on the motivation 

provided in subsection 4.2.1, and to combine it with a polar mobile phase. A ZORBAX® SB-C18 was 

evaluated for separation of creatinine, caffeine and MPPA. 

 

The ZORBAX® SB-C18 column contains sterically-protected hydrophobic C18 chains chemically 

bonded to high purity ZORBAX® porous silica microspheres. The column is especially suited in 

applications that utilize high-sensitivity detectors that require low backgrounds, e.g., mass 

spectrometers. The column was evaluated using a binary solvent system consisting of ammonium 

acetate and ACN to elute the analytes from the column. The predicted elution order of the analytes 

(creatinine → caffeine → MPPA) could not be confirmed due to creatinine and caffeine being the 

only metabolites to elute from the column using the isocratic method. The internal standard, MPPA, 

was strongly retained on the column and could only be eluted with a gradient-based method 

containing more than 75% ACN. Sufficient retention of creatinine could not be achieved with an 

isocratic or gradient-based solvent system, therefore this method was not explored further. 

 

4.4.2.2 HILIC-based separation method 

 

The BETASIL® Diol-100 column was evaluated using a mobile phase consisting of ammonium acetate 

and ACN. An isocratic-based solvent system proved to be insufficient to confirm the predicted 

elution order of the analytes in HILIC (MPPA → caffeine → creatinine) since both creatinine and 

MPPA did not elute from the column under these conditions. A gradient elution system (Method A) 

was found to give sufficient separation of the analytes to allow for development of an HPLC-based 

method. 

 

The Rt of the analytes was determined from the resulting HPLC chromatogram and are 5.428, 8.748 

and 9.362 min, respectively. These values did not confirm the elution order, namely MPPA → 

caffeine → creatinine, predicted by the c log P values. This is most likely due to the fact that 

creatinine and MPPA are in a charged state under the mobile phase conditions and the c log P values 
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are only applicable to neutral compounds. log D values calculated based on the pKa values of the 

analytes predict the elution order to be caffeine → MPPA → creatinine, which is indeed observed, 

although the elution of MPPA was expected to be closer to caffeine than to creatinine. 

 

Subsequent HPLC analyses of different analyte concentrations revealed elevated background 

interferences. The detection wavelength was adjusted to 214 nm in an attempt to lower the 

background absorption. Furthermore, the analysis time increased (Figure 4.1) and the flow rate 

halved to operate closer to the optimal flow rate in HILIC. Although some of the initial background 

absorption was found to decrease (Figure 4.2.), this could present a problem for future application 

of the method to separate and quantify urinary metabolites.  

 

Figure 4.1. Gradient profile (Method B) used for the elution of creatinine, caffeine and MPPA. 

Modifications were made to analysis time (extended from 12 to 28 min), flow rate (changed from 

1.000 to 0.500 mL/min) and detection wavelength (changed from 210 to 214 nm) compared to 

Method A. 

 

 

Figure 4.2. Analysis of 100 μg/mL creatinine, caffeine and MPPA by HILIC using Method B with 

detection at 214 nm. The retention times of creatinine, caffeine and MPPA are 16.452, 11.478 and 

14.997 min respectively. 
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Ammonium acetate and ammonium formate both absorb at 214 nm [123] which was observed in 

the current method for the former. The solvent system was therefore deemed unsuited for further 

investigation and needed to be modified because of the presence of high background absorption. 

 

4.4.2.3 Modified gradient-based separation methods 

 

In the first prominent modification (Method C, Figure 4.3), the solvent system was changed to 10 

mM ammonium formate and ACN to compare the background absorption to that of the previous 

solvent system. All the other conditions remained unchanged. A reduction in the number of blank 

peaks was observed, with only the peaks of the analytes present (Figure 4.4). Caffeine eluted as a 

relatively broad peak and the separation of creatinine and MPPA was not adequate. Subsequent 

modifications of Method C included a combination of extended analysis time and modified gradient 

profiles which proved insufficient in resolving these issues.  

 

Figure 4.3. Gradient profile for Method C used for the separation of creatinine, caffeine and MPPA. 

The solvent system was modified to consist of ammonium formate and ACN. 

 

 

Figure 4.4. Analysis of 100 μg/mL creatinine, caffeine and MPPA with ammonium formate/ACN. The 

retention times of creatinine, caffeine and MPPA are 19.600, 11.728 and 19.020 min respectively. 
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In the second prominent modification (Method D), the solvent system was changed to 0.05 % (v/v) 

formic acid in water and ACN to compare the resulting resolution and peak shapes to those of the 

previous solvent system. All the other conditions were the same as for Method C. The peak shape of 

caffeine was enhanced, although it needed further optimization. The separation of creatinine and 

MPPA was improved, although it was still inadequate.  

 

The third prominent modification (Method E) entailed the optimization of Method D. Subsequent 

analyses with modified gradient profiles revealed that increased separation of the creatinine and 

MPPA peaks could be achieved with a solvent system consisting of 1% of a 0.05% (v/v) formic acid in 

water and 99% ACN at the start, which was varied according to the following gradient: isocratic, 0-2 

min; 1-55% formic acid, 2-20 min; isocratic, 20-25 min; 55-1% formic acid, 25-27 min; isocratic, 27-28 

min (Figure 4.5). The resulting separation is shown in Figure 4.6. 

 

Figure 4.5. Gradient profile of Method E for the separation of creatinine, caffeine and MPPA. The 

solvent system was modified to consist of 0.05% (v/v) formic acid in water and ACN, and the 

gradient profile was adjusted. 

 

 

Figure 4.6. Analysis of 100 μg/mL creatinine, caffeine and MPPA with formic acid/ACN. The retention 

times of creatinine, caffeine and MPPA are 17.938, 11.315 and 16.738 min respectively. 
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Closer inspection of the resulting chromatogram confirms that the separation of the analytes occurs 

within the first 20 min of Method E. The analysis time was changed to 24 min in order to optimize 

the time and decrease the amount of solvent consumed during the analysis (Figure 4.7). This 

simplified and shortened method proved to be the most successful gradient method for the 

separation of the analytes using HILIC. Using this method, analyte standards gave Rt values shown in 

Table 4.2.  

 

 

Figure 4.7. Analysis of 75 μg/mL creatinine, caffeine and MPPA using the optimized HILIC method. 

Chromatogram A: UV detection at 214 nm. Chromatogram B: Overlay of extracted ion 

chromatograms for creatinine (m/z 114), caffeine (m/z 195) and MPPA (m/z 150). The retention 

times of creatinine, caffeine and MPPA are 17.713, 11.213 and 16.428 min respectively. 

 

Table 4.2. Retention times of urinary metabolites and internal standard, MPPA, with gradient-based 

HPLC Method E. 

Standard Rt (min) 

Caffeine 11.213 

MPPA 16.428 

Creatinine 17.713 

 

A 

B 
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4.4.3 Metabolite quantification 
 

The internal standard method was employed for the quantification of the urine metabolites: 

creatinine and caffeine. Quantification was achieved by generating calibration curves for the 

metabolites as described in the following subsection. 

 

4.4.3.1 Calibration curves 

 

Standards of creatinine and caffeine were prepared and 50 μg/mL of the internal standard, MPPA, 

was added to the respective sets of standards. The creatinine standards covered a range of 

concentrations similar to those expected to be found in urine, taking into account a 10-fold dilution 

that occurs during sample preparation. Determination of the resulting response using both UV (214 

nm) and MS (extracted ion chromatogram) signals allowed calibration curves for both metabolites to 

be obtained over a final concentration range of 5–100 μg/mL (Figure 4.8).  

 

The LC–UV calibration curves displayed a linear relationship over the concentration range of 5–100 

μg/mL for both analytes. The LC–MS extracted ion calibration curves displayed a linear relationship 

over the concentration range of 5–25 μg/mL for both analytes, with large discrepancies at higher 

analyte concentrations. From the calibration curves, it is evident that quantification by LC–UV is 

more reliable than using LC–MS. Linearity is affected to a greater extent at higher analyte 

concentrations in MS detection possibly due to space charge effects at these levels. 

 

4.4.3.2 Limits of detection and quantification 

 

The ability of the developed method to accurately detect and quantify the urine metabolites in 

artificial samples was subsequently assessed in terms of the limit of detection (LOD) and limit of 

quantification (LOQ). The LOD of a specific analyte is defined as the lowest concentration of the 

analyte that can be detected that is statistically different from an analytical blank. The definition of 

LOQ is the lowest concentration of a specific analyte which can be quantitatively analyzed with 

reasonable reliability [132]. 
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Figure 4.8. Calibration curves of the urinary metabolites. A and B) Creatinine calibration curves; C 

and D) Caffeine calibration curves. A and C were constructed using UV detection at 214 nm. B and D 

were constructed using MS extracted ion chromatograms (m/z 195 and 114 for caffeine and 

creatinine, respectively). Linear regression of A, B, C and D resulted in R2 values of 0.991, 0.957, 

0.990 and 0.927 respectively. All data points represent the mean of triplicate values, with the error 

bars denoting the standard deviation. 

 

External calibration curves (not shown here) were constructed for the determinations of the LODs 

and LOQs, which are calculated by considering σ, the residual standard deviation of the regression 

line (also known as the standard error of estimate of regression). Calculating σ in this manner gives a 

value that is expressed in the same units as that used for detection, i.e. the same units as the y-axes 

of the calibration curves. By substituting σ for y in the linear calibration equation (y = mx + c), σ can 

also be expressed in terms of concentration. Based on a 95% confidence level, the LOD is normally 

considered to be equal to 3σ and LOQ as equal to 10σ [132], although in this case the LOD and LOQ 

for all the urinary metabolites of interest need to be calculated from the external calibration curves 

using equations 10 and 11 respectively,  

 

A C 

A B B D 
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   Eq. 11 

 

where 0y  is the y-intercept and m  is the slope of the (external standard) linear calibration 

regression line. The results are shown in Table 4.3. 

 

Table 4.3: LOD and LOQ values for the urinary metabolites of interest obtained using LC–UV–MS 

Method E. 

Compound 
Detection 
method 

σ Slope Intercept R2 
LOD 
μg/mL 

LOQ 
μg/mL 

Analysis 
range 
μg/mL 

Creatinine 
UV 27.753 5.739 29.492 0.983 9.369 43.222 5 – 100 

MS 479103 67135 913082 0.963 7.809 57.764 5 – 100 

Caffeine 
UV 49.742 11.471 8.259 0.986 12.288 42.642 5 – 100 

MS 116031 15219 121037 0.958 14.919 68.286 5 – 100 

 

LOD and LOQ are very strict measurements of accuracy and an analytical method that gives very low 

variability in the obtained values is required to produce satisfactory values. Lower LODs are expected 

for detection of both creatinine and caffeine by MS than by UV. However, the calculated values 

indicate a lower LOD for the detection of only creatinine by MS. This is partially due to the larger 

variability in the MS data for caffeine, especially at higher concentrations, which results in higher 

LOD and LOQ values calculated according to the method described above (even though the 

extracted ion chromatogram signals at these levels show good intensity). The linearity of the 

calibration curves indicate high variability in the standard deviations of caffeine and therefore affect 

the reproducibility of this detection method. Selected ion monitoring (SIM) can potentially address 

this problem, but was not explored in the current study. Furthermore, ionization of caffeine is likely 

not favored under the mobile phase conditions used here.  

 

The LOQ values for both creatinine and caffeine by UV detection are lower compared to the values 

obtained by MS detection. Despite UV being less selective and sensitive at low wavelengths, it is 

better suited for the quantification of the target analytes than MS under the LC conditions used 

here. It is important to point out though that using UV detection, compound identification is based 

solely on Rt‘s of the compounds of interest, which is not very reliable at low wavelengths. MS in scan 

mode on the other hand allows identification of the compounds of interest by their mass spectra. 
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The LC–UV–MS method developed here therefore combines the two detection methods to 

complement one another in order to perform both qualitative (MS) and quantitative (UV) analysis. 

4.5 Quantification of unknown samples 

The ability of the developed method to accurately detect and quantify creatinine and caffeine as 

urinary metabolites was evaluated.  

 

The internal standard, MPPA, was added to three artificial samples, prepared independently, 

containing unknown amounts of creatinine and caffeine, and analyzed using the developed LC–UV–

MS method. The concentrations and recoveries were successfully calculated for different 

concentrations in each sample using the LLS equations of the respective calibration curves in Figure 

4.10. The results are reported in Table 4.4. 

 

Table 4.4. Quantitative results for samples with unknown amounts of creatinine and caffeine. All the 

data represent the mean of triplicate values, with the standard deviation noted. 

Compound Sample 
Theoretical 

concentration 

μg/mL 

LC–UV* LC–MS* 

Measured 
concentration 

μg/mL 
% recovery 

Measured 
concentration 

μg/mL 
% recovery 

Creatinine 

Unknown 1 67.5 66.8±1.7 99.0±2.5 68.4±0.9 101±1.3 

Unknown 2 22.5 22.4±0.4 99.4±1.8 23.8±0.3 106±1.1 

Unknown 3 15.0 15.0±0.2 100±1.0 15.1±0.6 101±3.7 

Caffeine 

Unknown 1 85.0 87.8±1.2 103±1.5 83.5±6.3 98.3±7.4 

Unknown 2 12.5 13.0±0.4 104±3.0 10.7±2.8 85.3±22.6 

Unknown 3 60.0 61.7±1.7 103±2.9 72.1±1.5 120±2.5 

* Using HILIC Method E and the calibration data reported in Figure 4.8. 
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4.6 Comparison of results 

4.6.1 F-test and Student’s t-test 
 

In the comparison of the values obtained from a set of results with either the true value or other 

sets of data, it is possible to determine whether an analytical procedure provides accurate and/or 

precise values, or if one method is superior to another. The two most common methods for 

comparing results are the F-test (the variance ratio test) and the Student’s t-test [132]. 

 

When a new analytical method is being developed it is common practice to compare the values for 

the mean and precision of the new test method with those of an established (reference) procedure. 

In this case the comparison was done between three newly developed analytical methods: DI–ESI–

MS, LC–UV and LC–MS. 

 

The F-test is used to compare the precision of two sets of data obtained from the results of two 

different analytical methods. The F-value calculated from the equation: 

 

2

2

B

A

s

s
F    Eq. 12 

 

where 
As  and 

Bs  are the standard deviations for data set A and B, respectively. 

 

There must not be a significant difference between the precision of the methods. Hence the F-test is 

applied prior to using the Student’s t-test.  

 

The Student’s t-test is used for small sample numbers and its purpose is to compare the mean from 

a sample with some standard value and to express some level of confidence of the comparison. The 

value of t when comparing two sample means 1x  and 2x  is given by the expression: 
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where 
1n   and 

2n  are the number of observations for two samples, respectively, and ps  is the 

pooled standard deviation, calculated from the two sample standard deviations 1s  and 2s , as 

follows: 
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The F-test was employed to compare the precision of the results of the DI–ESI–MS method with the 

LC–UV–MS method using both UV and MS data, and also comparing the UV and MS data with each 

other. The mean values obtained using these three methods for the three samples with unknown 

amounts of creatinine and caffeine were used for this purpose. The value obtained for F was 

checked for its significance against values in the F-table calculated from an F-distribution 

corresponding to the degrees of freedom (n – 1, where n = 3) for the two sets of data. The F-values 

obtained for the three sets of data are tabulated in Table 4.5. 

 

There is no significant difference at the 10 percent probability level between the precisions of five of 

the six sets of results when comparing data for the DI–ESI–MS method with those obtained by LC–

UV; one set of results (creatinine in Unknown 3) clearly showed a significant difference. A 

comparison of the DI–ESI–MS method with the LC–MS method showed no significant difference at 

the 10 percent level for two of the three sets of results for caffeine, with the other set of results 

(caffeine in Unknown 1) showing a significant difference at the 1 percent level. The three sets of 

results for creatinine showed no significant difference at the 5 percent level between the values.  

 

Three of the six sets of results in a comparison between the two methods of detection (UV and MS) 

used in combination with LC separation showed no significant difference at the 10 percent level, and 

one set of results at the 5 percent level. The remaining two sets of results (caffeine in Unknowns 1 

and 2) reveal a significant difference between the two methods. The amount of caffeine in Unknown 

1 and creatinine in Unknown 3 are close to the LODs for the respective compounds. Therefore the 

significant difference in the F-test comparisons for these two samples is expected. 

 

Despite the significant differences between four of the sets of results, data for all three methods can 

be viewed as comparable due to no significant difference at the 5 percent level for most of the 

comparisons between the sets of results. 
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Table 4.5. F-test comparison of precisions of three different analytical methods. For P = 0.10, 0.05 

and 0.01, the F-distribution for two degrees of freedom are 9.00, 19.00 and 99.00, respectively. 

  F-test comparisons 

Compound Sample 
DI–ESI–MS vs. 

LC–UV 

DI–ESI–MS vs. 

LC–MS 

LC–UV vs. 

LC–MS 

Creatinine Unknown 1 3.23a,b 12.49b 3.87a,b 

 Unknown 2 4.84a,b 12.47b 2.58a,b 

 Unknown 3 217.29c 16.35b 13.29b 

Caffeine Unknown 1 1.29a,b 19.69c 25.41c 

 Unknown 2 7.81a,b 7.15a,b 55.84c 

 Unknown 3 5.08a,b 3.72a,b 1.37a,b 

a
 F-value indicates no significant difference between the precision of the two sets of results at the 10 percent level. 

b
 F-value indicates no significant difference between the precision of the two sets of results at the 5 percent level. 

c
 F-value indicates a significant difference between the precision of the two sets of results at the 1 percent level. 

 

The exceptions in all cases are where the analyte of interest is close to the LOD value of a particular 

method. The Student’s t-test can therefore be used with confidence and the values are shown in 

Table 4.6. 

 

Table 4.6. Student’s t-test values for the comparison of the three analytical methods. For P = 0.10, 

0.05 and 0.01, the t-distribution for two degrees of freedom are 2.92, 4.30 and 9.93, respectively. 

  t-test comparisons 

Compound Sample 
DI–ESI–MS vs. 

LC–UV 

DI–ESI–MS vs. 

LC–MS 

LC–UV vs. 

LC–MS 

Creatinine Unknown 1 0.72a 0.02a 1.55a 

 Unknown 2 0.05a 2.12a 4.62c 

 Unknown 3 0.19a 0.12a 0.06a 

Caffeine Unknown 1 3.59b 0.24a 0.99a 

 Unknown 2 0.88a 0.86a 1.14a 

 Unknown 3 2.25a 11.75d 9.43c 

a
 t-value indicates no significant difference between the mean results of the two methods at the 10 percent level. 

b
 t-value indicates no significant difference between the mean results of the two methods at the 5 percent level. 

c
 t-value indicates a significant difference between the mean results of the two methods at the 1 percent level. 

d
 t-value indicates a highly significant difference between the mean results of the two methods below the 1 percent level. 
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There is no significant difference at the 10 percent probability level between the precision of five of 

the six sets of results (and one set of results at the 5 percent level) when comparing the DI–ESI–MS 

method with the LC–UV method. Data for five of the six sets of results obtained by the DI–ESI–MS 

and the LC–MS method showed no significant difference at the 10 percent level and the remaining 

set of results (creatinine in Unknown 3) reveals a significant difference between the two methods. A 

comparison of the LC–UV method with the LC–MS method showed no significant difference at the 

10 percent level for four of the six sets of results with two sets of results (creatinine in Unknown 2 

and caffeine in Unknown 3) having a significant difference at the 1 percent level. 

 

4.6.2 Paired t-test 
 

The paired t-test was also employed to validate the DI–ESI–MS method with the LC–UV and LC–MS 

methods, and the last two methods with each other. The three methods were used for the analysis 

of the three samples with differing unknown amounts of creatinine and caffeine, with the results of 

only the DI–ESI–MS and the LC–UV methods reported in Table 4.7 as an example.  

 

Table 4.7. Calculation of the differences between the results of the DI–ESI–MS and the LC–UV 

methods. The differences between each pair of results ( d ) and the mean of the difference ( d ) is 

obtained. d is subtracted from d  for each pair of results and the square of each value is calculated. 

The sum of all the squares (  2)( dd ) is used in the calculation of the standard deviation in order 

to determine the t-distribution value. 

Compound DI–ESI–MS LC–UV d  dd    2)( dd   

Creatinine 68.4 66.8 1.5 0.9  0.83 

 22.4 22.4 0.0 -0.6  0.35 

 15.3 15.0 0.3 -0.3  0.10 

  
                  d = 1.9    2)( dd =  1.28 

                         d = 0.6    

Caffeine 82.5 87.8 -5.3 -2.9  8.54 
 12.3 13.0 -0.7 1.7  2.93 

 60.5 61.7 -1.2 1.2  1.47 

  
                  d = -7.1 

                       2)( dd =  12.98 

                         d = -2.4    

 

The differences ( d ) between each pair of results are calculated and d , the mean of the difference, 

is obtained. d is subtracted from d  for each pair of results and the square of each value is 
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calculated. The sum of all the squares (  2)( dd ) is used in the calculation as showed in 

equation 15.  The standard deviation ( ds ) of the differences is evaluated and the t-distribution is 

calculated using equations 15 and 16. 

 

1

)( 2







n

dd
sd    Eq. 15 

ds

nd
t    Eq. 16 

 

Data obtained with the DI–ESI–MS and LC–UV methods were also compared with those obtained by 

LC-MS. The calculated t-distribution values of the three method comparisons are reported in Table 

4.8. 

 

Table 4.8. Paired t-test comparison of three different analytical methods. For P = 0.10, 0.05 and 0.01, 

the t-distribution for two degrees of freedom are 2.92, 4.30 and 9.93, respectively. 

Compound 

t-distribution 

DI–ESI–MS vs. 

LC–UV 

DI–ESI–MS vs. 

LC–MS 

LC–UV vs. 

LC–MS 

Creatinine 1.35 0.79 2.13 

Caffeine 1.62 0.91 0.28 

 

There is no significant difference at the 10 percent level between the quantitative data obtained by 

any of the three methods. 

4.7 Quantification of urine sample 

After successfully using the LC–UV–MS method to quantify artificial samples, the method was 

evaluated for the analysis of a urine sample to detect creatinine and caffeine. The internal standard, 

MPPA, was added to a urine sample diluted two-fold and analyzed using Method E to determine the 

sensitivity of the method. The resulting LC–UV and extracted ion chromatogram as well as the mass 

spectra for creatinine, caffeine and MPPA of the analyzed urine sample are shown in Figure 4.9.  
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Figure 4.9. Analysis of a urine sample. A) UV 

chromatogram at 214 nm; B) extracted ion 

chromatograms for each of the analytes; C, D 

and E) mass spectra obtained for caffeine, 

creatinine and MPPA, respectively, in the urine 

sample. The sample was diluted two-fold. 

A 

C 

B 

D 

E 
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The mass spectra for each peak in the extracted ion chromatogram confirmed the presence of the 

respective compounds. The signal for caffeine (195 m/z) was very low and many ions due to the 

mobile phase and matrix are observed as shown in Figure 4.9 C. In mass spectrum D both creatinine 

(114 m/z) and its dimer (227 m/z) are present; with mass spectrum E confirming the presence of 

MPPA (150 m/z). In both the LC–UV and LC–MS analyses, caffeine was close to the LOD rendering its 

quantification impossible. The sample needed to be diluted ten-fold to ensure creatinine was within 

the calibration range, but was not performed since the detection of caffeine would not be possible 

at such a high dilution factor. Therefore we were unable to perform simultaneous quantification for 

both compounds in a urine sample.  
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Chapter 5:  
Conclusion 

 

5.1 Overview of achievements 

The use of creatinine as internal standard presents a valuable tool in clinical and forensic studies. 

This thesis presents an initial study on the detection and quantification of creatinine, creatine and 

caffeine by direct infusion mass spectrometry. The reason for this research is to overcome 

adulteration problems such as the deliberate addition of water to dilute urine samples by using 

creatinine as an endogenous control substance against which concentration levels of metabolite of 

interest can be compared. The study addressed this problem by development of a direct infusion 

mass spectrometry analytical method for detection and quantification of creatinine, creatine and 

caffeine.  

 

In pursuit of this aim, a simple and sensitive analysis method was developed based on a direct 

infusion of the metabolites into a mass spectrometer. Key parameters for the direct infusion were 

established by considering the composition of the analyte solution, ionization of the compounds, 

sample introduction, separation and detection of ions, and the use of a suitable internal standard for 

quantitative purposes. The analyte solution contained methanol, water and acetic acid. Methanol 

ensured low viscosity and volatility of the carrier solvent whilst water was included due to the 

metabolites being highly polar. Acetic acid promoted quantitative ionization in positive ionization 

mode. Sample introduction was performed by continuous infusion of the analyte solution and the 

solution entered the spray needle by gravitational force alone. Solvent pumping was not required. 

This ensured consistent and reproducible flow speed. To ensure the analyte molecules were in 

monomeric form and did not form clusters the fragmentation voltage was set at 95 V. 1-Methyl-3-

phenylpropylamine was selected as internal standard since it met all the requirements to determine 

the concentration of creatinine. Establishment of these conditions rendered the use of the direct 

infusion electrospray ionization mass spectrometry (DI–ESI–MS) method possible. 

 

A positive highlight of the DI–ESI–MS method was the successful construction of calibration curves 

for creatinine, creatine and caffeine with good linearity over a concentration range of 1–10 μg/mL. 

The linear regression of the calibration curves resulted in R2 values of 0.985, 0.997 and 0.977 for 
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creatinine, creatine and caffeine, respectively. Limit of detection (LOD) of 0.597 μg/mL, 0.073 μg/mL 

and 1.427 μg/mL was obtained for creatinine, creatine and caffeine, respectively. Applicability of this 

method was confirmed by successfully quantifying three artificial samples containing unknown 

amounts of compounds of interest with mean recoveries of 99.6–102% for creatinine and 97.1–

101% for caffeine. The DI–ESI–MS method requires minimal sample pretreatment rendering it fast 

and facile with a total analysis time of 5 min. It was found that the calibration curve for caffeine 

could not be used in the application of the method in analysis of a human urine sample due to the 

low concentration of caffeine present compared to the concentration of creatinine. 

 

A liquid chromatography (LC) method with ultraviolet (UV) and mass spectrometry (MS) detection 

was developed using a BETASIL® Diol-100 HILIC column to validate the DI–ESI–MS method. A 

successful elution protocol was developed and optimized for the separation of creatinine, caffeine 

and the internal standard, MPPA. The chromatographic analysis procedure was subsequently 

employed to obtain linear calibration curves over a concentration range of 5–100 μg/mL for 

creatinine and caffeine quantification using the two detectors, UV and MS. The LODs for creatinine 

with UV and MS were 9.369 and 7.809 μg/mL, respectively. Caffeine had LODs of 12.288 μg/mL and 

14.919 μg/mL with UV and MS, respectively. These LODs are significantly higher than those reported 

for the DI–ESI–MS method (in part due to the poor reproducibility of manual injection). The analysis 

of three artificial samples containing unknown amounts of compounds of interest were performed 

with mean recoveries of 99.0–100% for creatinine and 103–104% for caffeine when using LC–UV. 

Analysis using LC–MS resulted in mean recoveries of 101–106% for creatinine and 85.3–120% for 

caffeine. These values are comparable to the percentage recoveries obtained with the DI–ESI–MS 

method. 

 

Statistical analysis, including the F-test, Student’s t-test and paired t-test, of the data obtained by DI–

ESI–MS, LC–UV and LC–MS methods proved that a significant difference between the methods at a 

confidence level of 95% does not exist, except for samples with amounts of compound close to the 

LOD. Therefore the DI–ESI–MS method was successfully validated by the LC–UV–MS method. 

5.2 Future work 

Problems encountered with the simultaneous quantification of creatinine and caffeine in a human 

urine sample by the DI–ESI–MS method that was developed in this work, are due to the low 

amounts of caffeine present rather than the analytical method itself. This is evident from the 
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relatively higher limits of detection for caffeine compared to creatinine and creatine. Construction of 

a calibration curve for creatine and caffeine can prove to be more useful since both compounds are 

present at lower concentrations in urine. Direct infusion mass spectrometry has potential for 

quantitative determinations due to its sensitivity, high selectivity, wide dynamic range, robustness, 

and the ability to identify metabolites. Furthermore it has the greatest potential for high sample 

throughput with minimal or no sample pretreatment. Introduction of samples via paper or fibers 

could be a possibility for direct analysis of samples and to improve electrospray ionization of the 

target molecules for quantitative purposes. Alternative mass analyzers can also be employed to 

greatly contribute to the sensitivity of direct infusion mass spectrometry. DI–ESI–MS can be applied 

in various chemical and biochemical fields, including clinical and forensic toxicology, anti-doping 

tests in sports performance studies, food analysis, and metabonomic and metabolomic studies. 

 

The difficulties encountered with the LC–UV–MS validation method developed in this study can be 

attributed to the conversion of peak areas to metabolite concentrations. The relatively high limits of 

detection could in part be the result of poor injection reproducibility using manual injection. In order 

to accurately convert peak areas to concentrations, more reliable calibration curves will be required. 

In future these calibration curves will be constructed by analysis of standards of which the absolute 

concentrations has been confirmed by an independent method such as the classical Jaffé reaction. 

 

Caffeine was selected as a model compound to represent common drugs or drug metabolites that 

may be analyzed. The analysis of real drugs or drug metabolites can in future performed using this 

DI–ESI–MS method. 

5.3 Final remarks 

The results presented in this work represent the successful development of the analytical method 

for the detection and quantification of creatinine and caffeine in artificial samples. This method 

allowed for fast, direct and facile determinations of the two compounds which hold significant 

potential for analyzing real drugs or drug metabolites present in human urine samples and pave the 

way for future direct infusion mass spectrometry studies. 
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effects of MDMA, cocaine, and cannabis use severity on distinctive components of the 
executive functions in polysubstance users: A multiple regression analysis. Addictive 
Behaviors, 2005. 30(1): p. 89-101. 

7. Verdejo-García, A., Pérez-García, M., Ecological assessment of executive functions in 
substance dependent individuals. Drug and Alcohol Dependence, 2007. 90(1): p. 48-55. 

8. Lad, U., Khokhar, S., Kale, G.M., Electrochemical creatinine biosensors. Analytical Chemistry, 
2008. 80(21): p. 7910-7917. 

9. Dams, R., Murphy, C.M., Lambert, W.E., Huestis, M.A., Urine drug testing for opioids, 
cocaine, and metabolites by direct injection liquid chromatography/tandem mass 
spectrometry. Rapid Communications in Mass Spectrometry, 2003. 17(14): p. 1665-1670. 

10. Rivier, L., Techniques for analytical testing of unconventional samples. Best Practice & 
Research Clinical Endocrinology & Metabolism, 2000. 14(1): p. 147-165. 

11. Arndt, T., Urine-creatinine concentration as a marker of urine dilution: Reflections using a 
cohort of 45,000 samples. Forensic Science International (Online), 2009. 186(1): p. 48-51. 

12. Wu, A.H.B., Bristol, B., Cassella-McLane, G., Hill, D.W., Holtman, V., Sexton, K., Adulteration 
of urine by "urine luck". Clinical Chemistry, 1999. 45(7): p. 1051-1057. 

13. Barr, D.B., Wilder, L.C., Caudill, S.P., Gonzalez, A.J., Needham, L.L., Pirkle, J.L., Urinary 
creatinine concentrations in the U.S. population: Implications for urinary biologic monitoring 
measurements. Environmental Health Perspectives, 2004. 113(2): p. 192-200. 

14. Picόn-Reátegui, E., Alvizuri, F., Creatinine excretion and body composition. The American 
Journal of Clinical Nutrition, 1962. 10(2): p. 128-133. 

15. De Keyzer, W., Huybrechts, I., Dekkers, A.L.M., Geelen, A., Crispim, S., Hulshof, P.J.M., 
Andersen, L.F., Řehůřková, I., Ruprich, J., Volatier, J.-L., Van Maele, G., Slimani, N., van't 
Veer, P., de Boer, E., De Henauw, S., Predicting urinary creatinine excretion and its usefulness 
to identify incomplete 24 h urine collections. British Journal of Nutrition, 2012. 108(06): p. 
1118-1125. 

16. Heymsfield, S.B., Arteaga, C., McManus, C., Smith, J., Moffitt, S., Measurement of muscle 
mass in humans: Validity of the 24-hour urinary creatinine method. The American Journal of 
Clinical Nutrition, 1983. 37(3): p. 478-494. 

17. Wyss, M., Kaddurah-Daouk, R., Creatine and creatinine metabolism. Physiological Reviews, 
2000. 80(3): p. 1107-1213. 

Stellenbosch University  http://scholar.sun.ac.za



 

67 
 

18. Bagshaw, S.M., Gibney, R.T., Conventional markers of kidney function. Critical Care Medicine, 
2008. 36(4 Suppl): p. S152-158. 

19. Zuo, Y., Wang, C., Zhou, J., Sachdeva, A., Ruelos, V.C., Simultaneous determination of 
creatinine and uric acid in human urine by high-performance liquid chromatography. 
Analytical Sciences, 2008. 24(12): p. 1589-1592. 

20. Zuo, Y., Yang, Y., Zhu, Z., He, W., Aydin, Z., Determination of uric acid and creatinine in 
human urine using hydrophilic interaction chromatography. Talanta, 2011. 83(5): p. 1707-
1710. 

21. Mercimek-Mahmutoglu, S., Muehl, A., Salomons, G.S., Neophytou, B., Moeslinger, D., Struys, 
E., Bodamer, O.A., Jakobs, C., Stockler-Ipsiroglu, S., Screening for X-linked creatine 
transporter (SLC6A8) deficiency via simultaneous determination of urinary creatine to 
creatinine ratio by tandem mass-spectrometry. Molecular Genetics and Metabolism, 2009. 
96(4): p. 273-275. 

22. Siangproh, W., Teshima, N., Sakai, T., Katoh, S., Chailapakul, O., Alternative method for 
measurement of albumin/creatinine ratio using spectrophotometric sequential injection 
analysis. Talanta, 2009. 79(4): p. 1111-1117. 

23. Arias, A., Garcia-Villoria, J., Ribes, A., Guanidinoacetate and creatine/creatinine levels in 
controls and patients with urea cycle defects. Molecular Genetics and Metabolism, 2004. 
82(3): p. 220-223. 

24. Almeida, L.S., Verhoeven, N.M., Roos, B., Valongo, C., Cardoso, M.L., Vilarinho, L., Salomons, 
G.S., Jakobs, C., Creatine and guanidinoacetate: Diagnostic markers for inborn errors in 
creatine biosynthesis and transport. Molecular Genetics and Metabolism, 2004. 82(3): p. 
214-219. 

25. Palmisano, F., Rotunno, T., La Sorsa, M., Zambonin, C.G., Abbate, I., Simultaneous 
determination of pseudouridine, neopterine and creatinine in urine by ion-pair high-
performance liquid chromatography with in-series ultraviolet and fluorescence detection. 
Analyst, 1995. 120(8): p. 2185-2189. 

26. Durán Merás, I., Espinosa Mansilla, A., Rodríguez Gómez, M.J., Determination of 
methotrexate, several pteridines, and creatinine in human urine, previous oxidation with 
potassium permanganate, using HPLC with photometric and fluorimetric serial detection. 
Analytical Biochemistry, 2005. 346(2): p. 201-209. 

27. Arrabal-Polo, M.A., Arrabal-Martin, M., Poyatos-Andujar, A., Cardenas-Grande, E., Merino-
Salas, S., Zuluaga-Gomez, A., Is the fasting calcium/creatinine a bone resorption marker in 
patients with calcium renal stones? Urological Research, 2012. 40(3): p. 243-245. 

28. Felitsyn, N.M., Henderson, G.N., James, M.O., Stacpoole, P.W., Liquid chromatography–
tandem mass spectrometry method for the simultaneous determination of δ-ALA, tyrosine 
and creatinine in biological fluids. Clinica Chimica Acta, 2004. 350(1-2): p. 219-230. 

29. Tsikas, D., Wolf, A., Mitschke, A., Gutzki, F.-M., Will, W., Bader, M., GC–MS determination of 
creatinine in human biological fluids as pentafluorobenzyl derivative in clinical studies and 
biomonitoring: Inter-laboratory comparison in urine with Jaffé, HPLC and enzymatic assays. 
Journal of Chromatography B, 2010. 878(27): p. 2582-2592. 

30. Smith-Palmer, T., Separation methods applicable to urinary creatine and creatinine. Journal 
of Chromatography B, 2002. 781(1-2): p. 93-106. 

31. Jaffé, M., Ueber den Niederschlag, welchen Pikrinsäure in normalen Ham erzeugt und über 
eme neue Reaktion des Kreatinins. Hoppe-Seyler's Zeitschrift fur Physiologische Chemie, 
1886. 10: p. 391-400. 

32. Tsikas, D., Wolf, A., Frölich, J.C., Simplified HPLC method for urinary and circulating 
creatinine. Clinical Chemistry, 2004. 50(1): p. 201-203. 

33. Muñoz, J.A., López-Mesas, M., Valiente, M., Development and validation of a simple 
determination of urine metabolites (oxalate, citrate, uric acid and creatinine) by capillary 
zone electrophoresis. Talanta, 2010. 81(1-2): p. 392-397. 

Stellenbosch University  http://scholar.sun.ac.za



 

68 
 

34. Szymaoska, E., Markuszewski, M.J., Bodzioch, K., Kaliszan, R., Development and validation of 
urinary nucleosides and creatinine assay by capillary electrophoresis with solid phase 
extraction. Journal of Pharmaceutical and Biomedical Analysis, 2007. 44(5): p. 1118-1126. 

35. Kwon, W., Kim, J.Y., Suh, S., In, M.K., Simultaneous determination of creatinine and uric acid 
in urine by liquid chromatography–tandem mass spectrometry with polarity switching 
electrospray ionization. Forensic Science International, 2012. 221(1-3): p. 57-64. 

36. Hušková, R., Chrastina, P., Adam, T., Schneiderka, P., Determination of creatinine in urine by 
tandem mass spectrometry. Clinica Chimica Acta, 2004. 350(1-2): p. 99-106. 

37. Tsuchida, T., Yoda, K., Multi-enzyme membrane electrodes for determination of creatinine 
and creatine in serum. Clinical Chemistry, 1983. 29(1): p. 51-55. 

38. Osaka, T., Komaba, S., Amano, A., Fujino, Y., Mori, H., Electrochemical molecular sieving of 
the polyion complex film for designing highly sensitive biosensor for creatinine. Sensors and 
Actuators B, 2000. 65(1-3): p. 58-63. 

39. Sreenivasan, K., Sivakumar, R., Interaction of molecularly imprinted polymers with creatinine. 
Journal of Applied Polymer Science, 1997. 66(13): p. 2539-2542. 

40. Tsai, H.-A., Syu, M.-J., Synthesis of creatinine-imprinted poly(β-cyclodextrin) for the specific 
binding of creatinine. Biomaterials, 2005. 26(15): p. 2759-2766. 

41. Hsieh, R.-Y., Tsai, H.-A., Syu, M.-J., Designing a molecularly imprinted polymer as an artificial 
receptor for the specific recognition of creatinine in serums. Biomaterials, 2006. 27(9): p. 
2083-2089. 

42. Tsai, H.-A., Syu, M.-J., Preparation of imprinted poly(tetraethoxysilanol) sol–gel for the 
specific uptake of creatinine. Chemical Engineering Journal, 2011. 168(3): p. 1369-1376. 

43. Syu, M.-J., Hsu, T.-J., Lin, Z.-K., Synthesis of recognition matrix from 4-methylamino-N-
allylnaphthal-imide with fluorescent effect for the imprinting of creatinine. Analytical 
Chemistry, 2010. 82(21): p. 8821-8829. 

44. Lakshmi, D., Prasad, B.B., Sharma, P.S., Creatinine sensor based on a molecularly imprinted 
polymer-modified hanging mercury drop electrode. Talanta, 2006. 70(2): p. 272-280. 

45. Li, T.-J., Chen, P.-Y., Nien, P.-C., Lin, C.-Y., Vittal, R., Ling, T.-R., Ho, K.-C., Preparation of a 
novel molecularly imprinted polymer by the sol–gel process for sensing creatinine. Analytica 
Chimica Acta, 2012. 711: p. 83-90. 

46. Zhao, J., Chen, H., Ni, P., Xu, B., Luo, X., Zhan, Y., Gao, P., Zhu, D., Simultaneous 
determination of urinary tryptophan, tryptophan-related metabolites and creatinine by high 
performance liquid chromatography with ultraviolet and fluorimetric detection. Journal of 
Chromatography B, 2011. 879(26): p. 2720-2725. 

47. Park, E.K., Watanabe, T., Gee, S.J., Schenker, M.B., Hammock, B.D., Creatinine measurements 
in 24 h urine by liquid chromatography-tandem mass spectrometry. Journal of Agricultural 
and Food Chemistry, 2008. 56(2): p. 333-336. 

48. Goucher, E., Kicman, A., Wolff, K., Smith, N., Jickells, S., Hydrophilic stationary phases: A 
practical approach for the co-analysis of compounds with varying polarity in biological 
matrices. Journal of Separation Science, 2010. 33(6-7): p. 955-965. 

49. MacNeil, L., Hill, L., MacDonald, D., Keefe, L., Cormier, J.F., Burke, D.G., Smith-Palmer, T., 
Analysis of creatine, creatinine, creatine-d3 and creatinine-d3 in urine, plasma, and red blood 
cells by HPLC and GC–MS to follow the fate of ingested creatine-d3. Journal of 
Chromatography B, 2005. 827(2): p. 210-215. 

50. Huang, H., Chen, Z., Yan, X., Simultaneous determination of serotonin and creatinine in urine 
by combining two ultrasound-assisted emulsification microextractions with on-column 
stacking in capillary electrophoresis. Journal of Separation Science, 2012. 35(3): p. 436-444. 

51. Costa, A.C.O., da Costa, J.L., Tonin, F.G., Tavares, M.F.M., Micke, G.A., Development of a fast 
capillary electrophoresis method for determination of creatinine in urine samples. Journal of 
Chromatography A, 2007. 1171(1-2): p. 140-143. 

Stellenbosch University  http://scholar.sun.ac.za



 

69 
 

52. Zinellu, A., Sotgia, S., Zinellu, E., Chessa, R., Deiana, L., Carru, C., Assay for the simultaneous 
determination of guanidinoacetic acid, creatinine and creatine in plasma and urine by 
capillary electrophoresis UV-detection. Journal of Separation Science, 2006. 29(5): p. 704-
708. 

53. Jiang, Y., Ma, Y., A fast capillary electrophoresis method for separation and quantification of 
modified nucleosides in urinary samples. Analytical Chemistry, 2009. 81(15): p. 6474-6480. 

54. Lee, H.-L., Chen, S.-C., Microchip capillary electrophoresis with electrochemical detector for 
precolumn enzymatic analysis of glucose, creatinine, uric acid and ascorbic acid in urine and 
serum. Talanta, 2004. 64(3): p. 750-757. 

55. Wang, J., Chatrathi, M.P., Microfabricated electrophoresis chip for bioassay of renal markers. 
Analytical Chemistry, 2003. 75(3): p. 525-529. 

56. Garcia, C.D., Henry, C.S., Direct detection of renal function markers using microchip CE with 
pulsed electrochemical detection. Analyst, 2004. 129(7): p. 579-584. 

57. Thomson, J.J., Rays of positive electricity and their application to chemical analyses. 
Monographs on Physics. 1913, London: Longmans, Green and Co. 

58. Dass, C., Fundamentals of contemporary mass spectrometry. Wiley-Interscience Series on 
Mass Spectrometry. 2007, Hoboken, N.J.: Wiley-Interscience. 

59. Hsu, H.-J., Kuo, T.-L., Wu, S.-H., Oung, J.-N., Shiea, J., Characterization of synthetic polymers 
by electrospray-assisted pyrolysis ionization-mass spectrometry. Analytical Chemistry, 2005. 
77(23): p. 7744-7749. 

60. Maurer, H.H., Multi-analyte procedures for screening for and quantification of drugs in 
blood, plasma, or serum by liquid chromatography-single stage or tandem mass 
spectrometry (LC-MS or LC-MS/MS) relevant to clinical and forensic toxicology. Clinical 
Biochemistry, 2005. 38(4): p. 310-318. 

61. Maurer, H.H., Current role of liquid chromatography-mass spectrometry in clinical and 
forensic toxicology. Analytical and Bioanalytical Chemistry, 2007. 388(7): p. 1315-1325. 

62. Maurer, H.H., Hyphenated mass spectrometric techniques – indispensable tools in clinical 
and forensic toxicology and in doping control. Journal of Mass Spectrometry, 2006. 41(11): p. 
1399-1413. 

63. Drexler, D.M., Garrett, T.J., Cantone, J.L., Diters, R.W., Mitroka, J.G., Prieto Conaway, M.C., 
Adams, S.P., Yost, R.A., Sanders, M., Utility of imaging mass spectrometry (IMS) by matrix-
assisted laser desorption ionization (MALDI) on an ion trap mass spectrometer in the analysis 
of drugs and metabolites in biological tissues. Journal of Pharmacological and Toxicological 
Methods, 2007. 55(3): p. 279-288. 

64. Sampson, J.S., Hawkridge, A.M., Muddiman, D.C., Generation and detection of multiply-
charged peptides and proteins by matrix-assisted laser desorption electrospray ionization 
(MALDESI) fourier transform ion cyclotron resonance mass spectrometry. Journal of the 
American Society for Mass Spectrometry, 2006. 17(12): p. 1712-1716. 

65. McEwen, C.N., McKay, R.G., Larsen, B.S., Analysis of solids, liquids, and biological tissues 
using solids probe introduction at atmospheric pressure on commercial LC/MS instruments. 
Analytical Chemistry, 2005. 77(23): p. 7826-7831. 

66. Takáts, Z., Wiseman, J.M., Gologan, B., Cooks, R.G., Mass spectrometry sampling under 
ambient conditions with desorption electrospray ionization. Science (Washington), 2004. 
306(5695): p. 471-473. 

67. Takáts, Z., Wiseman, J.M., Cooks, R.G., Ambient mass spectrometry using desorption 
electrospray ionization (DESI): Instrumentation, mechanisms and applications in forensics, 
chemistry, and biology. Journal of Mass Spectrometry, 2005. 40(10): p. 1261-1275. 

68. Kauppila, T.J., Flink, A., Haapala, M., Laakkonen, U.-M., Aalberg, L., Ketola, R.A., Kostiainen, 
R., Desorption atmospheric pressure photoionization–mass spectrometry in routine analysis 
of confiscated drugs. Forensic Science International, 2011. 210(1-3): p. 206-212. 

Stellenbosch University  http://scholar.sun.ac.za



 

70 
 

69. Cody, R.B., Laramée, J.A., Durst, H.D., Versatile new ion source for the analysis of materials in 
open air under ambient conditions. Analytical Chemistry, 2005. 77(8): p. 2297-2302. 

70. Petucci, C., Diffendal, J., Kaufman, D., Mekonnen, B., Terefenko, G., Musselman, B., Direct 
analysis in real time for reaction monitoring in drug discovery. Analytical Chemistry, 2007. 
79(13): p. 5064-5070. 

71. Haddad, R., Sparrapan, R., Eberlin, M.N., Desorption sonic spray ionization for (high) voltage-
free ambient mass spectrometry. Rapid Communications in Mass Spectrometry, 2006. 
20(19): p. 2901-2905. 

72. Nollet, J.A., Recherches sur les causes particulieres des phenomenes electriques. 1753, Paris. 
73. Zeleny, J., The electrical discharge from liquid points, and a hydrostatic method of measuring 

the electric intensity at their surfaces. Physical Review, 1914. 3(2): p. 69-91. 
74. Zeleny, J. On the conditions of instability of electrified drops, with applications to the 

electrical discharge from liquid points. in Proceedings of the Cambridge Philosophical Society. 
1915. 

75. Zeleny, J., Instability of electrified liquid surfaces. Physical Review, 1917. 10(1): p. 1-6. 
76. Taylor, G., Disintegration of water drops in an electric field. Proceedings of the Royal Society 

of London. Series A. Mathematical and Physical Sciences, 1964. 280(1382): p. 383-397. 
77. Dole, M., Mack, L.L., Hines, R.L., Mobley, R.C., Ferguson, L.D., Alice, M.B., Molecular beams 

of macroions. The Journal of Chemical Physics, 1968. 49(5): p. 2240-2249. 
78. Mack, L.L., Kralik, P., Rheude, A., Dole, M., Molecular beams of macroions II. The Journal of 

Chemical Physics, 1970. 52(10): p. 4977-4986. 
79. Fenn, J.B., Mann, M., Meng, C.K., Wong, S.F., Whitehouse, C.M., Electrospray ionization for 

mass spectrometry of large biomolecules. Science (Washington), 1989. 246(4926): p. 64-71. 
80. Nohmi, T., Fenn, J.B., Electrospray mass spectrometry of poly(ethylene glycols) with 

molecular weights up to five million. Journal of the American Chemical Society, 1992. 114(9): 
p. 3241-3246. 

81. Nguyen, S., Fenn, J.B., Gas-phase ions of solute species from charged droplets of solutions. 
Proceedings of the National Academy of Sciences, 2007. 104(4): p. 1111-1117. 

82. Fenn, J.B., Electrospray wings for molecular elephants (Nobel lecture). Angewandte Chemie 
International Edition, 2003. 42(33): p. 3871-3894. 

83. de Hoffmann, E., Mass spectrometry: Principles and applications, ed. V. Stroobant. 2007, 
Chichester, England: John Wiley & Sons, Inc. 

84. Cole, R.B., Some tenets pertaining to electrospray ionization mass spectrometry. Journal of 
Mass Spectrometry, 2000. 35(7): p. 763-772. 

85. Villas-Bôas, S.G., Mas, S., Åkesson, M., Smedsgaard, J., Nielsen, J., Mass spectrometry in 
metabolome analysis. Mass Spectrometry Reviews, 2005. 24(5): p. 613-646. 

86. Giavalisco, P., Hummel, J., Lisec, J., Inostroza, A.C., Catchpole, G., Willmitzer, L., High-
resolution direct infusion-based mass spectrometry in combination with whole 13C 
metabolome isotope labeling allows unambiguous assignment of chemical sum formulas. 
Analytical Chemistry, 2008. 80(24): p. 9417-9425. 

87. Theodoridis, G., Gika, H.G., Wilson, I.D., Mass spectrometry-based holistic analytical 
approaches for metabolite profiling in systems biology studies. Mass Spectrometry Reviews, 
2011. 30: p. 884-906. 

88. Lin, L., Yu, Q., Yan, X., Hang, W., Zheng, J., Xing, J., Huang, B., Direct infusion mass 
spectrometry or liquid chromatography mass spectrometry for human metabonomics? A 
serum metabonomic study of kidney cancer. Analyst, 2010. 135(11): p. 2970-2978. 

89. Lokhov, P.G., Kharybin, O.N., Archakov, A.I., Diagnosis of lung cancer based on direct-
infusion electrospray mass spectrometry of blood plasma metabolites. International Journal 
of Mass Spectrometry, 2012. 309: p. 200-205. 

Stellenbosch University  http://scholar.sun.ac.za



 

71 
 

90. Mamer, O.A., Choinière, L., Lesimple, A., Measurement of urinary trimethylamine and 
trimethylamime oxide by direct infusion electrospray quadrupole time-of-flight mass 
spectrometry. Analytical Biochemistry, 2010. 406(1): p. 80-82. 

91. Castrillo, J.I., Hayes, A., Mohammed, S., Gaskell, S.J., Oliver, S.G., An optimized protocol for 
metabolome analysis in yeast using direct infusion electrospray mass spectrometry. 
Phytochemistry, 2003. 62(6): p. 929-937. 

92. Smedsgaard, J., Nielsen, J., Metabolite profiling of fungi and yeast: From phenotype to 
metabolome by MS and informatics. Journal of Experimental Botany, 2005. 56(410): p. 273-
286. 

93. Zahn, J.A., Higgs, R.E., Hilton, M.D., Use of direct-infusion electrospray mass spectrometry to 
guide empirical development of improved conditions for expression of secondary metabolites 
from actinomycetes. Applied and Environmental Microbiology, 2001. 67(1): p. 377-386. 

94. Lerma-García, M.J., Ramis-Ramos, G., Herrero-Martínez, J.M., Simó-Alfonso, E.F., 
Classification of vegetable oils according to their botanical origin using amino acid profiles 
established by direct infusion mass spectrometry. Rapid Communications in Mass 
Spectrometry, 2007. 21(22): p. 3751-3755. 

95. McDougall, G., Martinussen, I., Stewart, D., Towards fruitful metabolomics: High throughput 
analyses of polyphenol composition in berries using direct infusion mass spectrometry. 
Journal of Chromatography B, 2008. 871(2): p. 362-369. 

96. Favretto, D., Flamini, R., Application of electrospray ionization mass spectrometry to the 
study of grape anthocyanins. American Journal of Enology and Viticulture, 2000. 51(1): p. 55-
64. 

97. Flamini, R., Agnolin, F., Seraglia, R., De Rosso, M., Panighel, A., De Marchi, F., Vedova, A.D., 
Traldi, P., A fast and selective method for anthocyanin profiling of red wines by direct-
infusion pneumatic spray mass spectrometry. Rapid Communications in Mass Spectrometry, 
2012. 26(3): p. 355-362. 

98. de O. Alves, J., Neto, W.B., Mitsutake, H., Alves, P.S.P., Augusti, R., Extra virgin (EV) and 
ordinary (ON) olive oils: Distinction and detection of adulteration (EV with ON) as determined 
by direct infusion electrospray ionization mass spectrometry and chemometric approaches. 
Rapid Communications in Mass Spectrometry, 2010. 24(13): p. 1875-1880. 

99. González-Dominguez, R., García-Barrera, T., Gómez-Ariza, J.L., Iberian ham typification by 
direct infusion electrospray and photospray ionization mass spectrometry fingerprinting. 
Rapid Communications in Mass Spectrometry, 2012. 26(7): p. 835-844. 

100. Sanvido, G.B., Garcia, J.S., Corilo, Y.E., Vaz, B.G., Zacca, J.J., Cosso, R.G., Eberlin, M.N., Peter, 
M.G., Fast screening and secure confirmation of milk powder adulteration with maltodextrin 
via electrospray ionization−mass spectrometry *ESI(+)−MS+ and selective enzymatic 
hydrolysis. Journal of Agricultural and Food Chemistry, 2010. 58(17): p. 9407-9412. 

101. Rizzarelli, P., Zampino, D., Ferreri, L., Impallomeni, G., Direct electrospray ionization mass 
spectrometry quantitative analysis of sebacic and terephthalic acids in biodegradable 
polymers. Analytical Chemistry, 2011. 83(3): p. 654-660. 

102. Peris-Vicente, J., Simó-Alfonso, E., Gimeno Adelantado, J.V., Doménech Carbó, M.T., Direct 
infusion mass spectrometry as a fingerprint of protein-binding media used in works of art. 
Rapid Communications in Mass Spectrometry, 2005. 19(23): p. 3463-3467. 

103. Williams, K.R., Quatitation in instrumental analysis. 2004, University of Florida. 
104. Cech, N.B., Enke, C.G., Practical implications of some recent studies in electrospray ionization 

fundamentals. Mass Spectrometry Reviews, 2001. 20(6): p. 362-387. 
105. Bruins, A.P., Mechanistic aspects of electrospray ionization. Journal of Chromatography A, 

1998. 794(1-2): p. 345-357. 
106. Schug, K., McNair, H.M., Adduct formation in electrospray ionization. Part 1: Common acidic 

pharmaceuticals. Journal of Separation Science, 2002. 25(12): p. 760-766. 

Stellenbosch University  http://scholar.sun.ac.za



 

72 
 

107. Nasrallah, F., Feki, M., Briand, G., Kaabachi, N., GC/MS determination of guanidinoacetate 
and creatine in urine: A routine method for creatine deficiency syndrome diagnosis. Clinical 
Biochemistry, 2010. 43(16-17): p. 1356-1361. 

108. Fisher, D.H., Bourque, A.J., Quantification of amphetamine in urine: Solid-phase extraction, 
polymeric-reagent derivatization and reversed-phase high-performance liquid 
chromatography. Journal of Chromatography A, 1993. 614(1): p. 142-147. 

109. Roman, M.C., Determination of ephedrine alkaloids in botanicals and dietary supplements by 
HPLC-UV: Collaborative study. Journal of AOAC International, 2004. 87(1): p. 1-14. 

110. Nakamura, S., Tomita, M., Wada, M., Chung, H., Kuroda, N., Nakashima, K., Quantification of 
MDMA and MDA in abusers' hair samples by semi-micro column HPLC with fluorescence 
detection. Biomedical Chromatography, 2006. 20(6-7): p. 622-627. 

111. Wada, M., Sugimoto, Y., Ikeda, R., Isono, K., Kuroda, N., Nakashima, K., Determination of 
methamphetamine in neonatal hair and meconium samples: Estimation of fetal drug abuse 
during pregnancy. Forensic Toxicology, 2012. 30(1): p. 80-83. 

112. Hoja, H., Marquet, P., Verneuil, B., Lotfi, H., Penicaut, B., Lachatre, G., Applications of liquid 
chromatography–mass spectrometry in analytical toxicology: A review. Journal of Analytical 
Toxicology, 1997. 21(2): p. 116-126. 

113. Maurer, H.H., Liquid chromatography-mass spectrometry in forensic and clinical toxicology. 
Journal of Chromatography B, 1998. 713(1): p. 3-25. 

114. Marquet, P., Progress of liquid chromatography-mass spectrometry in clinical and forensic 
toxicology. Therapeutic Drug Monitoring, 2002. 24(2): p. 255-276. 

115. Habrdova, V., Peters, F.T., Theobald, D.S., Maurer, H.H., Screening for and validated 
quantification of phenethylamine-type designer drugs and mescaline in human blood plasma 
by gas chromatography/mass spectrometry. Journal of Mass Spectrometry, 2005. 40(6): p. 
785-795. 

116. Weinmann, W., Stoertzel, M., Vogt, S., Wendt, J., Tune compounds for electrospray 
ionisation/in-source collision-induced dissociation with mass spectral library searching. 
Journal of Chromatography A, 2001. 926(1): p. 199-209. 

117. Hough, J.M., Haney, C.A., Voyksner, R.D., Bereman, R.D., Evaluation of electrospray transport 
CID for the generation of searchable libraries. Analytical Chemistry, 2000. 72(10): p. 2265-
2270. 

118. Rivier, L., Criteria for the identification of compounds by liquid chromatography–mass 
spectrometry and liquid chromatography–multiple mass spectrometry in forensic toxicology 
and doping analysis. Analytica Chimica Acta, 2003. 492(1-2): p. 69-82. 

119. Dams, R., Huestis, M.A., Lambert, W.E., Murphy, C.M., Matrix effect in bio-analysis of illicit 
drugs with LC-MS/MS: Influence of ionization type, sample preparation, and biofluid. Journal 
of the American Society for Mass Spectrometry, 2003. 14(11): p. 1290-1294. 

120. Wood, M., Laloup, M., Samyn, N., del Mar Ramirez Fernandez, M., de Bruijn, E.A., Maes, 
R.A.A., De Boeck, G., Recent applications of liquid chromatography–mass spectrometry in 
forensic science. Journal of Chromatography A, 2006. 1130(1): p. 3-15. 

121. Politi, L., Leone, F., Morini, L., Polettini, A., Bioanalytical procedures for determination of 
conjugates or fatty acid esters of ethanol as markers of ethanol consumption: A review. 
Analytical Biochemistry, 2007. 368(1): p. 1-16. 

122. Kintz, P., Bioanalytical procedures for detection of chemical agents in hair in the case of drug-
facilitated crimes. Analytical and Bioanalytical Chemistry, 2007. 388(7): p. 1467-1474. 

123. Mora, L., Sentandreu, M.A., Toldra, F., Hydrophilic chromatographic determination of 
carnosine, anserine, balenine, creatine, and creatinine. Journal of Agricultural and Food 
Chemistry, 2007. 55(12): p. 4664-4669. 

124. Pesek, J.J., Matyska, M.T., Loo, J.A., Fischer, S.M., Sana, T.R., Analysis of hydrophilic 
metabolites in physiological fluids by HPLC-MS using a silica hydride-based stationary phase. 
Journal of Separation Science, 2009. 32(13): p. 2200-8. 

Stellenbosch University  http://scholar.sun.ac.za



 

73 
 

125. Theodoridis, G., Gika, H.G., Wilson, I.D., LC-MS-based methodology for global metabolite 
profiling in metabonomics/metabolomics. Trends in Analytical Chemistry, 2008. 27(3): p. 
251-260. 

126. Alpert, A.J., Hydrophilic-interaction chromatography for the separation of peptides, nucleic 
acids and other polar compounds. Journal of Chromatography A, 1990. 499: p. 177-196. 

127. McCalley, D.V., Neue, U.D., Estimation of the extent of the water-rich layer associated with 
the silica surface in hydrophilic interaction chromatography. Journal of Chromatography A, 
2008. 1192(2): p. 225-229. 

128. Yoshida, T., Peptide separation by hydrophilic-interaction chromatography: A review. Journal 
of Biochemical and Biophysical Methods, 2004. 60(3): p. 265-280. 

129. PHYSPROP©Database, S.R.C., North Syracuse, New York, available in ISISTM/Base (MDL 
Information Systems Inc.). 

130. Tetko, I.V., Bruneau, P., Application of ALOGPS to predict 1-octanol/water distribution 
coefficients, logP, and logD, of AstraZeneca in-house database. Journal of Pharmaceutical 
Sciences, 2004. 93(12): p. 3103-3110. 

131. Tetko, I.V., Poda, G.I., Application of ALOGPS 2.1 to predict log D distribution coefficient for 
Pfizer proprietary compounds. Journal of Medicinal Chemistry, 2004. 47(23): p. 5601-5604. 

132. Harris, D.C., Quantitative chemical analysis. 8th ed. 2010, New York: W.H. Freeman and Co. 
 

  

 

Stellenbosch University  http://scholar.sun.ac.za




