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Abstract  

Stable isotope analysis has found widespread applications in various disciplines such as 

archaeology, geochemistry, biology, food authenticity, and forensic science. Coupling 

chromatography to isotope ratio mass spectrometry for compound-specific isotope analysis 

(CSIA) is a trend, as it provides several advantages over bulk isotope analysis, e.g., relatively 

simple sample preparation, the ability to measure individual compounds in a complex mixture 

in one run, and the reduced sample size required for precise isotope analysis. Gas 

chromatography coupled to isotope ratio mass spectrometry (GC/IRMS) has been well-

established for compound-specific isotope analysis of volatile organic compounds within the 

last two decades. However, an interface combining liquid chromatography with isotope ratio 

mass spectrometry (LC/IRMS) was not commercially available until 2004. The current design 

of the interface requires using a carbon-free eluent in chromatographic separation. This 

requirement limits the application of the most frequently used reversed-phase liquid 

chromatography in CSIA, because the elution strength of water at room temperature is too 

low to serve as mobile phase in reversed-phase separations.  

In order to increase the elution strength of water, we propose using high temperature water for 

chromatographic elution. The polarity of water decreases with an increase of temperature, 

yielding increased elution strength in reversed-phase columns. Therefore, high temperature 

water can be used as eluent instead of organic solvent for combining reversed-phase liquid 

chromatography with isotope ratio mass spectrometry (RPLC/IRMS). Additionally, 

temperature gradients can replace organic solvent gradients to increase chromatographic 

resolution. This is very important for LC/IRMS analysis, as precise isotope analysis requires 

baseline separation of analytes.  

In this thesis, high-temperature reversed-phase liquid chromatography was coupled to, and for 

the first time carefully evaluated for, isotope ratio mass spectrometry (HT-RPLC/IRMS). The 

effect of column bleed on measured isotope ratios was investigated at high temperature in 

isothermal mode and in temperature gradient mode. Four different revised-phase columns 

were proven to be compatible with IRMS for compound-specific isotope analysis. The 

developed method was applied to measure caffeine in different drinks. Naturally occurring 

and industrially synthesized caffeine was observed to have two distinct δ
13

C-ranges, from ‒25 

to ‒32‰ and from ‒33 to ‒38‰, respectively. On the basis of two different δ
13

C-ranges, four 

out of 38 drinks were suspected of being mislabelled due to added but non-labelled synthetic 

caffeine with δ
13

C-values falling in the range of synthetic caffeine. Furthermore, HTLC/IRMS 
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was applied to measure non-polar and water-insoluble compounds, here steroids, for the first 

time. The use of steroid isotope analysis for pharmaceutical product control by HTLC/IRMS 

was demonstrated. The major advantage is that steroids can be analysed without 

derivatization. By overcoming current limitations in sample preparation, the method might 

become applicable for doping control purposes. Another potential application of LC/IRMS in 

doping control is the isotope analysis of 5-Aminoimidazole-4-carboxamide ribonucleotide 

(AICAR), a gene doping drug. Here, the first method for compound-specific isotope analysis 

of AICAR has been presented. The endogenous AICAR in urine and industrially synthesized 

AICAR were observed to have significantly different isotope signature. It shows that isotope 

analysis of LC/IRMS could potentially be used for the detection of AICAR abuse. The 

methodological developments presented in the thesis will lead to new applications of 

LC/IRMS. 
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Chapter 1 General introduction 

 

Compound-specific isotope analysis (CSIA) has become an essential tool in a wide variety of 

research areas, including geochemistry, paleodiet, nutrition, food authenticity and sport. At 

present, there are mainly two methodologies for compound-specific isotope analysis: gas 

chromatography or liquid chromatography coupled with isotope ratio mass spectrometry 

(GC/IRMS, LC/IRMS). GC/IRMS has been well developed for hydrogen, carbon, nitrogen, 

and oxygen isotope analysis over the last two decades. In contrast, the interface coupling LC 

to IRMS became commercially available in 2004 for the first time. It is able to directly 

measure carbon isotope ratio of non-volatile and thermally unstable compounds, which might 

be difficult for GC/IRMS analysis. The system of LC/IRMS needs to use carbon-free eluent 

that hinders the application of reversed-phase liquid chromatography to compound-specific 

isotope analysis. In the thesis, a new method of high temperature liquid chromatography 

coupled to isotope ratio mass spectrometry was developed (HTLC/IRMS) for compound-

specific isotope analysis. It allows the use of reversed-phase columns for LC/IRMS analysis 

and brought the capability for compound-specific isotope analysis of non-volatile and non-

polar organic compounds. In this general introduction, stable isotope analysis and the related 

instrumentation are introduced. But the emphasis is put on chromatographic method 

developments and applications of LC/IRMS.  
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1.1 Stable isotope analysis 

Precise analysis of the variation in stable isotope composition can provide information about 

the geographic, chemical, and biological origins of substances.
[1]

 The first evidence for stable 

isotopes of Neon was found by Thomson in 1913.
[2]

 Nowadays, there are 61 elements in the 

periodic table having two or more naturally occurring stable isotopes. Among these elements, 

isotope analyses of hydrogen, carbon, nitrogen, oxygen, and sulfur have attracted the most 

attention of isotope scientists as they are the most common elements in organic and 

biologically relevant compounds. Different isotopes of an element have the same number of 

protons but different number of neutrons, which occupy the same position in the periodic 

table. Stable isotope has half-life longer than 10
10

 years and have an atomic number smaller 

than 83. In contrast, radioactive isotope has an atomic number higher than 83 and has half-life 

shorter than 10
10

 years except for the radioactive isotope thorium-232.
[3]

 Isotopes of an 

element have the same chemical properties in gross but different masses.  

1.2 Isotope fractionation 

Isotope fractionation, enrichment of one isotope relative to another in a chemical or physical 

process, occurs because of the different bond energy of each isotope. The heavier isotopes 

have stronger bonds and slower reaction rates. Isotope fractionation can be classified into 

thermodynamic and kinetic isotope effects. The thermodynamic isotope effect, also known as 

equilibrium or exchange effect, describes isotope exchange reactions between two compounds 

or phases under equilibrium conditions.
[4, 5]

 Kinetic isotope fractionation occurs in irreversible 

reactions where different isotopes move or react at different rates. A typical example of 

kinetic fractionation is the evaporation of seawater to form clouds in which 
16

O is enriched 

relative to the heavier oxygen isotopes in comparison with sea water.
[6]

 

The naturally occurring variance in stable isotope abundance is very small. Stable isotope 

analysis at natural abundance level needs precision in the order of 10‒
2
-10‒

4
%.

[7, 8]
 Thus, 

conventional mass spectrometer types including quadrupole, ion trap and time of flight which 

have usually precision in the range between 0.05 and 2% at single ion monitoring and full 

scanning mode, respectively,
[7]

 are unable to measure isotope ratios of light elements 

sufficiently precisely. The light isotopes are several orders of magnitude more abundant than 

the heavy ones for H, C, O, N, and S. In order to achieve precision as high as possible, the 

measured isotope ratio is the most abundant heavy isotope versus light isotope for stable 

isotope: 
2
H/

1
H, 

13
C/

12
C, 

15
N/

14
N, 

18
O/

16
O, and 

34
S/

32
S. The isotopic abundances in mole 

fraction of these ten isotopes are listed in Table 1.1.
[9]
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Table 1.1 Isotopic abundances of hydrogen, carbon, nitrogen, oxygen and sulfur
[9]

 

Element Stable isotope 

ratio  

Measured 

gas  

Stable 

isotopes 

Isotopic abundance  

(mole fraction)
[9]

 

Hydrogen 
2
H/

1
H H2 

1
H  0.999 885(70) 

 2
H 0.000 115(70) 

Carbon 
13

C/
12

C CO2 
12

C 0.9893(8) 

 
13

C 0.0107(8) 

Nitrogen 
15

N/
14

N N2 
14

N 0.996 36(20) 

 
15

N 0.003 64(20) 

Oxygen 
18

O/
16

O CO 
16

O 0.997 57(16) 

 
18

O 0.002 05(14) 

Sulfur  
34

S/
32

S SO2 
32

S 0.9499(26) 

 
34

S 0.0425(24) 

 

The commonly used expression of stable isotope ratios at natural abundance is the δ-value. 

This δ-notation was introduced firstly in the late 1940s by McKinney from the Chicago 

laboratory of Harold Urey.
[10]

 It is defined as the relative difference, mostly expressed in parts 

per thousand (‰, per mil), between the isotope ratio of the sample       
   ) and the 

international reference material         
      . The equation for calculating          is 

as follows:  

          
      

              
       

        
      

                                                                        (1.1) 

For stable carbon isotope analysis, the internationally accepted reference material is Vienna 

Pee Dee Belemnite (VPDB), a marine carbonate. It has an accepted 
13

C/
12

C ratio of 

0.0111802.
[11]

 The above equation used for stable carbon isotope analysis can be simplified 

as:  

            
           

               
                                                                          (1.2) 
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1.3 Instrumentation 

1.3.1 IRMS  

Isotope ratio mass spectrometry (IRMS) was designed specifically for precise stable isotope 

analysis at low enrichment and natural abundance level. It can be used to measure the stable 

isotope ratio of hydrogen, carbon, oxygen, nitrogen, and sulfur. The sample of interest has to 

be converted to a simple gas before entering the isotope ratio mass spectrometer: H2 for 

hydrogen isotope analysis, CO2 for carbon isotope analysis, N2 for nitrogen isotope analysis, 

CO for oxygen isotope analysis, SO2 for sulfur isotope analysis (see also Table 1.1). In an 

IRMS, the introduced gas is ionized in an electron ionization source and separated by a 

magnetic sector, which is set to single field strength for isotope analysis of one element.
[12]

 

The ions of interest are collected by the dedicated faraday cups. For example, IRMS 

instruments designed for carbon isotope analysis have three Faraday cups used for detection 

of m/z 44, 45, and 46. Each cup is connected to a separate amplifier, which has a different 

gain so that the output signals for different ions at natural abundance have similar intensity. 

The isotope ratio is calculated based on the peak area of the detected three ions derived from 

the sample and the lab working reference gas of CO2. A scheme of IRMS for stable carbon 

isotope analysis can be seen in Figure 1.1. 

 

 

Figure 1.1 Schematic of isotope ratio mass spectrometry for stable carbon isotope analysis. 
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1.3.2 EA/IRMS 

An elemental analyzer hyphenated with an isotope ratio mass spectrometer (EA/IRMS) is 

mainly used for bulk isotope analysis.
[13]

 When it is used for measuring the isotope ratio of 

one compound, the pure compound must be isolated from the matrix prior to EA/IRMS 

analysis. It can be referred to as off-line compound-specific isotope analysis. In EA/IRMS, 

the injected sample is first converted to gases (H2, CO2, CO, N2, and SO2) in a high 

temperature oven and the formed gases are separated by gas chromatography before entering 

the IRMS (see the schematic of an EA/IRMS system for carbon and nitrogen isotope analysis 

in Figure 1.2). The current technology of EA/IRMS allows to measure carbon and nitrogen 

isotope ratios in a single run within one injection. After introduction, the sample is converted 

to a mixture of CO2, N2, and H2O in a combustion oven at around 1000°C with a pulse of pure 

oxygen. In a Flash Elemental Analyzer (Thermo Fisher Scientific, Bremen), the oxidation 

reactor is a quartz tube filled with catalyst of chromium oxide and cobalt oxide mixed with 

silver.
[14]

 The filled silver is used to trap sulfur and halogens. The generated gases are carried 

by a stream of helium into a reduction reactor, where small amounts of nitrogen oxide is 

reduced to nitrogen and the excess oxygen is removed by the filled copper at around 600°C. 

In the water trap that follows, moisture is absorbed by the filled absorbent material, 

Mg(ClO4)2 for example. After that, the mixture of gases goes through a packed gas 

chromatographic column where the gases are separated. Afterwards, the gases of N2 and CO2 

are detected by a thermal conductivity detector and introduced into the IRMS system via an 

open-split interface. For hydrogen and oxygen isotope analysis, the sample is first converted 

to H2 and CO at high temperature between ~1100 and ~1450°C.
[15]

 The process is known as 

pyrolysis, high temperature thermal conversion, or high temperature reduction.
[16]

 The reactor 

from Thermo Finnigan comprises an outer ceramic tube and an inner glassy carbon tube filled 

with graphite crucible, glassy carbon particles and silver wool intended to remove halogen 

atoms.
[17]

 Besides hydrogen, carbon, and oxygen isotope analysis, sulfur isotope analysis can 

also be accomplished by EA/IRMS. The bulk material must be first converted to SO2 to 

permit analysis by IRMS. The oxidation reactor is typically packed with tungsten oxide and 

zirconium oxide catalysts, and copper used to remove excess oxygen, which is heated up to 

1080°C for combustion.
[18]

 It has to be noted that there are many variations of EA/IRMS for 

specific applications of isotope analysis.  
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Figure 1.2 Schematic of an EA/IRMS for nitrogen and carbon isotope analysis (Flash 

Elemental Analyzer coupled with IRMS, Thermo Fisher Scientific, Bremen). It consists of an 

autosampler, an oxidation reactor, a reduction reactor, a water trap, a gas chromatographic 

column, a thermal conductivity detector, open split, and an IRMS system.  

1.3.3 GC/IRMS 

Gas chromatography coupled to isotope ratio mass spectrometry is currently the most 

frequently used technology for compound-specific isotope analysis (CSIA). It has been 

widely used in studies of geochemistry, archaeology, environmental chemistry, and food 

authenticity.
[19, 20]

 For compound-specific isotope analysis, the advantages of GC/IRMS over 

EA/IRMS are simpler sample preparation, lower detection limit, and the capacity of analysis 

of more than one compound in single run. The typical GC/IRMS includes a conventional GC, 

a chemical reaction interface, and an IRMS. The procedure of GC/IRMS for carbon and 

nitrogen isotope analysis is simply described as follows and the schematic of GC/IRMS for 

carbon and nitrogen isotope analysis is presented in Figure 1.3. The sample injection can be 

done by an autosampler. The analyte of interest is transferred into the gas phase and carried 

by a stream of helium through a gas chromatographic column where the targeted compounds 

are separated. There is generally a backflush valve between the outlet of the GC column and 

the oxidation reactor. It is used to remove the early-eluting solvent from sample that would 

otherwise exhaust the oxidation capacity of the oxidation reactor.
[21]

 In the oxidation reactor, 

the eluted compounds from the chromatographic column are converted to CO2, N2 and H2O at 

high temperature with a catalyst. This is followed by a reduction reactor where small amount 

of nitrogen oxide generated in the oxidation reactor is reduced to N2. For the instrument from 
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Thermo Fisher Scientific, the oxidation reactor consists of a non-porous alumina tube filled 

with Pt, Cu, and Ni wires and the used temperature is approximately 950°C; the reduction 

reactor is an alumina tube containing three copper wires and maintained at around 600°C.
[22]

 

Water is then removed by a water permeable Nafion
TM

 membrane, which is purged by a gas 

stream of helium continuously. The gaseous products are introduced into the ion source of 

IRMS via an open split. Compound-specific isotope analysis of hydrogen and oxygen can be 

carried out by GC/IRMS too. After chromatographic separation, the eluted compounds are 

converted to H2 and CO by high temperature pyrolysis prior to IRMS analysis.
[23, 24]

 Sulfur 

isotope analysis by GC/IRMS has not been reported yet.  

 

 

Figure 1.3 Schematic of gas chromatography coupled to isotope ratio mass spectrometry for 

carbon and nitrogen isotope analysis.  

1.3.4 LC/IRMS 

Liquid chromatography coupled to isotope ratio mass spectrometry (LC/IRMS) can be used to 

measure stable carbon isotope ratio of individual compounds that are baseline separated by 

liquid chromatography. It has been used to measure precisely stable carbon isotope ratios at 

natural abundance and at low enrichment level (0.005-5%).
[25]

 This methodology was 

introduced much later than GC/IRMS. The commercial interface for hyphenating liquid 

chromatography with IRMS was not available until 2004.
[26]

 However, it has been attracting 

increasing interest. It provides an alternative method for isotope analysis of non-volatile and 

thermally labile compounds that otherwise need derivatization for GC/IRMS analysis. The 

step of compound derivatization is labour-intensive and might result in isotope error due to a 

kinetic isotope effect and the added carbon from the derivative.
[27, 28]

 Based on the current 

interface design, LC/IRMS has some inherent constraints in terms of compatible mobile phase 
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composition und flowrate. Nevertheless, LC/IRMS has found application in different fields 

including food authenticity, archaeology, nutrition and physiology, and geochemistry. The 

methodological developments of LC/IRMS for extending the application range and improving 

analytical performance have not yet stopped. The next section contains a brief history of 

LC/IRMS, chromatographic method development, and advanced applications in LC/IRMS.  

1.4 History of LC/IRMS 

The realization of hyphenation of liquid chromatography with isotope ratio mass spectrometry 

is not easy. It is mandatory for gas source IRMS to convert the target compound into a simple 

and clean gas before it is introduced into the ion source. The injected gas is CO2 for 

compound-specific carbon isotope analysis. It is much more straightforward when it comes to 

coupling GC with IRMS, because the separated compounds are in the gas phase, which can be 

converted into gases by combustion or pyrolysis. For LC/IRMS, the eluted compounds from a 

liquid chromatographic column are in liquid phase. The challenge of combining LC with 

IRMS is to convert the organic compound to CO2 gas on-line and extract CO2 gas from the 

liquid phase into a carrier gas of helium reproducibly and quantitatively, meanwhile 

preserving the integrity of the chromatographic resolution. It has been proven that baseline 

separation of CO2 peaks of individual compounds are the basis for high-precision compound-

specific isotope analysis.
[20, 29]

  

In 1993, Caimi and co-workers described a hyphenation of LC/IRMS. In this system, the 

effluent containing analytes is deposited on a moving wire, which passes sequentially through 

a drying oven for solvent removal and a combustion furnace where analytes are converted 

into CO2.
[30]

 The main difficulties of the interface are the isotope fractionation occurring in 

the drying process and the low recovery of analytes with respect to high-precision isotope 

analysis.
[25]

 In 1996, Teffera and co-workers reported an approach of continuous-flow isotope 

ratio mass spectrometry using a chemical reaction interface. In this system, the LC effluent 

passes sequentially a desolvation nebulizer, a longitudinal gas diffusion cell, and a momentum 

separator for desolvation, and the analyte molecules are converted to CO2 gas using 

microwave-induced helium plasma and reactant gas of oxygen.
[31, 32]

 This method has also 

difficulty in precise isotope analysis due to isotope fractionation in the desolvation process 

and low sensitivity.
[25]

 Therefore, neither of these two systems has been put on the market.  

The first commercial interface combing LC with IRMS is based on wet chemical oxidation. 

The idea comes from the well-established methodology of total organic carbon analysis of 

liquid samples in which organic compounds are oxidized to CO2 gas in the aqueous phase.
[33]
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This first attempt of combining a total organic carbon analyzer with IRMS was done by St-

Jean, which was used for bulk isotope analysis of dissolved inorganic and organic carbon.
[34]

 

In this system, persulfate was used for the oxidation of organic compounds in the liquid phase 

at high temperature of 100°C and the generated CO2 gas was purged out from the liquid and 

dried before admitting to IRMS. In 2004, Krummen et al. reported firstly an interface 

combining LC with IRMS based on wet chemical oxidation for compound-specific isotope 

analysis.
[26]

 The interface was commercialized under the name of LC-IsoLink by Thermo 

Finnigan (Bremen, Germany). The interface is composed of an oxidation reactor, a cooler, a 

separation unit, a gas dryer, and an open split as shown in Figure 1.4. After being injected by 

an autosampler, the sample goes through a liquid chromatographic column. The organic 

compounds in the effluent are oxidized continuously into CO2 gas in the oxidation reactor by 

sodium or ammonium persulfate under acidic condition and high temperature of 99.9°C. The 

produced CO2 gas is extracted into helium by passing a gas permeable membrane which is 

purged by a counter stream of helium. The CO2 derived from the analytes are carried by 

helium passing a gas dryer of a Nafion
TM

 tubing and admitted to the ion source of the IRMS 

via an open split. The system can also be used for bulk isotope analysis when no 

chromatographic column is installed, which is known as flow injection analysis mode (FIA). 

In 2010, Morrison et al. reported an LC/IRMS system with a second commercially available 

interface of Liquiface (Isoprime Ltd. Cheadle Hulme, UK). The working principle is also 

based on wet chemical oxidation.  
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Figure 1.4 The schematic of liquid chromatography coupled to isotope ratio mass 

spectrometry using an interface of LC-IsoLink for compound-specific isotope analysis. The 

system can be used for bulk isotope analysis without a column, known as flow injection 

analysis mode (FIA). 

1.5 Chromatographic method in LC/IRMS 

Carbon-containing substances cannot be used in the mobile phase for chromatographic 

separation in LC/IRMS system due to non-selective oxidation and CO2 gas separation, 

including organic solvent and carbon-bearing buffers or additives. Therefore, only pure water 

with phosphate buffer, phosphoric and sulfuric acid, and sodium/potassium hydroxides has 

been used as eluent. This limitation of carbon-free eluent has hindered the use of reversed-

phase columns for compound-specific isotope analysis. Moreover, the configuration of the 

gas separation unit consisting of three thin membranes requires the flow rate of total effluent 

not higher than 700 µL min
‒1

, including the mobile phase of LC, the oxidant and acid 

reagents.
[26]

 For meeting this requirement, suitable chromatographic column size must be 

taken into account. In the previous literature, the used chromatographic methods in LC/IRMS 

include ion exchange, mixed-mode, and water-compatible reversed-phase columns.
[35]

  

1.5.1 Ion interaction  

The typical separation mechanisms for compound-specific isotope analysis by LC/IRMS are 

ion interactions including ion attraction and repulsion. The targeted compounds are ionizable 

organic compounds such as sugars and carbohydrates. Some of them need derivatization for 

GC/IRMS analysis because of low vapour pressure, for example, sugars. The used columns 

can be classified into four groups based on the stationary phase: anion exchange, cation 

exchange, ligand exchange, and ion exclusion column, as summarized in Table 1.2. In several 
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studies, a Dionex CarboPac PA20 column has been used for compound-specific isotope 

analysis of water-soluble organic acids and sugars. 
[35-41]

 It is a strong anion exchange column 

with stationary phase of quaternary ammonium cation. The mobile phase employed for anion 

exchange elution is an aqueous solution of sodium hydroxide. The used flow rates of eluent 

are in the range of 250 to 500 µL min
‒1

. A major drawback of coupling anion-exchange 

chromatography to IRMS is the absorption of CO2 from the atmosphere occurring in the 

mobile phase of alkaline solution, which can result in high carbon background.
[35]

 It can also 

cause unstable background for isotope analysis when gradient is used for separation. In order 

to obtain low background for carbon isotope analysis, low strength sodium hydroxide has 

been used for anion-exchange chromatography, from 0.25 to 1 mM. Additionally, Rinne et al. 

used an online carbonate trap column prior to the LC column to minimize the carbon 

background in IRMS.
[35]

 Sodium nitrate replacing carbon-bearing acetate to increase ionic 

strength of mobile phase has been used for analysis of strongly bound acidic carbohydrates, 

such as muramic acid and uronic acid.
[36, 37]

 A few studies have investigated the effect of 

column temperature and concentration of sodium hydroxide on the chromatographic 

resolution of amino sugars and soluble carbohydrates in a complex matrix including marine, 

soil and plant extracts for precise carbon isotope analysis.
[36, 37, 40]

 Another two anion-

exchange columns of IonPac AS11 and BioBasic AX have been used for compound-specific 

isotope analysis of benzene polycarboxylic acids in soil extract and guanosine 

triphosphate/biphosphate, respectively.
[42, 43]

  

A type of cation-exchange column of Alltech 700 CH carbohydrate has been coupled to 

IRMS for isotope analysis of sugars and simple alcohols using high temperature water as 

mobile phase.
[26, 44]

 Compound-specific isotope analysis of sugars in honey and simple 

alcohols in wine has also been accomplished by ligand-exchange column (HyperREZ 

carbohydrate H
+
)
 
coupled to IRMS.

[45-47]
 The separation mechanism is based on the hydrogen 

bonding between H
+ 

counter ion
 
and hydroxyl groups of sugars and alcohols. A few studies 

have used ion-exclusion chromatography combined with IRMS for sugars and simple 

carbohydrates isotope analysis.
[48-50]

 Compared to ion-exchange and ligand-exchange columns 

that use mainly attractive forces, ion-exclusion columns use mainly repulsive force between 

an analyte anion and the negatively charged packed gel, which is a sulfonated divinylbenzene-

styrene copolymer.  
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Table 1.2 Chromatographic methods based on ion interaction in LC/IRMS: column, mobile 

phase composition, and analytes. Anion exchange columns (type 1), cation exchange columns 

(type 2), ligand exchange columns (type 3), and ion exclusion columns (type 4).  

Type  Manufac

turer 

Column Size Mobile phase Analytes 

1 Dionex CarboPac PA20 3 × 150 mm,  

6.5 µm 

52 mM NaOH, flowrate: 250 µL min‒1 Seven monosaccharides [35] 

0.25mM NaOH, flowrate: 500 µL min-1 Plasma galactose and glucose with 

labelled 13C [39] 

1 mM NaOH, flowrate: 300 µL min‒1 Plasma glucose with labelled 13C [41] 

1 mM NaOH + 2 mM NaNO3, flowrate: 300 

µL min‒1 

Seven carbohydrates in marine materials 

[37]  

1 mM NaOH, flowrate: 300 µL min‒1, T: 15-

55°C 

Carbohydrates in conifer needle extract[40] 

2 mM NaOH, flowrate: 400 µL min‒1, T: 15°C Glucosamine, galactosamine and 

mannosamine in soil extract[36] 

2 mM NaOH + 2 mM NaNO3, flowrate: 400 

µL min‒1, T: 35°C 

Acid amino acids and muramic acid in 

soil extract[36] 

100 mM NaOH, flowrate: 250 µL min‒1, T: 

20°C 

Sucrose and raffinose from leaves and 

phloem sap [38] 

IonPac AS11  2 × 250 mm Gradient elution: A, H2O; B, 100 mM NaOH, 

flowrate:350 µL min-1 

Benzene polycarboxylic acids in soil 

extract[43] 

Thermo 

Fisher  

BioBasic AX NA Gradient elution: A, H2O; B, 750 mM KH2PO4, Guanosine triphosphate (GTP) and 

guanosine diphosphate with 13C depleted 

and enriched GTP[42] 

2 Alltech Alltech 700 CH 6.5 × 300 mm,  

8 µm 

Water, flowrate:300 µL min‒1, T: 90°C Sucrose, glucose, and fructose[26] 

Water, flowrate:400 µL min‒1, T: 80°C glucose, fructose, glycerol and ethanol[44]  

3 Thermo 

Fisher 

HyperREZ 

Carbohydrate H+ 

8 × 300 mm Pure water, flowrate:400 µL min‒1, T: 25°C Sucrose, glucose, and fructose in honey 

extract[45] 

3 mM H2SO4, flowrate:500 µL min‒1, T: 25°C Ethanol in wine[46] 

Water, flowrate:400 µL min‒1, T: 65°C Glycerol and ethanol in wine[47] 

4 Phenom

enex 

Rezek RCM 

(Ca2+) 

7.8 × 300 mm,  

8 µm 

Water, flowrate:300 µL min‒1, T: 55°C Sugars in honey extract[48] 

Transge

nomic 

Coregel 87H3 7.8 × 300 mm,  

8 µm 

8 mM H2SO4, flowrate:500 µL min‒1, T: 40°C Hydrosoluble fatty acids[49]  

Bio-Rad Aminex HPX-

87H 

7.8 × 300 mm,  

8 µm 

NA Glucose, formate, lactate, ethanol, and 

acetate [50] 

 

1.5.2 Mixed-mode columns 

Compound-specific isotope analysis of amino acids has attracted increasing interest as they 

are basic building blocks of proteins in plants and animals and play an important role in 

nutrient metabolism.
[51]

 Liquid chromatography coupled to isotope ratio mass spectrometry is 

the method of choice for isotope analysis of amino acids, since GC/IRMS requires 

derivatization of amino acids prior to injection.
[52]

 The step of derivatization introduces 

external carbon in the analyte molecules. Thus, it is necessary to correct δ
13

C for obtaining 
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reliable carbon isotope ratio after measurement, which would be very critical for amino acids 

at natural abundance.
[40]

 It is not trivial to achieve baseline separation for precise isotope 

analysis of amino acids because there are usually a number of different amino acids in 

complex matrices, for example, plant extract, tissue extract, and human erythrocytes. Godin et 

al. reported a two-dimensional liquid chromatography hyphenated with IRMS for carbon 

isotope analysis of underivatized amino acids in 2005.
[25]

 In this work, 11 of the 15 amino 

acids were baseline resolved using a strong cation-exchange column combined with a 

reversed-phase C30 column under gradient elution from 5 to 150 mM KH2PO4. McCullagh et 

al. presented a mixed-mode column (Primesep A) coupled to IRMS for isotope analysis of 15 

underivatized amino acids in 2006.
[53]

 Primesep A is a reversed-phase column with embedded 

strong acidic ion-pairing groups providing hydrophobic and cation-exchange interactions for 

amino acid separation. Using this mixed-mode column combined with gradient elution of 

aqueous sulfuric acid, baseline separation of 15 free amino acids and precise isotope ratios of 

individual amino acids were achieved, and the established method was applied to measure 

amino acids in bone collagen extract.
[53]

 This method was later extended to compound-

specific isotope analysis of amino acids from fish tissues, keratin, casein, hair collagen, 

human erythrocytes, and plant samples at natural and artificially enriched 
13

C-abundance, 
[54-

59]
 which is summarized in Table 1.3. Another mixed-mode column, Primesep 100, was 

reported for isotope analysis of glutathione and its dimeric form with a tracer of labelled 

glycine. 
[60]

 McCullagh recently provided an overview of different types of mixed-mode 

stationary phases including positively and negatively charged and of the ways to improve 

chromatographic performance by optimizing the parameters, such as, column length, 

temperature and mobile phase pH.
[29]

 He also pointed out the challenges of using mixed-mode 

stationary phase for compound-specific isotope analysis, for example, peak overlay and low 

throughput.
[29]
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Table 1.3 Mixed-mode columns used in LC/IRMS, mobile phase compositions, and analytes. 

Primesep A (1) and Primesep100 (2)  

Type  Size Mobile phase Analytes 

1 (4.6 × 250 mm, 5 µm) Gradient elution: A, H2O; B, 0.2% H2SO4, 

flowrate: 700 µL min
‒1 

Amino acids from human and 

faunal bone collage 
[53]

 and 

diets and tissues of fish 
[56]

 

Gradient elution: A, H2O; B, 0.1% H2SO4 + 

10 mm K3PO4; C, 0.3% H2SO4; flowrate: 

500/600 µL min
‒1

 

Amino acids from keratin , 

collagen, and casein
[59]

 

Gradient elution: A, H2O; B, 0.1% H2SO4 + 

10 mm K3PO4; C, 0.3% H2SO4 

Amino acids in bone 

collagen
[61]

  

(2.1 × 250 mm, 5 µm) Gradient elution: A, H2O; B, 0.03 M 

H2SO4, flowrate: 260 µL min
‒1

 

Amino acids from hair and bone 

collagen
[57]

 

Gradient elution: A, H2O; B, 0.03 M 

H2SO4. 

Amino acids in leaves and seeds 

of plants
[55]

 

(3.2 × 250 mm, 5 µm) Gradient elution: A, H2O; B, 1 M H3PO4, 

flowrate:500 µL min
‒1

 

Simultaneous analysis of 

dimeric glutathione and labelled 

precursor glycine from human 

erythrocytes.
[58]

 

Gradient elution: A, H2O; B, 0.024 M 

H2SO4, flowrate:500 µL min
‒1

 

Amino acid from human bone 

collagen
[54]

 

2 (3.2 × 250 mm, 5 µm) Gradient elution: A, H2O; B, 1 M H3PO4, 

flowrate:500 µL min
‒1

 

Glutathione and its dimeric 

form from human erythrocytes 

with a tracer of labelled glycine 

[60]
 

 

1.5.3 Reversed-phase liquid chromatography 

Reversed-phase liquid chromatography was less commonly coupled with isotope ratio mass 

spectrometry than with conventional mass spectrometry. Only a few water-compatible 

reversed-phase columns have been used for compound-specific isotope analysis, including 

C18 and C16 stationary phases, which are listed in Table 1.4.
[26, 62-64]

 The employed mobile 

phase is either pure water or phosphate buffer. Due to the low elution strength of aqueous 

solutions in reversed-phase column, the target analytes are polar organic compounds, such as 

amino acids, alcohols, and organic acids. A new method of temperature-programmed liquid 

chromatography coupled to isotope ratio mass spectrometry was reported by Godin et al. in 

2008. 
[65]

 It has brought more possibilities for coupling reversed-phase columns with IRMS. 

At high temperature, water behaves more like a weakly polar organic solvent with respect to 
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elution strength in reversed-phase column, because the relative static permittivity (a relative 

measure of solvent polarity) and viscosity of water decrease with temperature.
[66]

 For 

example, water at 140 °C has a relative static permittivity approximately equivalent to a 50:50 

methanol-water mixture (in volume).
[67]

 Therefore, temperature can replace organic solvent to 

adjust the elution strength of aqueous mobile phase. 

 

Table 1.4 Reversed-phase columns, mobile phase composition, and analytes in LC/IRMS. 

Manufacturer Column Size Mobile phase  Analytes 

Merck KGaA Purospher 

STAR RP-

18 

2 × 55 mm, 3 

µm 

Water, flowrate:300 µL min‒1, T: 

30°C 

Paracetamol and 

acetylsalicylic acid[26]  

Waters Nova-Pak 

C18 

3.9 × 300 mm, 4 

µm 

10 mM NaH2PO4, flowrate:300 µL 

min‒1, T: 30°C 

Amino acids[26]  

Thermo HyPURITY 

Aquastar 

3 × 250 mm, 5 

µm 

2 mM KH2PO4, flowate:400 µL 

min‒1, T: room temperature 

Formic acid, acetic acid, 

methanol, ethanol[64] 

Nomura 

Chemical 

Reprosil-Pur 

C18-AQ 

4 × 250 mm, 5 

µm 

phosphate buffer at pH 2.5, 

flowrate:500 µL min‒1 

Volatile fatty acids from 

porewater and marine 

samples[62] 

Dionex C16 

Acclaim 

PA2 

3 × 150 mm, 3 

µm 

10 mM phosphate buffer at pH 7, 

flowrate:500 µL min‒1  

Bentazon[63] 

Thermo  Hypercarb  2.1 × 100 mm, 5 

µm 

20 mM H3PO4, flowate:220 µL min‒1, 

T: 35-110°C 

Water soluble fatty acids[65] 

20 mM phosphate buffer at pH 7.2, 

flowate:500 µL min‒1, T: 150 and 

170°C 

Phenolic acids[65] 

 

1.6 Applications of LC/IRMS 

Since the first commercial interface was introduced in 2004, 
[26]

 LC/IRMS has become a 

research tool in different areas, such as archaeology, nutrition and physiology, soil science 

and geochemistry, and food quality control. 

1.6.1 Archaeology 

The application of stable isotope analysis of amino acids from body tissue to paleodietary 

reconstruction is an important aspect of archaeology. It provides archaeological science with 

information of what people ate in the past. Isotope signatures of amino acids preserved in 

bone collagen and hair can indicate dietary composition. It is based on the principle of ‘you 

are what you eat’. For example, amino acids derived from marine and terrestrial carbon 
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sources have a difference in δ
13

C ranging from 3-13‰.
[61]

 A difference in δ
13

C between 

glycine and phenylalanine has been used to distinguish terrestrial (average δ
13

CGly-Phe = 5‰) 

and marine (average δ
13

CGly-Phe = 12‰) protein sources in food.
[68]

 Compound-specific 

isotope analysis of amino acid derivatives from archaeological materials has been conducted 

by GC/IRMS. However, derivatization of the less carbon-contained amino acids can increase 

the uncertainty of isotope signature. McCullagh et al. developed a LC/IRMS method for 

isotope analysis of 15 amino acids using a mixed-mode analytical column in 2006, which was 

applied to a number of archaeological bone protein hydrolysates demonstrating its usefulness 

in palaeodietary reconstruction.
[53]

 Afterwards, the developed method was extended to 

measure amino acids in hair from six historical individuals. 
[57]

 It shows that isotope signature 

of amino acids in hair can provide useful information in addition to collagen amino acids 

analysis with regard to diet changes and seasonality, since hair is metabolically inert post-

keratinisation and grows 1 centimeter per month. 
[69]

 Dunn et al. compared the δ
13

C values of 

collagen amino acids obtained from LC/IRMS and GC/IRMS analysis and pointed out that 

analytical errors associated with LC/IRMS amino acids analysis are lower than those 

occurring in GC/IRMS analysis.
[54]

 Bulk isotope analysis by LC/IRMS without a 

chromatographic column (FIA mode) has been applied to bulk organic matter in speleothems 

deposited on cave walls showing potential usefulness in palaeoenvironmental research.
[70]

  

1.6.2 Nutrition and physiology 

There has been a growing interest in applying LC/IRMS to nutrition and physiology studies 

since the introduction of the commercial interface between LC and IRMS.
[51]

 First, most 

biological molecules are non-volatile and polar compounds, such as amino acids and sugars, 

which are water soluble and could be separated by IRMS-compatible chromatographic 

methods like ion exchange and mixed-mode columns. This type of compounds need 

derivatization prior to GC/IRMS analysis, which is more complicated compared with direct 

LC/IRMS analysis without derivatization. Second, LC/IRMS is able to measure carbon 

isotope ratios at natural abundance and determine isotopic enrichment using 
13

C-labelled 

compounds as tracers. Godin and co-worker measured 
13

C-enrichment of four labelled amino 

acids at low level and reported high precision for labelled amino acids. The coefficient of 

variation is 1% at 0.07 atom percent excess for threonine and alanine, 10% at 0.03 atom 

percent excess for valine and phenylalanine.
[25]

 The developed method was applied to a 

biological sample, a mixture of mucoproteins from a rat colon mucosa, for measuring isotopic 

enrichment of 
13

C-threonine. In 2007, Schierbeek et al. reported a LC/IRMS method for 
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measuring the fractional synthesis rate of glutathione in neonatal blood using 
13

C-glycine as a 

tracer.
[60]

 In order to assess the fractional synthesis rate, the isotopic enrichments of the 

glutathione dimeric form (GSSG) and glutathione’s precursor glycine were determined by 

LC/IRMS and GC/IRMS, respectively. In 2009, the separation method was further optimized 

for simultaneous analysis of GSSG and glycine by LC/IRMS.
[58]

 The developed method has 

been proven useful in a kinetic study of glutathione in neonates providing high precision and 

sensitivity with small sample volume and low dose tracer administration. Stable isotope 

analysis of amino acids at natural abundance by LC/IRMS has been used to investigate the 

effect of dietary non-essential amino acid composition on the δ
13

C values of individual amino 

acids in fish.
[56]

 The isotope ratio of amino acids from the diets and tissues of fish were 

measured by LC/IRMS precisely and accurately. Isotope enrichment analysis with labelled 

precursors for glucose metabolism had also been conducted by LC/IRMS. Schierbeek et al. 

developed an LC/IRMS method to measure isotope ratio and concentration of plasma glucose 

at natural abundance and with 
13

C-labelled glucose.
[41]

 It shows advantages of little pre-

purification, good precision and accuracy, and small sample size (20 µL of plasma). Morrison 

and co-workers used LC/IRMS to measure concentration and isotope ratio of galactose and 

glucose in plasma of seven trained cyclists, who had undergone 
13

C-labelled glucose or 

galactose before exercise.
[39]

 This investigation provides an insight into utilization of oral 

galactose in sustained exercise.  

1.6.3 Soil science and geochemistry  

Compound-specific isotope analysis of LC/IRMS has found applications in soil microbial 

research, soil environment, biogeochemistry, and carbon cycling.
[51]

 Amino sugars, key 

compounds of microbial cell walls, can be used as biomarkers of microbial residues for 

investigating soil microbial communities.
[71]

 Bodé et al. reported firstly a LC/IRMS method 

for amino sugar analysis at natural abundance and low enrichment level in 2009.
[36]

 In 2013, 

they applied the developed method to investigate the interaction between bacteria and fungi 

during plant residue degradation in soil. In this work, LC/IRMS was employed for stable 

isotope analysis of amino sugar biomarkers, which was produced in the agricultural soil 

incubated 21 days with 
13

C-labelled plant residue.
 [72]

 Bai and co-workers have investigated 

the formation dynamics of amino sugars in two agricultural soils amended with 
13

C-labelled 

wheat residues at different quality using stable isotope analysis of formed amino sugars and 

CO2 gas.
[71]

 Tagami et al. determined a suitable analysis condition of LC/IRMS for formic 

acid, acetic acid, methanol and ethanol.
[64]

 Afterwards, this method was applied to investigate 
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the behaviour of 
13

C-labelled acetic acid in the solution of flooded soils. 
[73]

 An LC/IRMS 

method was developed to measure individual benzene polycarboxylic acids (BPCA) from 

soil-derived pyrogenic organic matter (PyOM). The future applications of δ
13

C-BPCA 

measurement by LC/IRMS were discussed, including turnover rates of PyOM in soils and the 

partitioning of PyOM sources occurring in photosynthetic pathways.
[43]

 Bulk isotope analysis 

has been used to measure dissolved organic matter (DOM) in soil water by the use of flow 

injection analysis mode of LC/IRMS. Scheibe et al. assessed the capability of LC/IRMS for 

determining the carbon and 
13

C content of DOM in soil water. High conversion efficiency of 

wet oxidation of the LC-IsoLink interface (99.3%), consistent δ
13

C-values with other 

methods, low detection limit (10 mg L
‒1

), and high sample throughput were achieved.
[74]

 

Albéric et al. have used LC/IRMS in FIA mode for bulk isotope analysis of dissolved organic 

carbon (DOC) in stream and soil waters from a farmland plot. It shows that mapping the δ
13

C-

DOC spatial distribution at the spot scale is possible due to the high sample throughout (10 

minutes for triplicate analysis).
[75]

 

1.6.4 Food quality control 

The use of stable isotope analysis in food quality control is a domain where LC/IRMS 

methods can play an important role. Stable carbon isotope signature can be used to distinguish 

botanical origins of substances between C3 and C4 plants. C3 plants use the Calvin-Benson 

cycle to produce 3-phosphoroglycerate (containing three carbons) in the process of 

photosynthesis, while C4 plants use the Hatch-Slack cycle to produce oxalacetate, a four-

carbon molecule. 
13

C depletion occurs in the process of carbon dioxide fixation, but at 

different extent between C3 and C4 plants. As a result of different 
13

C depletion, δ
13

C-values 

of C3 and C4 plants vary in different ranges: ‒25 to ‒30‰ and ‒9 to ‒15‰, respectively. 
[76-78]

 

The third type of photosynthetic pathway is crassulacean acid metabolism (CAM). δ
13

C-

values of CAM plants are between ‒10 to ‒30‰. Cabañero et al. reported a LC/IRMS method 

for honey adulteration detection based on the stable carbon isotope analysis of sucrose, 

glucose, and fructose. It shows that there is a strong correlation between the δ
13

C-values of 

three sugars in honey: Δδ
13

Cfructose – glucose, 0 ± 0.3‰; Δδ
13

C fructose – sucrose, 1.2 ± 0.4‰; Δδ
13

C 

glucose – sucrose, 1.3 ± 0.4‰. The use of Δδ
13

C systematic differences as an authenticity criterion 

allows the sugar addition (beet sugar, cane sugar, cane syrup, isoglucose syrup and high-

fructose corn syrup) to be detected (detection limit from 1-10%). Therefore, the systematic 

differences of Δδ
13

Cfructose – glucose, Δδ
13

C fructose – sucrose, and Δδ
13

C glucose – sucrose, can be used as an 

authenticity criterion for the detection of honey adulteration. 
[45]

 Elflein et al. used two 
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methods of EA/IRMS of protein and bulk honey isotope analysis and LC/IRMS of fructose, 

glucose, and disaccharide for honey adulteration detection. Based on 451 authentic honey 

results, the following limits of Δδ
13

C were proposed: Δδ
13

C between all measured δ
13

C-

values, ± 2.1‰; Δδ
13

Cfructose – glucose, 1.0‰; Δδ
13

Cprotein – honey, ≥ ‒1.0‰.
[48]

  

Another important application of LC/IRMS in food quality control is the detection of wine 

adulteration. Grape is a typical C3 plant. Cabañero et al. proposed using GC/IRMS and 

LC/IRMS for the measurement of ethanol δ
13

C in wine and compared the measured δ
13

C-

values with those measured by the official method of EA/IRMS. There were no significant 

differences between δ
13

C-values measured by these three methods. δ
13

C-values of ethanol in 

23 wine samples ranged from ‒23.49 to ‒28.30‰. 
[45]

 In 2008, they reported a new procedure 

for simultaneous determination of wine glycerol and ethanol using LC/IRMS.
[47]

 Guyon and 

co-workers developed an LC/IRMS method for determination of wine glucose, fructose, 

glycerol, and ethanol isotope ratios. Based on the results of 20 authentic wines, it was 

concluded that the ratios of δ
13

C-values of these four compounds in non-adulterated wines are 

constant: δ
13

Cglucose/fructose, 1.00 ± 0.04‰; δ
13

Cglycerol/ethanol, 1.02 ± 0.08‰.
[44]

 Jochmann and co-

workers used flow injection analysis-isotope ratio mass spectrometry (FIA/IRMS) for bulk 

isotope analysis of alcoholic beverages. The FIA/IRMS method showed a few advantages 

over EA/IRMS analysis for bulk isotope analysis of aqueous samples including simple sample 

preparation, high throughput, and small sample size. The developed method was applied to 81 

alcoholic beverages. The study demonstrated that FIA/IRMS can be used as a prescreening 

method for authenticity control of alcoholic beverage. 
[79]

 

1.7 Aim of the PhD work 

The review of previously reported literature on LC/IRMS shows that the detected compounds 

of LC/IRMS are mainly polar organic molecules and the commonly used separation 

mechanism is based on ion interactions. However, the most frequently used method in routine 

separations, reversed-phase LC, was rarely used for compound-specific isotope analysis of 

LC/IRMS. The reason is that LC/IRMS system needs carbon-free mobile phase. At room 

temperature, water is a too weak eluent in reversed-phase column. At high temperature, 

however, water becomes less polar and behaves more like a medium polar eluent such as 

methanol/water and acetonitrile/water mixtures. It has been proven that temperature gradients 

can replace organic solvent gradients to improve chromatographic resolution.
[80-82]

 This is 

particularly useful for LC/IRMS analysis because precise and accurate compound-specific 

isotope analysis requires baseline separation of analytes. The use of high temperature makes 

http://en.wikipedia.org/wiki/Acetonitrile
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reversed-phase columns compatible in LC/IRMS analysis. Although Godin et al. already 

reported the first method of high temperature liquid chromatography coupled to isotope ratio 

mass spectrometry in 2008, 
[65]

 this hyphenation still needs further development.  

Based on the previous state of the art and described knowledge gaps and problems, the aims 

of this PhD work were as follows:  

1) evaluate suitable reversed-phase columns for HTLC/IRMS, including the effect of column 

bleed on isotope ratio at high temperature in isothermal and temperature-gradient modes; the 

effect of column temperature on retention, and baseline separation of a mixture of caffeine 

derivatives and a mixture of phenols (chapter 2). 

2) apply the developed method (HTLC/IRMS) to measure natural caffeine from different 

sources including coffee beans, tea leaves, guaraná powder, and maté leaves, and synthetic 

caffeine, and discriminate the sources of caffeine in 38 drinks as to natural or synthetic based 

on carbon isotope analysis (chapter 3). 

3) develop a new approach of temperature-programmed liquid chromatography coupled to 

isotope ratio mass spectrometry to measure isotope ratios of steroids, typical non-polar 

organic compounds, and demonstrate the application to a pharmaceutical product (chapter 4). 

4) develop a new method of LC/IRMS for compound-specific isotope ratio of AICAR, a gene 

doping drug, and measure isotope ratio of endogenous AICAR in urine and synthetic AICAR 

for investigating the possibility of the detection of AICAR abuse in sports (chapter 5).  
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coupled to isotope ratio mass spectrometry 
 

Redrafted from Lijun Zhang, Dorothea M. Kujawinski, Maik A. Jochmann,* Torsten C. 

Schmidt: High temperature reversed-phase liquid chromatography coupled to isotope ratio 

mass spectrometry, Rapid Communications in Mass Spectrometry 2011, 25, 2971-2980 
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2.1 Abstract 

Compound-specific isotope analysis (CSIA) by liquid chromatography coupled to isotope 

ratio mass spectrometry (LC/IRMS) has until now been based on ion-exchange separation. In 

this work, high-temperature reversed-phase liquid chromatography was coupled to, and for 

the first time carefully evaluated for, isotope ratio mass spectrometry (HT-RPLC/IRMS) with 

four different stationary phases. Under isothermal and temperature gradient conditions, the 

column bleed of XBridge C18 (up to 180°C), Acquity C18 (up to 200°C), Triart C18 (up to 

150°C), and Zirchrom PBD (up to 150°C) had no influence on precision and accuracy of δ
13

C 

measurements, demonstrating the suitability of these columns for HTLC/IRMS analysis. 

Increasing temperature during LC/IRMS analysis of caffeine on two C18 columns was 

observed to result in shortened analysis time and increased peak height. The detection limit of 

HT-RPLC/IRMS obtained for caffeine was 30 mg L
‒1

 (corresponding to 12.4 nmol carbon on-

column). Temperature-programmed LC/IRMS (I) accomplished complete separation of a 

mixture of caffeine derivatives and a mixture of phenols and (II) did not affect precision and 

accuracy of δ
13

C measurements compared with flow injection analysis without a column. 

With temperature-programmed LC/IRMS, some compounds that coelute at room temperature 

could be baseline resolved and analyzed for their individual δ
13

C values, leading to an 

important extension of the application range of CSIA.  
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2.2 Introduction 

Compound-specific isotope analysis (CSIA) can be applied to trace the biochemical origin 

and environmental fate of compounds.
[1-3]

 This technology can be established by coupling gas 

chromatography (GC) or liquid chromatography (LC) with isotope ratio mass spectrometry 

(GC/IRMS, LC/IRMS). Compared with GC/IRMS, LC/IRMS can be used to directly measure 

the stable carbon isotope ratio of non-volatile organic compounds in aqueous mixtures, which 

would otherwise need to be derivatized prior to GC/IRMS analysis. Since the interface for on-

line coupling of LC to IRMS was commercially introduced in 2004,
[4]

 applications of 

LC/IRMS have been successfully developed for the measurements of different highly soluble 

compounds (e.g. sugars
[4-6]

, amino acids
[7-11]

, and small peptides
[12, 13]

), typically based on 

separation of ion exchange mechanism. In contrast, the most widely used technology in the 

liquid chromatography community, reversed-phase LC, has rarely been coupled to IRMS for 

compound-specific isotope analysis so far. It is of interest to develop the method of reversed-

phase liquid chromatography coupled to isotope ratio mass spectrometry (RPLC/IRMS), 

because the currently used method of ion-exchange chromatography (IEC) has its own 

constraints, which include difficult separation of non-ionic compounds and increased 

background due to there being more dissolved carbonate in mobile phase with higher pH.
[9, 14]

 

In addition, RPLC is potentially superior to IEC for the separation of weakly ionisable 

compounds or analytes in ion-rich matrix which may affect the separation of the target 

compound. The main challenge of coupling RPLC to IRMS is the mandatory use of pure 

water as eluent since any added organic buffer results in increased background for isotope 

analysis.
[4]

  

Liquid water at elevated temperature can serve as eluent in RPLC and a high temperature can 

be used instead of organic solvent to adjust elution strength. This is because water at elevated 

temperature behaves more like a moderately polar organic solvent in terms of elution strength 

due to its decreased polarity.
[15-20]

 The relative static permittivity of water, a rough measure of 

a solvent’s polarity, reduces from 80 to 35 with a temperature rise from 20 to 200ºC. For 

example, the relative static permittivity of water at 140ºC is approximately equivalent to that 

of a methanol-water mixture (50/50 in v/v).
[21]

 Although a first example of high temperature 

reversed-phase liquid chromatography coupled to isotope ratio mass spectrometry (HT-

RPLC/IRMS) was reported by Godin et al. in 2008 using two columns of sulfonated 

polystyrene divinylbenzene (PS-DVB) and porous graphitic carbon (Hypercarb™) with an 

air-bath oven,
[22]

 this method still needs further substantial development. First, a suite of 

columns suitable for CSIA need to be evaluated for future applications. Chromatographic 
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columns with hybrid silica and metal oxide base have been reported to be more thermally 

stable than the normal silica-based columns.
[23, 24]

 Second, heating the LC column by an air-

bath oven will cause thermal mismatch between the mobile phase near the column walls and 

in the column centre thus resulting in strong peak broadening and even distortion.
[25, 26]

 In 

contrast, a specially designed contact heating system for HTLC minimizes thermal mismatch 

by using two aluminium blocks for mobile phase preheating and column heating.
[27]

 

In this work, three different columns with C18 bonded hybrid phases and one Zirchrom PBD 

column were evaluated for HT-RPLC/IRMS analysis with aluminium blocks being used as 

the heat-transfer media. For HT-RPLC/IRMS development, the main concern is the effect of 

column bleed on precision and accuracy of δ
13

C measurement.
[22, 28]

 This effect was 

investigated at various temperatures in isothermal mode and in temperature gradient mode by 

the use of CO2 pulses and multiple injections of ethanol. The multiple injections of ethanol 

were used to mimic the elution of compounds and to obtain a chromatogram with multiple 

peaks being eluted successively. The measured δ
13

C-values by HT-RPLC/IRMS were 

compared with flow injection analysis (FIA) results for the evaluation of the effect of column 

bleed on δ
13

C accuracy since no column was used in FIA. The effect of temperature on 

retention time and peak width of caffeine was investigated. The detection limit of the method 

was tested for caffeine with column temperatures of 120 and 150°C. Two mixtures of caffeine 

derivatives and phenols, as examples of temperature-programmed LC/IRMS application, were 

separated on XBridge C18 and Zirchrom PBD columns, respectively, and δ
13

C values of 

individual components were measured. The hyphenation of HT-RPLC/IRMS is an alternative 

methodology for compound-specific isotope analysis of non-ionic compounds which exist 

widely in food, pharmaceutical compounds, and environmental contaminants. 

2.3 Experimental 

2.3.1 Chemicals and reagents 

Phosphoric acid (99%) and sodium peroxodisulfate (99%) were purchased from Fluka 

(Buchs, Switzerland). Caffeine (99%), 2,6-dimethylphenol (99%), and 2,4,6-trimethylphenol 

(99%) were purchased from Fluka (Steinheim, Germany). Theophylline monohydrate (99%) 

and theobromine (99%) were purchased from Alfa Aesar (Karlsruhe, Germany). Phenol (99.5 

%) and acetanilide (internal laboratory standard for elemental analysis) were purchased from 

Merck (Darmstadt, Germany). 3-Methylphenol (98%) was purchased from Fluka (Buchs, 

Switzerland). Ethanol BCR-656 with δ
13

C-value of ‒26.91 ± 0.07‰ was purchased from 

Institute for Reference Materials and Measurements (IRMM, Geel, Belgium), and NBS 22 oil 
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with δ
13

C-value of ‒30.03 ± 0.04‰ and IAEA-CH-6 with δ
13

C-value of ‒10.45 ± 0.03‰ were 

purchased from International Atomic Energy Agency (IAEA, Vienna, Austria). Triple 

distilled water from a homemade distillation unit was used for solution preparation and 

mobile phase. The water used as mobile phase and solutions was degassed in an ultrasonic 

bath (Bandelin Electronic, Berlin, Germany) for 15 minutes under vacuum condition. A 

membrane pump (Vacuubrand GmbH & Co., Wertheim, Germany) was used to generate the 

vacuum. After degassing, it was continuously purged with Helium 5.0 (Air Liquide, 

Oberhausen, Germany).  

2.3.2 Instrumentation 

The eluent for liquid chromatography was delivered by a Flux HPLC pump 420 (Tegimenta, 

Rotkreuz, Switzerland) and further degassed by a Gastorr online degasser (Bischoff 

Analysentechnik and Geräte GmbH, Leonberg, Germany) to remove residual gas. The 

injection was performed by a CTC Analytics autosampler (Zwingen, Switzerland) and a 

sample loop of 10 L was used. An HT-HPLC 200 column oven (Scientific Instruments 

Manufacturer GmbH, Oberhausen, Germany) was used for mobile phase preheating and 

column heating with two aluminium blocks. A LC-IsoLink interface (Thermo Fisher 

Scientific, Bremen, Germany) was connected with the HT-HPLC oven and Delta V 

Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 

The flow rate of water was 500 L min
‒1

. The flow rate of sodium peroxodisulfate (0.83 mol 

L
‒1

) and phosphoric acid (1.50 mol L
‒1

) was 50 L min
‒1

. In order to avoid blockage in the 

system, two on-line filters with a pore size of 0.5 m (Vici, Schenkon, Switzerland) were 

placed at the inlet and outlet of the column, and one more was used in front of the oxidation 

reactor of the LC-IsoLink interface. The scheme of the setup is shown in Figure. 2.1. Without 

a column, this setup can be used for flow injection analysis mode (FIA/IRMS). 

2.3.3 Chromatographic conditions 

The evaluated columns for HT-RPLC/IRMS analysis and the investigated temperature ranges 

for each column are listed in Table 2.1.  
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Figure 2.1 The HTLC/IRMS setup. 

 

 

Table 2.1 Overview of evaluated columns 

a
The address of manufacturer: Waters (Eschborn, Germany); YMC (Dinslaken, Germany); 

Zirchrom PBD (Anoka, USA). 

b
On XBridge C18 at 190°C, the column bleed affected the precision and accuracy of δ

13
C-

values.  

c
The initial temperature on Acquity C18 was 100°C because the back-pressure of the column 

exceeded the limit pressure of Flux HPLC 420 pump (400 bar), when the used temperature 

was lower than 100°C with a flow rate of 0.5 mL min
‒1

. 

 

 

Manufacturer
a 

Name Description Size Particle 

size 

Temperature 

range 

Waters  XBridge C18 C18 bonded ethyl-bridged 

hybrid phase 

50 mm × 3.0 mm 2.5 μm 30-190
b
 

Waters  Acquity 

UPLC BEH 

C18 

C18 bonded ethyl-bridged 

hybrid phase 

50 mm ×2.1 mm 1.7 μm 100-200
c
 

YMC Triart C18 C18 bonded hybrid silica 

gel 

150 mm × 2.0 mm 5 μm 30-150 

Zirchrom  Zirchrom 

PBD 

Polybutadiene-coated 

zirconia 

150 mm × 3.0 mm 5 μm 30-150 
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Figure 2.2 HTLC/IRMS chromatograms of CO2 pulses (A) and multiple injections of 100 mg 

L
‒1

 ethanol (B) obtained on XBridge C18 column at 100°C. The second reference gas peak 

was used for calibration of δ
13

C-values. 

 

 

 

Figure 2.3 Temperature-programmed LC/IRMS chromatograms of successive CO2 pulses (A) 

and multiple injections of 100 mg L
‒1

 ethanol (B) obtained on XBridge C18 column. The 

temperature program was 1 min at 60°C, and then ramped at 20°C min
‒1

 to 120°C where it 

was held for 1 min, and then at 5 °C min
‒1

 to 180°C where it was held for 1 min. 

 

In isothermal mode, three pulses of CO2 reference gas with a width of 20 s and a period 

duration of 50 s were injected in the beginning, in the middle, and at the end of each run over 

30 minutes (total of pulses = 9), and ethanol was injected 3 times with an interval of 10 s by 

using the multiple injection mode with the Isodat 2.5 (Thermo Fisher Scientific, Bremen, 

Germany) as shown in Figure 2.2. 

In temperature gradient mode, pulses of CO2 reference gas with a width of 20 s and a period 

duration of 50 s (n = 21), and multiple injections of ethanol with an interval of 10 s (n = 8) 

were introduced successively as shown in Figure 2.3. The temperature program on XBridge 

C18 used to investigate the effect of column bleed on δ
13

C measurements was 1 min at 60°C, 

and then ramped at 20°C min
‒1

 to 120°C where it was held for 1 min, and then at 5°C min
‒1

 to 
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180°C where it was held for 1 min. On the Acquity C18 it was 1 min at 100°C, and then 

ramped to 200°C in 15 min where it was held for 2 min. On the Triart C18 and Zirchrom PBD 

it was 2 min at 30°C, and then ramped to 150°C in 14 min where it was held for 2 min. 

Throughout and after the investigation of the effect of column bleed on δ
13

C measurements, 

the back-pressure of the four investigated columns did not change notably. XBridge C18 and 

Acquity C18 were further used to investigate the effect of temperature on retention of caffeine 

and to measure the method detection limit of HT-RPLC/IRMS. Two columns, XBridge C18 

and Zirchrom PBD, were selected for the application of temperature-programmed LC/IRMS 

because of their different stationary phases. A mixture of caffeine derivatives was used to 

demonstrate this application on XBridge C18 as caffeine derivatives exist widely in food 

products. However, these compounds had too short retention time to be separated on 

Zirchrom PBD at room temperature. Since phenols occur as frequent contaminations in 

industrial wastewater and they have been studied using a Zirchrom PBD column at high 

temperature,
[29]

 a mixture of phenols was used as an example for the separation on Zirchrom 

PBD column. 

2.3.4 Isotopic calculation 

All reported isotopic ratios of compounds are expressed as δ
13

C-values relative to an 

international standard: Vienna Pee Dee Belemnite (VPDB). The δ
13

C-values are defined as: 

            
           

               
                                                                                   (2.1) 

In the equation,             and                (0.0111802) are the 
13

C/
12

C ratio in the 

sample and in the standard, respectively. At the beginning of each run, three pulses of a 

laboratory standard gas (δ
13
C = ‒37.81‰) were introduced and the second peak was used for 

δ
13

C calculation. Another pulse was set at the end of the measurement to control the δ
13

C 

consistency (see Figure 2.2B). All data acquisition, processing, and evaluation were carried 

out by Isodat 2.5. Background subtraction was performed automatically by Isodate 2.5, and 

the background type used for peak integration was ‘individual background’ with start slope 

and end slope of 0.5 mV s
‒1

 except for the chromatograms where the slopes of background 

increase of some peaks were greater than 2.0 mV s
‒1

. The slope of peak background was 

calculated by the difference of the backgrounds at the peak start and peak end divided by the 

peak width. Such a high background change was observed during measurements of the 

successively multiple injections of ethanol in temperature gradient mode (see Discussion 

section). 
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2.3.5 EA/IRMS measurement 

The δ
13

C-values of pure compounds were measured with an EA 1110 Elemental Analyzer 

(CE instrument, Milan, Italy) coupled to MAT 253 IRMS (Thermo Fisher Scientific, Bremen, 

Germany) with a ConFlo IV interface (Thermo Fisher Scientific, Bremen, Germany). In order 

to obtain corrected δ
13

CEA/IRMS value of a compound, the measured δ
13

C-value by EA/IRMS 

was converted relative to the international standard (VPDB) by using a spreadsheet evaluation 

as recommended by Werner and Brand.
[30]

 According to the recommendation, acetanilide 

used as an internal laboratory standard and blanks of empty capsules were measured along 

with samples. Isotopic composition of acetanilide was determined and corrected by the use of 

two-point calibration approach with two certified standard materials of NBS-22 oil 

(‒30.03‰) and IAEA-CH-6 (‒10.45‰).
[31]

 

2.4 Results and discussion 

2.4.1 Effect of column bleed on δ
13

C measurement 

Hydrolysis of the bonded stationary phase and dissolution of supporting material may occur at 

elevated temperature, summarized as column bleed.
[32]

 The column bleed of organic 

compounds released from the reversed-phase may potentially affect the oxidation of target 

compounds by consuming the oxidant reagent in the oxidation reactor or reduce the extraction 

efficiency of CO2 gas converted from target compounds, resulting in isotope fractionation and 

unreliable δ
13

C-values. Moreover, carbon background drift, especially in temperature gradient 

mode, may lead to incorrect peak integration for δ
13

C calculations. In the first report of 

HTLC/IRMS, the rising and falling background from column bleed significantly affected 

precision and accuracy of δ
13

C-values when using a Hypercarb™ column with temperature 

ramps up to 110°C.
[22]

 

In order to validate the HT-RPLC/IRMS method, the effect of column bleed on precision and 

accuracy of δ
13

C-values was carefully investigated by the use of CO2 pulses and multiple 

injections of ethanol at various temperatures in isothermal mode and in temperature gradient 

mode. Based on a previous report,
[33]

 the columns with ethyl-bridged hybrid phase are 

expected to be stable up to 200°C. The Zirchrom PBD was used up to 150°C as recommended 

by the manufacturer. The YMC Triart C18 (Triart C18) with spherical hybrid silica particles 

was also heated up to 150°C, the highest temperature typically used for high temperature 

chromatographic column. The reason that we used CO2 pulses is that having a reliable δ
13

C of 

CO2 gas is a primary requirement for all isotope analysis. We used multiple injections of 

ethanol to mimic the elution of compounds.  
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Isothermal mode 

In isothermal mode, by the use of high temperatures up to 180, 200, 150, and 150°C on 

XBridge C18, Acquity C18, Triart C18, and Zirchrom PBD, respectively, the column bleed had 

no significant influence on the precision and accuracy of δ
13

C measurements although the 

background increased with an increase of column temperature. As shown in Figure 2.4A, all 

measured δ
13

C-values of CO2 gas were in the interval of the standard value ±0.5‰. For 

multiple injections of ethanol (Figure 2.4B), the δ
13

C-values were consistent with FIA results, 

lying within the interval of FIA results ±0.5‰ except for the δ
13

C measured on XBridge C18 

at 190°C (the reason is discussed in the next paragraph). The measured δ
13

C-values also 

showed good precision with SD ≤ 0.23‰ in one run (n = 3) and within different runs at 

various temperatures (except for the δ
13

C measured on XBridge C18 at 190°C). The 

reproducible δ
13

C-values and the insignificant differences, less than 0.5‰ from FIA results, 

indicate that the column bleed did not affect the oxidation efficiency of analytes or extraction 

efficiency of CO2 gas significantly.

In isothermal mode, the intensity of the background varied according to the stationary phase 

and temperature. Comparing signal intensity at 150°C, the following sequence was obtained 

in order of decreasing background: Triart C18 > Acquity C18 > XBridge C18 > Zirchrom PBD. 

According to a previous report, 
[22]

 nonlinear variation of background affected both precision 

and accuracy of δ
13

C-values. In this work, the δ
13

C-values were also impacted by a nonlinear 

variation of background like waves with amplitudes more than 20 mV when using the 

XBridge C18 column at 190°C. Therefore, the temperature program on XBridge C18 was 

ramped up to only 180°C. A higher temperature was observed to reduce the back-pressure of 

the column due to the decreased viscosity of water. For example, the back-pressure of 

XBridge C18 decreased from 370 to 50 bar by raising temperature from 30 to 180°C. In this 

work, the decreased back-pressure made the conventional pump and injection valve usable for 

ultra pressure liquid chromatography column (UPLC). For example, an Acquity C18 column 

with a particle size of 1.7 µm can be used in this work with a flowrate of 0.5 mL min
‒1

 when 

the temperature is higher than 100°C. 
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Figure 2.4 (A) δ
13

C of CO2 gas pulses (circles, left ordinate) and background of 
44

CO2 

(squares, right ordinate) were determined with XBridge C18 (1), Acquity C18 (2), Triart C18 

(3), and Zirchrom PBD (4) at various temperatures. Error bars indicate the SD (n = 9).The 

dotted lines represent the standard value of CO2 gas (‒37.81‰). The horizontal solid lines 

represent the interval of standard value ±0.5‰. (B) δ
13

C of multiple injections of 100 mg L
‒1

 

ethanol determined with corresponding column at various temperatures. Error bars indicate 

the SD (n = 3).The dotted lines represent the FIA result (‒28.32‰). The horizontal solid lines 

represent the interval of ‒28.32 ± 0.5‰. 
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Temperature gradient mode 

In temperature gradient mode, the background of each column increased steadily over the 

temperature ramp (see example in Figure 2.3). The δ
13

C-value of successive CO2 pulses was 

not affected by the background shift, with precision better than 0.14‰ and accuracy better 

than 0.18‰ compared with the standard value, as shown in Table 2.2. This observation is 

consistent with a GC/IRMS study where CO2 pulses were analyzed over a smoothly rising 

background, and where a difference of 0.21‰ from the accepted value has been reported.
[34]

 

However, the δ
13

C-value of multiple injections of ethanol was impacted by the background 

shift when the used integration algorithm was ‘individual background’. This effect became 

significantly when the slope of the peak background was higher than approximate 2.0 mV s
‒1

. 

In Figure 2.5, this effect was presented clearly by the δ
13

C-value of ethanol peaks (triangle) as 

the peaks successively distributed over the whole temperature program. The δ
13

C-value of 

ethanol shifted by more than 0.5‰ in comparison with FIA result when the slope of 

increasing background was 2.60 and 3.70 mV s
‒1

 on XBrige C18 and Acquity C18 column 

respectively (sixth peak ff.). The corresponding ramped temperature at that time was 145 and 

160°C. The δ
13

C-values shifted more strongly when the slope of the background was steeper. 

This δ
13

C shift was due to the incorrect background subtraction. For the algorithm of 

‘individual background’, the peak background is defined as the lowest running five-point 

average among the data preceding a peak start, and the peak area is calculated by summing 

the difference between baseline and signal for the region defined by the peak start and peak 

end.
[35]

 When the peak background increases, the peak end is higher than the peak start, 

meaning that the summed peak area is not correct due to the additional area from the 

background. Indeed, a higher peak area was observed when the slope of the peak background 

increased over the temperature ramp. However, this influence on δ
13

C calculation depends on 

the peak height, the peak width, and the background change. In our study, for CO2 pulses, the 

influence was not significant, and for ethanol peaks with a slope of background change lower 

than 2.0 mV s
‒1

, the influence was also insignificant.  
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Table 2.2 δ
13

C of successive CO2 pulses (n = 21) and multiple injections of 100 mg L
‒1

 

ethanol (n = 8) with each column under temperature-programmed conditions. The (HTLC – 

FIA)‰ represents the difference of δ
13

C obtained by temperature-programmed LC/IRMS and 

FIA/IRMS. 

 Column XBridge C
18

 Acquity C
18

 Triart C18 Zirchrom PBD 

Sample CO2 Ethanol CO2 Ethanol CO2 Ethanol CO2 Ethanol 

C ‰ ‒37. 90 ‒28.51a ‒28.91b ‒37.87 ‒28.25 a ‒29.03 b ‒37.99 ‒28.49 a ‒28.61b ‒37.95 ‒28.52 a ‒28.55 b 

SD 0.09 0.13 0.32 0.06 0.16 1.04 0.13 0.17 0.29 0.13 0.16 0.16 

 (HTLC – FIA)‰ 0.09 0.19 0.59 0.07 0.07 0.61 0.18 0.17 0.29 0.14 0.20 0.23 

For 
a)

 and 
b)

, the algorithm of background subtraction was ‘dynamic background’ and 

‘individual background’, respectively. 

 

The different algorithms in Isodat 2.5 were used to integrate the peak with increased 

background, and the ‘dynamic background’ was observed to give correct peak areas and thus 

yield correct δ
13

C-values. This algorithm uses a background function over the whole LC run, 

which can be used for a chromatogram with smoothly rising background. The correct 

threshold for the start slope of the analyte peak was very important for background 

subtraction when using ‘dynamic background’; it needed to be higher than the slope of peak 

background for correct definition of the background function. For XBridge C18, Acquity C18, 

Triart C18, and Zirchrom PBD under temperature-programmed condition, the used start slope 

was 8.0, 8.0, 2.0, and 1.0 mV s
‒1

 respectively (the end slope was 0.5 mV s
‒1

 identical to that 

used for ‘individual background’). Under these conditions, the δ
13

C-values of multiple 

injections of ethanol on each column were in agreement with the FIA result, lying within the 

interval of FIA result ±0.5‰ (See Figure 2.5). Furthermore, the δ
13

C-values of each injected 

ethanol sample were highly reproducible with precision better than 0.17‰ (see Table 2.2).  
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Figure 2.5 δ
13

C-values of multiple injections of 100 mg L
‒1

 ethanol calculated with algorithm 

of ‘individual background’ (triangle, left ordinate) and ‘dynamic background’ (circle, left 

ordinate) and the slopes of peak backgrounds on mass of 44 (cross, right ordinate) with four 

columns under temperature-programmed conditions. The x-axis represents the elution time of 

ethanol peak in temperature-programmed LC/IRMS chromatogram. The slope of peak 

background was calculated by the difference of backgrounds at the peak start and at the peak 

end divided by the peak width. The two horizontal solid lines represent the interval of FIA 

result ±0.5‰.  

2.4.2 Effect of temperature on retention of caffeine 

In order to illustrate that temperature can be a powerful parameter for chromatographic 

separation in LC/IRMS, the effect of temperature on the retention of caffeine was tested with 

two C18 columns. As the temperature increased, the retention time decreased dramatically and 

peak height increased markedly with a decrease of the peak width. For example, the retention 

time was reduced approximately by 3 times and the peak height increased approximately by 2 

times on raising the temperature from 60 to 180°C (see Table 2.3). At room temperature, 

caffeine was not eluted in 40 min. It is well established that the temperature has a similar 

effect on retention time to an increase of the organic solvent during solvent gradient elution at 

room temperature.
[36-39]

 For example, a temperature increase of 4-5°C has a similar effect on 

retention as a 1% increase in methanol content.
[38]

 The obtained shorter retention time was 
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attributed to the decreased polarity of water at high temperature, and the narrower peak was 

due to the smaller longitudinal diffusion at shorter retention time. At various temperatures, the 

peak area and δ
13

C-values of caffeine were consistent. No compound degradation occurred on 

XBridge C18 up to 180°C, which could be a potential problem with the use of HTLC.
[22, 40]

 

The consistent δ
13

C-values measured by HT-RPLC/IRMS and by FIA/IRMS corroborated 

that there was no influence of column bleed on δ
13

C-values during high temperature elution. 

Shorter retention times and narrower peaks of caffeine were also obtained on Acquity C18 

with consistent peak area and δ
13

C-values when the temperature increased from 100 to 200°C. 

CSIA could benefit from such shortened retention time and narrowed peak width at elevated 

temperature, for example by increasing sample throughput and reducing the detection limit 

for precise isotope analysis.  

 

Table 2.3 IRMS results of 100 mg L
‒1

 caffeine analyzed on XBridge C18 column at various 

temperatures. 

T (°C)  50 100 150 180 

tR of 
44

CO2 (s)  1107 396.1 283.8 263.3 

Peak height of 
44

CO2 (mV)  735 1693 2112 2127 

Peak area of 
44

CO2 (Vs)  67.08 68.94 68.73 68.61 

δ
13

C ‰  ‒40.82 ‒40.86 ‒40.61 ‒40.96 

(HTLC – FIA)‰ 0.10 0.14 0.11 0.24 

 

2.4.3 Detection limit of HT-RPLC/IRMS 

In addition to δ
13

C measurement, LC/IRMS could be used for compound quantification based 

on the fact that the carbon amount of injected analytes is proportional to the measured peak 

areas or amplitudes. In this work, the method detection limit (MDL) of HT-RPLC/IRMS was 

tested on XBridge C18 at 120°C and on Acquity C18 at 150°C by injection of caffeine at 

concentrations between 20 to 500 mg L
‒1

, following a previously described moving mean 

approach.
[41, 42]

 Within this concentration range the relationship between the peak area of 

44
CO2 and concentration showed good linearity (R ≥ 0.99). From 30 to 500 mg L

‒1
, the δ

13
C-

values were within the interval of mean value ±0.5‰, and SD was less than 0.5‰ for 

triplicate measurements, as shown in Figure 2.6. However, the triplicate measurements of 

caffeine at 20 mg L
‒1 
had a low precision with SD higher than 0.70‰. Therefore, 30 mg L

‒1
 

of caffeine (12.4 nmol carbon on-column) was defined as MDL, which is close to the MDL of 
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ethanol (8.7 nmol carbon on-column) measured by FIA/IRMS.
[41]

 The same concentration 

range of caffeine from 30 to 500 mg L
‒1

 (corresponding to 12.4 to 206.0 nmol carbon on-

column) was also obtained for quantification measurement and δ
13

C determination on Acquity 

C18 at 150°C, yielding the same MDL (results not shown). 

 

 

Figure 2.6 Determination of method detection limit for caffeine with XBridge C18 at 120°C. 

The circles and squares represent the δ
13

C and peak area of 
44

CO2, respectively. The linear 

curve fit and the correlation coefficient for plotting peak area vs. concentration are shown in 

the graph. Error bars indicate the SD of triplicate measurements. The dotted line indicates the 

iteratively calculated mean value of δ
13

C. The horizontal solid lines represent the interval of 

mean value ±0.5‰. 

2.4.4 Temperature-programmed LC/IRMS for CSIA 

It is known that the temperature gradient elution can replace the organic solvent gradient 

elution to improve the chromatographic resolution.
[18, 21, 43]

 For precise LC/IRMS 

measurements, the baseline separation of the individual components is required. Therefore, 

the use of temperature-programmed elution has potential to push forward the application of 

LC/IRMS. A mixture of caffeine derivatives and a mixture of phenols as examples were 

completely separated by temperature-programmed elution on XBridge C18 and Zirchrom PBD 

columns, respectively, as shown in Figure 2.6. The measured δ
13

C-values were compared to 

the FIA results and the corrected δ
13

CEA/IRMS (converting the δ
13

C-value measured by 
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EA/IRMS relative to the international standard VPDB using a spreadsheet evaluation). As 

shown in Table 2.4, each component was measured with high precision (≤ 0.23‰). There was 

no significant difference between δ
13

C measured by temperature-programmed LC/IRMS and 

by FIA at room temperature. This is the first demonstration of successful separation by 

temperature-programmed LC for CSIA without column bleed having an effect on precision 

and accuracy of δ
13

C. However, compared with the corrected δ
13

CEA/IRMS, the δ
13

C measured 

by HTLC/IRMS and FIA had an offset. During the investigation of the effect of column bleed 

on δ
13

C measurement, an offset for ethanol was also observed between the measuredδ13
C and 

the standard δ
13

C. The fact that the δ
13

C obtained by HT-RPLC/IRMS and by FIA/IRMS 

without column agreed within error indicated that the offset of δ
13

C resulted from the 

interface and not from the chromatography. Since the observed offset was dependent on the 

compound, it seems to result mainly from incomplete oxidation in the oxidation reactor. Other 

LC/IRMS studies on bentazone and small aliphatic alcohols also suggested that incomplete 

oxidation of analytes in LC-IsoLink interface was the main contribution to the offset for δ
13

C 

measurements.
[44, 45]

 Since the δ
13

C measured by HT-RPLC/IRMS was highly reproducible, 

the offset of δ
13

C of each compound was stable. Hence, secondary working standards that are 

chemically identical to target analytes with known δ
13

C-values can be used to correct 

measured δ
13

C in order to obtain reliable δ
13

C. For example, Cabañero et al. has used 

commercial ethanol and glycerol as secondary working standards to correct δ
13

C of wine 

ethanol and glycerol measured by LC/IRMS.
[46, 47]

 

 

   

 

Figure 2.7 Temperature-programmed LC/IRMS chromatograms of caffeine derivatives and 

phenols using XBridge C18 (100 mm × 30 mm, 3.5 µm, A) and Zirchrom PBD (150 mm × 30 

mm, 5 µm, B), respectively, with pure water at 500 µL min
‒1

. The compounds are (1a) 

theobromine; (2a) theophylline (3a) caffeine; (1b) phenol; (2b) 3-methylphenol; (3b) 2,6-

dimethylphenol; (4b) 2,4,6-trimethylphenol in 100 g L
‒1

. 
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Table 2.4 Comparison of δ
13

C of caffeine derivatives and phenols measured by temperature-

programmed LC/IRMS with the corrected δ
13

CEA/IRMS and the δ
13

C-values measured by 

FIA/IRMS. 

Components 

HTLC/IRMS 

δ13C ± SD 

(n = 3)

FIA/IRMS 

δ13C ± SD 

(n = 5) 

Corrected 

δ13C EA/IRMS ± SD  

(n = 3) 

HTLC-EA HTLC-FIA

Theobromine ‒45.42 ± 0.16 ‒45.16 ± 0.11 ‒42.04 ± 0.03 3.38 0.26 

Theophylline ‒42.47 ± 0.23 ‒42.06 ± 0.10 ‒38.08 ± 0.03 4.39 0.41 

Caffeine ‒41.01 ± 0.12 ‒40.72 ± 0.06 ‒35.56 ± 0.02 5.45 0.29 

Phenol ‒28.56 ± 0.06 ‒28.13 ± 0.12 ‒27.04 ± 0.24 1.62 0.43 

3-Methylphenol ‒29.57 ± 0.16 ‒29.54 ± 0.06 ‒28.40 ± 0.11 1.17 0.03 

2,6-Dimethylphenol ‒32.73 ± 0.06 ‒32.28 ± 0.02 ‒31.52 ± 0.10 1.11 0.45 

2,4,6-Trimethylphenol ‒36.48 ± 0.08 ‒36.51 ± 0.09 ‒35.88 ± 0.05 0.60 0.03 

The corrected δ
13

C EA/IRMS of compound was obtained by converting the δ
13

C value measured 

by EA/IRMS relative to the international standard (VPDB) using a spreadsheet evaluation as 

recommended by Werner and Brand.
[30]

 

 Conclusion

Under isothermal and temperature gradient conditions, the four investigated reversed-phase 

columns showed good capacity for compound-specific isotope analysis as the column bleed of 

XBridge C18 (up to 180°C), Acquity C18 (up to 200°C), Triart C18 (up to 150°C), and 

Zirchrom PBD (up to 150°C) had no significant influence on precision and accuracy of δ
13

C-

values. Baseline separation of two mixtures showed that temperature-programmed LC/IRMS 

is a powerful tool for CSIA. According to the measurements described here, none of the 

columns showed an obvious deterioration and thus demonstrated good thermal stability with 

pure water elution. Future investigations in our laboratory will focus on isotopic composition 

measurements of specific compounds in food and pharmaceutical products by HT-

RPLC/IRMS, and the long time stability of the column will be monitored during the real 

sample measurements.  
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Chapter 3 Caffeine in your drink: natural or synthetic? 

 

Redrafted from Lijun Zhang, Dorothea M. Kujawinski, Eugen Federherr, Torsten C. Schmidt, 

Maik A. Jochmann
*
: Caffeine in your drink: Natural or synthetic? Analytical Chemistry 2012, 

84, 2805-2810 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  59 

3.1 Abstract 

Owing to possible adulteration and health concerns, it is important to discriminate between 

natural and synthetic food ingredients. A new method for compound-specific isotope analysis 

(CSIA) by coupling high-temperature reversed-phase liquid chromatography to isotope ratio 

mass spectrometry (HT-RPLC/IRMS) was developed for discrimination of natural and 

synthetic caffeine contained in all types of drinks. The analytical parameters such as 

stationary phase, column inner diameter, and column temperature were optimized for the 

separation of caffeine directly from drinks (without extraction). On the basis of the carbon 

isotope analysis of 42 natural caffeine samples including coffee beans, tea leaves, guaraná 

powder, and maté leaves, and 20 synthetic caffeine samples from different sources by high 

temperature reversed-phase liquid chromatography coupled to isotope ratio mass 

spectrometry (HT-RPLC/IRMS), it is concluded that there are two distinguishable groups of 

δ13
C-values: one between ‒25 to ‒32‰ for natural caffeine, and the other between ‒33 to 

‒38‰ for synthetic caffeine. Isotope analysis by HT-RPLC/IRMS has been applied to 

identify the caffeine source in 38 drinks. Four mislabelled products were detected due to 

added but non-labelled synthetic caffeine with δ
13

C-values more negative than ‒33‰. This 

work is the first application of HT-RPLC/IRMS to real-world food samples, which showed 

several advantages, simple sample preparation (only dilution), high throughput, long-term 

column stability, and high precision of δ
13

C-value. Thus, HT-RPLC/IRMS can be a very 

promising tool in stable isotope analysis of non-volatile organic compounds.  
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3.2 Introduction 

For manufacturers and customers, it is interesting to discriminate between natural and 

synthetic products, especially for widely consumed food products like caffeine-containing 

drinks. Caffeine-containing drinks are the most popular type of beverage in the world.
[1]

 Apart 

from natural drinks such as coffee, tea, guaraná, and máte, caffeine is also found in energy 

drinks and cola-type soft drinks that usually contain added synthetic caffeine. However, 

people prefer food products made of natural sources to those made of artificial chemicals. The 

food and drug administration (FDA) regulates that caffeine must be listed on the label of 

drinks when it has been added in the production, but not for drinks made from tea or coffee.
[2]

 

In consideration of the growing demand for natural drinks on the one hand and the significant 

price differences between naturally occurring caffeine sources and synthetic caffeine 

chemicals on the other hand, there is a high risk of fraud by false declaration of caffeine 

origins. Moreover, the naturally caffeinated drinks are generally assumed to be healthier than 

energy drinks containing high levels of synthetic caffeine 
[1, 3-5]

 that can lead to adverse 

effects, such as anxiety and insomnia.
[6, 7]

 Some energy drinks contain caffeine in excess of 

400 mg, which is the maximum daily allowance of caffeine for a healthy adult.
[7, 8]

 

Discrimination of natural and synthetic caffeine has received attention since energy drinks 

first appeared in Europe and Asia in 1960s when radiocarbon analysis of caffeine was used 

for identification as to its natural or synthetic origin.
[9, 10]

  

Stable isotope analysis has proved to be a powerful tool for detecting adulteration in food 

products.
[11-15]

 The stable carbon isotope ratio depends upon the origin of the material. For 

example, plants using the C3-photosynthetic pathway have more negative δ
13

C-values than 

those using the C4 pathway. Commercial chemicals derived from petroleum and coal sources 

may have different δ
13

C-value compared to those extracted from biogenic sources.
[16]

 Riching 

et al. reported that an elemental analyzer coupled to isotope ratio mass spectrometry 

(EA/IRMS) for δ
13

C and δ
18

O analysis has the potential to discriminate between natural and 

synthetic caffeine.
[17]

 However, both reported methods, radiocarbon analysis and EA/IRMS, 

need off-line extraction and purification of caffeine from the matrix, which is a labour-

intensive and time-consuming process. Liquid chromatography coupled to isotope ratio mass 

spectrometry (LC/IRMS) has gained growing interest as it is able to measure stable carbon 

isotope ratios of single compounds directly from complex mixtures.
[18, 19]

 It has been applied 

successfully to authenticity control of ethanol in wine 
[20, 21]

 and sugars in honey.
[20, 22]

 The 

recent introduction of high-temperature liquid chromatography coupled to isotope ratio mass 
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spectrometry (HTLC/IRMS) now enables the use of reversed-phase columns for compound-

specific isotope analysis.
[23, 24]

 

In this work, HTLC/IRMS was developed for carbon isotope analysis of caffeine directly 

from drinks. The determined δ
13

C-values can be used for discrimination of natural and 

synthetic caffeine based on two distinct ranges of caffeine isotope ratios as demonstrated by 

analyzing 42 natural caffeine samples including coffee, tea, guaraná, and maté, and 20 

caffeine samples from various synthetic origins.  

3.3 Experimental section 

3.3.1 Chemicals  

Ortho-phosphoric acid (99%) and sodium peroxodisulfate (99%) were purchased from Fluka 

(Buchs, Switzerland). Caffeine (99%) was purchased from Fluka (Steinheim, Germany). 

Theophylline monohydrate (99%) and theobromine (99%) were purchased from Alfa Aesar 

(Karlsruhe, Germany). Acetanilide (internal laboratory standard for elemental analysis) was 

purchased from Merck (Darmstadt, Germany). IAEA-600 caffeine with a δ
13

C-value of 

‒27.77 ± 0.04‰ was purchased from International Atomic Energy Agency (Vienna, 

Austria).
[25]

 Deionised water was used for solution preparation and mobile phase. Water and 

solutions used in the interface were degassed in an ultrasonic bath (Bandelin Electronic, 

Berlin, and Germany) for 15 minutes under vacuum conditions. A MZ2D NT diaphragm 

pump (Vacuubrand, Wertheim, Germany) was used to generate the needed vacuum. After 

degassing, it was continuously purged with Helium 5.0 (Air Liquide, Oberhausen, Germany).  

The measured caffeine samples and preparation method for EA/IRMS and HT-RPLC/IRMS 

measurements are listed in Table 3.1. Prior to EA/IRMS measurement, the purity of isolated 

caffeine from coffee beans, tea leaves, and energy drinks was checked by a system 2000 

Fourier transform infrared spectrometer (PerkinElmer, Rodgau, Germany) and by high 

performance liquid chromatography. In order to check for potential isotope fractionation in 

the sample preparation procedure of the EA/IRMS measurement, the synthetic caffeine 

sample with known δ
13

C-value were subjected to the same sample procedure as coffee and tea 

samples and subsequently measured by EA/IRMS.
[26]
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Table 3.1The measured caffeine samples and preparation methods  

Type Sample  Total  EA/IRMS  LC/IRMS  

Natural 

sources 

Coffee beans 

(Arabic) 

18 See reference 
[26]

  Espresso was prepared using a espresso machine 

of Saeco Royal Coffee Bar (Essen, Germany), and 

then diluted 5 times and filtered through a 0.20 µm 

membrane filter 
[27]

 

Tea leaves 

 

21 See reference 
[28]

  1g finely ground tea leaves in 100 g water was 

boiled for 20 minutes, then diluted 2 times and 

filtered through a 0.20 µm membrane filter 

Guaraná 1 NA Same as tea leaves 

Maté 3 NA Same as tea leaves 

Synthetic 

caffeine 

Commercial 

chemicals 

2 Measured directly 100 m L
‒1 

Energy drinks
a 

18 See reference 
[26]

 Diluted 5 times and filtered through a 0.20 

membrane filter 

Tested 

drinks 

Bottled or 

canned drinks 

38 NA Diluted (if necessary)
b
 and filtered through a 0.20 

membrane filter 

Except two caffeine chemicals (Fluka, Steinheim Germany; Alfa Aesar, Karlsruhe, Germany), 

other samples were collected from local market. a) For energy drinks that contain synthetic 

caffeine, it is typical to see that an exact amount of caffeine is listed on the product label and 

no information about natural caffeine source is given. b) The sample with caffeine more than 

200 mg L
‒1

 was diluted in order to achieve a caffeine concentration of 100 mg L
‒1

 

approximately. 

3.3.2 Instrumentation for HT-RPLC/IRMS 

The eluent for liquid chromatography was delivered by a Rheos Allegro pump (Flux 

instruments AG, Basel, Switzerland). The injection was made into a 10 L sample loop using 

a HTC PAL autosampler (CTC Analytics, Zwingen, Switzerland). An HT-HPLC 200 column 

oven (SIM, Oberhausen, Germany) was used for mobile phase preheating and column heating 

with two aluminium blocks. For isotope ratio measurement, a LC-IsoLink interface (Thermo 

Fisher Scientific, Bremen, Germany) connecting with the HT-HPLC oven with a Delta V 

Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific) was used. The water 

flow rate was 0.5 mL min
‒1

. The flow rate of sodium peroxodisulfate (0.83 mol L
‒1

) and 

phosphoric acid (1.50 mol L
‒1

) was 50 L min
‒1

. In order to avoid blockage in the system, an 

in-line filter with a pore size of 0.5 m (Vici, Schenkon, Switzerland) was placed in front of 

the oxidation reactor of the LC-IsoLink interface. The schematic setup is the same as shown 
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in Figure 1 of reference 23. Without the column, the setup may be used for flow injection 

analysis (FIA/IRMS).
[29]

 

For the separation of caffeine from drinks, an XBridge C18 column (2.1 × 100 mm, 3.5 µm, 

Waters, Eschborn, Germany) with an XBridge C18 guard column (2.1 × 10 mm, 3.5 µm) was 

used. Two other columns (XBridge C18 (3.0 × 100 mm, 3.5 µm) and Zirchrom PBD (3.0 × 

150 mm, 5 µm, Zirchrom, Anoka, USA)) were used for method development. 

3.3.3 Isotopic calculation 

 

Figure 3.1 HT-RPLC/IRMS chromatograms of a mixture of caffeine derivatives (100 mg L
‒1

), 

espresso, tea, and energy drink sample. The temperature used was 80 C and the column is 

XBridge C18 (2.1 × 100 mm, 3.5 µm). The second reference gas peak was used for calibration 

of δ
13

C-values. 
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All reported isotope ratios are expressed as δ
13

C-values relative to the international VPDB 

standard (Vienna Pee Dee Belemnite). δ
13

C is defined as 

            
           

               
                                                                                      (3.1) 

In the equation,             and                (0.0111802)
[30]

 are the 
13

C/
12

C ratio in the 

sample and in the standard, respectively. At the beginning of each run, three pulses of a 

laboratory standard gas (δ
13
C = ‒37.81‰) were introduced. The second peak was used for 

δ
13

Ccalibration. Furthermore, another pulse was set at the end of chromatographic run for 

controlling δ
13

C consistency (see Figure 3.1). All data acquisition, processing, and evaluation 

were carried out using Isodat 2.5. The background subtraction was made automatically by 

Isodat 2.5; the background type used for peak integration was ‘individual background’ with 

identical start and end slopes of 0.5 mV s
‒1

. 

According to the suggestion of Paul et al.,
[31]

 a two-point normalization was applied to correct 

the offset in δ
13

C-values measured by HT-RPLC/IRMS. The method uses a linear regression 

of measured δ
13

C-values  , 1 , 2;M std M std   and true δ
13

C-values  , 1 , 2;T std T std   of two internal 

laboratory standards as shown in Figure 3.2. The δ
13

Cmeasured by HT-RPLC/IRMS  ,M spl  

was normalized by the following equation:
[31]

 

 T, std1 T, std2

T, spl M, spl M, std2 T, std2

M, std1 M, std2

  
         

 

 
   

 


   


                                                                 (3.2) 

On the basis of the identical treatment (IT) principle for referencing isotope analysis,
[30]

 two 

internal laboratory standards of caffeine chemicals at a concentration of 100 mg L
‒1

 were 

measured along with the samples by HT-RPLC/IRMS, since they are chemically identical to 

the targeted compound and have δ
13

C-values of ‒27.77 and ‒35.56‰, which bracket the 

isotope ratio of most unknown samples.
[25]
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Figure 3.2 Illustration of the derivation of equation 3.2 used for two-point normalization of 

measured δ
13

C by LC/IRMS. Two internal laboratory standards of caffeine samples (100 mg 

L
‒1

) with δ
13
C of ‒27.77 ‰ T, std1( )  and ‒35.56 ‰ T, std2( )  were measured along with the 

samples by HT-HPLC/IRMS. 

3.3.4 EA/IRMS measurement 

13
C-values of pure compounds were measured with an EA 1110 Elemental Analyzer (CE 

instrument, Milan, Italy) coupled to a MAT 253 IRMS (Thermo Fisher Scientific) via a 

ConFlo IV interface (Thermo Fisher Scientific). In order to obtain the corrected CEA/IRMS 

value of a compound, the δ
13

C value measured by EA/IRMS was converted to the VPDB 

scale by using a spreadsheet evaluation as recommended by Werner and Brand.
[30]

 More 

detailed information can be found in the references.
[23, 30]

 

3.4 Results and discussion 

3.4.1 Baseline separation of caffeine by HT-RPLC/IRMS  

For compound-specific isotope analysis, baseline separation of target compounds from other 

components in the matrix is a key factor for obtaining precise and accurate δ
13

C. On the basis 

of a previous study, three different thermostable columns of two XBrige C18 columns and one 

Zirchrom PBD were selected to develop the method for the separation of caffeine from 

various mixtures including espresso, tea, and energy drink.
[23]

 At a temperature of 80 C, the 

XBridge C18 column with inner diameter (i.d.) of 2.1 mm was able to fully separate caffeine 
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from the mixtures within 15 min (see Figure 3.1). The analytical method was fast and simple. 

None of samples required any pre-purification or pre-enrichment procedure. After dilution 

and filtration, they were directly injected. The background of the sample matrix did not affect 

the caffeine peak and no further coeluted peak was observed during separation. Moreover, the 

carryover from late-eluting residue from preceding samples did not affect subsequent 

measurements during sequence analysis. A guard column with the same stationary phase of 

C18 was used for the separation. This can offer protection by trapping unwanted components 

that would otherwise be retained strongly on the analytical column. In one instance, carryover 

was observed during day-to-day measurements. In this case, the guard and analytical columns 

were cleaned by flushing with pure methanol and regenerated by purging with water at 80 C. 

In order to check whether the generally coexisting caffeine derivatives in coffee and tea can 

affect the separation of caffeine, a mixture of theobromine, theophylline, and caffeine had 

been measured under the same conditions. As shown in Figure 3.1, theobromine and 

theophylline eluted much earlier than caffeine without coelution.  

Another XBridge C18 with an inner diameter of 3.5 mm was also able to baseline resolve 

caffeine from different mixtures mentioned above. However, the analysis time was 3 minutes 

longer than on the smaller column with an inner diameter of 2.1 mm while other separation 

parameters were the same. The optimum flow rate for the 2.1 mm i.d. column at a temperature 

of 80 C was reported to be 0.5 ml min
‒1 [24, 32]

. This meets the requirement of the LC-IsoLink 

interface very well since the total flow of mobile phase, acid and oxidant reagent must be 

lower than 0.7 ml min
‒1

. A Zirchrom PBD column was also used for caffeine separation. 

However, this column was not able to baseline resolve caffeine in real-life samples. 

Therefore, the XBridge C18 with 2.1 mm i.d. was chosen for the application of caffeine 

isotope analysis by HT-RPLC/IRMS. 

Increasing the temperature can shorten analysis time of caffeine on the XBridge C18 column 

due to the improved elution strength of water at elevated temperature. 
[23]

 However, using 

lower temperature can certainly prolong the life of the column by reducing the possibility of 

stationary phase degradation. Here we used a maximum temperature of 80 C for XBridge C18 

column as recommended by the manufacturer. Under These conditions, the column has been 

used for approximately 800 injections in four months. After accomplishing all measurements 

in this work, it still had a good performance. Such a long-term stability renders the method 

usable for routine analysis. Furthermore, the long lifetime of the column in this application 

recommends also its use in high-temperature liquid chromatography with pure-water mobile 

phases.  
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3.4.2 Precision and accuracy of caffeine δ
13

C 

For a reliable isotope analysis, δ
13

C-values must be determined with high accuracy and 

precision. The precision of the developed method was tested in the concentration range of 

caffeine from 20 to 400 mg L
‒1

. At each concentration level, triplicates were measured. In the 

concentration range from 400 to 30 mg L
‒1

, the standard deviation (SD) for triple 

measurement at each concentration are less than 0.22‰ and the δ
13

C-value at each 

concentration is within ±0.5‰ (See Figure 3.3). Furthermore, there is a good linear 

relationship between the total peak area and caffeine concentration (R = 0.99999). Therefore, 

not only precise δ
13

C-values but also caffeine concentrations can be obtained in this 

concentration range. At a concentration of 20 mg L
‒1

, the δ
13

C-value is outside ±0.5‰. 

Therefore, 30 mg L
‒1

 is the detection limit of caffeine isotope analysis by HT-RPLC/IRMS 

according to the approach of defining the detection limit for compound-specific isotope 

analysis.
[33]

 

 

 

Figure 3.3 δ
13

C-values of caffeine in the concentration range from 20 to 400 mg L
‒1

. The 

circles and squares represent the δ
13

C and total peak area, respectively. The linear curve fit 

and the correlation coefficient for plotting peak area vs. concentration are shown in the graph. 

Error bars indicate the standard deviation of triplicate measurements. The dotted line indicates 

the iteratively calculated mean value of δ
13

C. The horizontal solid lines represent the interval 

of mean value ±0.5‰.
[33]
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The accuracy of δ
13

C-values obtained by the developed method was evaluated by comparison 

with δ
13

CEA/IRMS-values, which were obtained by EA/IRMS analysis of isolated pure caffeine 

samples from different sources. It is known that there is an offset between the δ
13

C-values of 

caffeine measured by HT-RPLC/IRMS and true values (see Figure 3.1) due to the incomplete 

oxidation of caffeine in the LC-IsoLink interface.
[23]

 Therefore a procedure of two-point 

normalization was used to correct the δ
13

C-values measured by HT-RPLC/IRMS 
M, spl( )   as 

described in the experimental section. Via the correction, the obtained δ
13

C-vaules 
T, spl( )  are 

consistent with δ
13

CEA/IRMS-values proving acceptable accuracy (Table 3.2). The differences 

between        and δ
13

CEA/IRMS of caffeine in complex mixtures of espresso, tea, and energy 

drinks are lower than 0.43 ‰. The        of one pure caffeine chemical (‒33.38 ± 0.18 ‰) are 

in good agreement with δ
13

CEA/IRMS results with a difference of 0.02‰. The insignificant 

differences between
T,spl  and δ

13
CEA/IRMS results indicate that reliable δ

13
C-values of caffeine 

have been achieved using the two-point normalization in this work. Two external standards, 

which possess the same chemical identity as the target compound and have δ
13

C-values 

bracketing the δ
13

C-values of most unknown samples, could be helpful for achieving reliable 

δ
13

C for compound-specific isotope analysis according to the literature, 
[25, 31]

 especially when 

no suitable internal standard is available.  

Table 3.2 Comparison of corrected 13
C-values of caffeine from various sources measured by 

HT-RPLC/IRMS (      ) with EA/IRMS analysis results. 

Caffeine source 

       ± SD  

(n = 3) 

13
CEA/IRMS ± SD 

 (n = 3) 
       - 

13
CEA/IRMS  

Coffee beans 1 ‒28.19 ± 0.19 ‒28.23 ± 0.04 0.04 

Coffee beans 2 ‒27.98 ± 0.27 ‒28.19 ± 0.07 0.21 

Tea leaves 1 ‒31.27 ± 0.20 ‒30.92 ± 0.08 0.35 

Tea leaves 2 ‒30.20 ± 0.18 ‒29.77 ± 0.08 0.43 

Energy drink ‒35.59 ± 0.06 ‒35.76 ± 0.03 0.17 

Pure chemical ‒33.38 ± 0.18 ‒33.36 ± 0.08 0.02 
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3.4.3 Distinguishable δ
13

C ranges of natural and synthetic caffeine 

Two distinguishable δ
13

Cranges of natural and synthetic caffeine were found based on the 

measurements of 42 natural caffeine samples including espresso, tea, maté, and guaraná from 

various geographic origins, and measurements of 20 synthetic caffeine samples including 

energy drinks, cola-type drinks, and commercial chemicals (Figure 3.4). For drinks that 

contain synthetic caffeine, it is typical to see that an exact amount of caffeine is listed on the 

product label and no information about a natural caffeine source is given. Figure 3.4 shows 

that caffeine from natural sources of C3-plants has δ
13

C-values between ‒25 and ‒32‰, while 

synthetic caffeine has lower δ
13

C-values between ‒33 and ‒38‰. 

 

 

 

Figure 3.4 δ
13

C-values and concentrations of caffeine from different sources. Error bars 

indicate the SD of triplicate measurements. Four dashed lines represent two different ranges 

of δ
13

C-values, from –25 to –32‰ for natural caffeine in C3-plant and from –33 to –38‰ for 

synthetic caffeine. a) Cola-type drinks except for coca cola. 
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Among a variety of natural drinks, the δ
13

C-value and content of caffeine in espresso ranges 

from ‒25.8 to ‒28.7‰ and from 663 to 950 mg L
‒1

 (30-50 mg per cup in 52 mL), respectively 

(black squares in Figure 3.4). The espresso drinks were made from 18 coffee bean samples of 

different geographic origins distributed over east Africa, South America, Central America, 

and Oceania. According to several studies, caffeine δ
13

C-values of various coffee beans 

(sample size: 50) measured by EA/IRMS are between ‒25.1 and ‒29.9 ‰.
[26, 28, 34]

 Our δ
13

C-

values measured by HT-HPLC/IRMS are within the summarized range. The amounts of 

caffeine in various espresso drinks fit very well with the results (from 30 to 50 mg per cup) 

reported by the international food information council foundation.
[35]

 In tea drinks, the 

caffeine δ
13

C-values and concentrations varied from ‒26.6 to ‒31.8 ‰ and from 64 to 459 mg 

L
‒1

, respectively. The collected 21 samples include four major types of tea: black, green, 

white, and Oolong. They originate from different countries including China, India, and Sri 

Lanka. The distribution of tea (red circles) and coffee caffeine (black squares) in Figure 3.4 

indicates that 
13

C of caffeine in some tea samples was more depleted than that in coffee 

samples, covering a wider isotopic range for tea samples. The same conclusion is true for 

other studies in the literature which report δ
13

C-values of tea caffeine ranging between ‒27.2 

and ‒32.4 ‰ (23 samples).
[28, 34]

 With these ranges it even becomes possible to differentiate 

between tea and coffee caffeine because tea caffeine but not coffee caffeine may have δ
13

C-

values more negative than ‒30‰. Due to the difficulty in collecting maté leaves and guaraná 

seeds, only three maté and one guaraná samples were measured. Maté-caffeine δ
13

C-values 

and concentrations vary from ‒27.7 to ‒29.1‰ and from 159 to 168 mg L
‒1

, respectively 

(rose triangles in Figure 3.4). The caffeine 13
C-value of guaraná sample was ‒25.3‰ (blue 

triangles in Figure 3.4). δ
13

Crange for maté and guaraná caffeine reported in the literature 

cover a range from ‒25.9 to ‒32.3‰ (5 samples) and from ‒26.7 to ‒28.7‰ (32 samples), 

respectively.
[17]

 The variation of caffeine 13
C-values in C3-plants can be explained by the 

different extent of isotopic fractionation during photosynthesis caused by secondary external 

factors, such as humidity, temperature, and sunlight availability.
[36, 37]

 

Compared with natural caffeine, synthetic caffeine used in energy drinks has a more negative 

carbon isotope ratio, falling in a distinct group between ‒33.1 to ‒37.9‰. Most energy drinks 

contained caffeine with a concentration of approximately 300 mg L
‒1

, except for two brands 

(‘quick energy’; 3136 mg L
‒1 
and ‘energy shot’; 1223 mg L

‒1
). The amount of caffeine found 

in various energy drinks is approximately the same as that declared on the label. The caffeine 

present in cola-type drinks, varied in concentration ranging from 48 to 90 mg L
‒1

, which is 

much lower than that found in energy drinks. Caffeine in different cola drinks was between 
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‒34.4 and ‒35.5‰. Two commercial caffeine chemicals had δ
13

C-values of ‒33.4 and 

‒35.6‰. The few literature data also report more negative δ
13

C-values for synthetic caffeine, 

ranging from ‒35.8 to ‒40‰ (7 samples).
[26, 28, 34]

 The variation in δ
13

C of synthetic caffeine is 

probably due to different raw materials and synthesis pathways. 

The results in this work corroborate the scarce information available in the literature and 

prove that δ
13

C-values for natural and synthetic caffeine can be distinguished. They fall into 

two distinct groups without significant overlap: from ‒25 to ‒32‰ for natural caffeine, and 

from ‒33 and ‒40‰ for synthetic caffeine. This finding is based on a variety of natural 

caffeine samples with a large sample size (153 samples) and various synthetic caffeine 

samples (27 samples) that have been measured via two methodologies of LC/IRMS and 

EA/IRMS by different laboratories. If in the measurement of an unknown sample the 

observed δ
13
C falls below the threshold of ‒32‰, it is assumed that the contained caffeine is 

synthetic, that is, not of natural provenience. The error probability for this assumption is α  

1% (See the supporting information: setting a threshold for assigning an unknown caffeine 

sample to natural or synthetic provenience). 

3.4.4 Authenticity control of caffeine-containing drinks 

Identification of caffeine as either natural or synthetic is very important for authenticity 

control of caffeine-containing drinks. Naturally caffeinated drinks such as bottled or canned 

tea and instant coffee have expanded around the world. Some energy drinks use guaraná 

extracts to meet the customer’s preference for natural products. According to the descriptions 

on the labels, all 38 drinks in this study were supposed to contain natural caffeine. Sample 

preparation was very simple for all drinks; after dilution (if necessary) and filtration, it was 

directly injected and measured by HT-HPLC/IRMS. Subsequently, the obtained δ
13

C-values 

were used for identification of natural or synthetic origin based on the respective isotope ratio 

range.  

 



  72 

  

Figure 3.5 δ
13

C-values and concentrations of caffeine in various drinks that were supposed to 

contain natural caffeine sources according to the labels. Four products were found to be 

mislabelled. Error bars indicate the SD of triplicate measurements. Four dashed lines 

represent two different ranges of δ
13

C-values, from ‒25 to ‒32‰ for natural caffeine in C3-

plant and from ‒33 to ‒38‰ for synthetic caffeine. 

 

As seen in Figure 3.5, four out of the 38 tested drinks contain caffeine with δ
13

C-values lower 

than ‒33‰, falling into the group of synthetic caffeine. These four probably mislabelled 

drinks are one instant drink mix, two bottled iced tea drinks, and one maté drink. For six 

different instant coffee samples, the caffeine δ
13

C-values vary from ‒27.0 to ‒28.8‰ lying 

within the range found in coffee beans (from ‒25.1 to ‒29.9‰), and the caffeine 

concentrations are from 229 to 571 mg L
‒1

. One natural cola drink, which according to 

product description contained a coffee bean extract, has caffeine δ
13

C-value of ‒28.4 ‰, 

confirming a natural origin. However, one instant coffee had a δ
13

C-value of ‒36.8‰, 

indicating a synthetic origin. Twelve drinks of bottled tea contain caffeine with concentrations 

and δ
13

C-values ranging from 30 to 128 mg L
‒1

 and from ‒29.6 to 31.9‰, respectively. The 

δ
13

C-values fall into the group for tea samples, suggesting a natural origin. In contrast, the 

δ
13

C-values of the other two tea drinks (‒33.3 and ‒35.5‰) fall into the group of synthetic 
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caffeine indicating a synthetic origin. For the ready-to-drink products containing guaraná 

extract, the 13
C-values are between ‒26.3 and ‒28.3‰, lying within the range for guaraná 

seeds (‒25.3 to ‒28.7 ‰). No mislabelled guaraná drinks were found in this study. However, 

one maté drink was found to be probably mislabelled since the caffeine δ
13

C-value was 

‒35.3‰. It is interesting to note that two different coca cola products show identical δ
13

C-

values of ‒30.2‰, indicating a natural source of the kola nut extract. Among these 38 drinks, 

6 tea drinks and 2 guaraná drinks were found to contain caffeine lower than 30 mg L
‒1

. The 

latter results are not included in Figure 3.5 because the concentration below the detection 

limit of HT-RPLC/IRMS. 

3.5 Conclusions 

Compound-specific isotope analysis by HT-RPLC/IRMS has been applied to the 

measurement of caffeine in various drinks, allowing us to differentiate between natural and 

synthetic caffeine. Two separate ranges of δ
13

C-values for natural and synthetic caffeine have 

been identified based on the results in this work and in the literature: one from ‒25 to ‒32‰ 

and the other from ‒33 and ‒40‰. The method has been applied to control the stated natural 

caffeine sources in 38 drinks, out of which four products were found to be mislabelled due to 

added synthetic caffeine. The advantages of the presented method include simple sample 

preparation, short analysis time, long-term column stability, high precision of δ
13

C-values. It 

has the potential to become a routine method for authenticity control of caffeine-containing 

drinks. 
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3.7 Appendix: Setting a threshold for assigning an unknown caffeine 

sample to natural or synthetic provenience 

Figure 3.6 gives a plot of the δ
13

C-values shown in Figure 3.4 of the article for the samples 

containing natural and synthetic caffeine. One-sided prediction intervals around the means 

were calculated for both groups. The lower and the upper limit of these confidence intervals 

are given by: 

 

                                   
 

    
                                            (3.3) 

                                         
 

      
                                (3.4) 

With 

                  mean δ
13

C-values for samples of natural provenience 

                 mean δ
13

C-values for samples of synthetic provenience 

                 number of “natural” samples 

                number of “synthetic” samples 

                 standard deviation of δ
13

C-values for “natural” samples 

                standard deviation of δ
13

C-values for “synthetic” samples 

                 t value for a given confidence level 1 ‒ α and n ‒ 1 degrees of freedom 

Setting α = 0.01 one gets the following results: 

    s n df       Limit of confidence level 

“Natural” 

samples 
‒28.1 1.422 42 41 2.420803 ‒31.6 

“Synthetic” 

samples 
‒35.3 1.299 20 19 2.539483 ‒31.9 

 

The threshold for discriminating between natural and synthetic provenience of caffeine is set 

to      = ‒32‰. If in the measurement of an unknown sample the observed δ
13

C-values falls 

below this threshold, it is assumed that the contained caffeine is synthetic, i.e. not of natural 

provenience. The error probability for this assumption is α ≈ 1%.  
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Figure 3.6 A plot of the δ
13

C-values shown in Figure 3.4 of the article for the samples 

containing natural and synthetic caffeine. One-sided prediction intervals around the means 

were calculated for both groups.  
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Chapter 4 Derivatization-free carbon isotope ratio analysis of steroids by 

hyphenation with high temperature liquid chromatography 
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4.1 Abstract 

Generally, compound-specific isotope analysis of steroids is carried out by the hyphenation of 

gas chromatography with isotope ratio mass spectrometry. Thus, a derivatization of the 

steroids prior to the measurement is compelling and a correction of the isotopic data is 

necessary. To overcome this limitation, we present a new approach of high-temperature liquid 

chromatography coupled to photodiode array detector and isotope ratio mass spectrometry 

(HTLC/PDA/IRMS) for the carbon isotope ratio analysis of underivatized steroids. A steroid 

mixture containing 19-norandrosterone (19NA), testosterone (T), epitestosterone (EpiT), 

androsterone (A), 5β-pregnane-3α,17α,20α-triol (PT) was fully separated on a C4 column 

under high-temperature elution with water. The detection limits for precise and accurate 

isotope analysis were around 20 µg g
‒1

 for testosterone, epitestosterone (79 ng steroid on 

column), and 30 µg g
‒1

 for 19-norandrosterone, androsterone and 5β-pregnane-3α,17α,20α-

triol (119 ng steroid on column). A linear relationship was obtained between the concentration 

and peak area from PDA and IRMS, and the additional quantitative measurement by PDA can 

be used to check peak purity of the IRMS chromatogram. The applicability of the method was 

tested by measuring a pharmaceutical gel containing testosterone. Additionally, with this 

work, the scope of LC/IRMS applications has been extended to non-polar organic 

compounds. 
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4.2 Introduction 

Compound-specific isotope analysis (CSIA) of steroids is nowadays an important tool in food 

analysis 
[1-4]

 and steroid abuse detection in sports 
[5]

 Steroids such as testosterone can be 

legally prescribed in various dosage forms to treat conditions associated with steroid hormone 

deficiency.
[6]

 Therefore, the origin and authenticity of pharmaceutical products containing 

steroids is an increasing task in connection with consumer protection due to product fakes. 

CSIA of steroids nowadays relies on gas chromatography coupled to isotope ratio mass 

spectrometry (GC/IRMS), which requires a derivatization of the involved steroids.
[7-11]

 

However, derivatization is a laborious step during sample preparation and is prone to alter 

isotopic signatures of the target analytes. Additionally, a correction of the measured isotopic 

signatures is necessary.
[12]

 However, a derivatization step can be avoided by employing liquid 

chromatography hyphenated with isotope ratio mass spectrometry (LC/IRMS). LC/IRMS was 

introduced and described in detail in 2004 by Krummen et al. 
[13]

 For a measurement of 

carbon isotope ratios, the analytes were converted to carbon dioxide and water by online 

chemical oxidation with sodium peroxodisulfate (conc. Na2S2O8) under acidic conditions 

(conc. H3PO4) in a heated capillary.
[13]

 In the following step CO2 permeates from the aqueous 

phase into a Helium carrier gas stream via a membrane, and is transported to the IRMS inlet 

after drying.  

The main difficulty of using LC/IRMS for steroid analysis is the method inherent need of a 

carbon-free eluent for separation, 
[13]

 because organic buffer or solvent in the eluent can result 

in a severe decrease of sensitivity by saturation, or even wrong carbon isotope ratios.
[14]

 An 

ordinary reversed-phase separation using organic solvent as eluent and modifier is therefore 

not possible to eluent the relatively non-polar steroids. Additionally, the low water solubility 

of the steroids requires an organic solvent as solution mediator.  

Recently, Godin et al.
 
and Zhang et al.

 
demonstrated the applicability of high-temperature 

liquid chromatography (HTLC) in LC/IRMS.
[15, 16]

 HTLC/IRMS has been reported for carbon 

isotope analysis of polar and medium polar organic compounds (fatty acids
14

, caffeine
17

 and 

sulfonamides
14

), but so far not for non-polar organic compounds such as steroids. At elevated 

temperatures, the elution strength of water increases since its static permittivity decreases. 

Hence, the polarity of water can be changed towards that of organic solvents by applying 

temperature gradients.
[17] Thus, organic solvents and modifiers, which are necessary in 

reversed-phase separation, are not necessary.
[18]

  

In the following we show that a derivatization-free measurement of the steroid isotopic 

signature is possible even with the use of a solvent mediator (methanol). A new approach of 
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high-temperature liquid chromatography coupled to photodiode array detector and isotope 

ratio mass spectrometry (HTLC/PDA/IRMS) for carbon isotope analysis of free steroids is 

presented. Therefore a mixture of free steroids containing 19-norandrosterone (19NA), 

testosterone (T), epitestosterone (EpiT), androsterone (A), 5β-pregnane-3α,17α,20α-triol (PT) 

was separated. Additionally, a real pharmaceutical gel containing testosterone was measured 

to demonstrate applicability of the new method to real samples. 

4.3 Experimental 

4.3.1 Materials 

Analytical standards of 19-nortestosterone (>99%), testosterone, epitestosterone, androsterone 

(all >99%), and 5β-pregnane-3α, 17α, 20α-triol (>99%) were purchased from Sigma-Aldrich 

GmbH (Steinheim, Germany). Methanol (GC grade) and sodium dihydrogen phosphate (99%) 

were from Merck (Darmstadt, Germany). Ortho-phosphoric acid (99%) and sodium 

peroxodisulfate (99%) were from Fluka (Buchs, Switzerland). Two certified isotope standards 

of IAEA-600 caffeine (13
C = ‒27.77 ± 0.04 ‰)

[19]
 and IAEA-CH-6 sucrose (13

C = 

‒10.449 ± 0.033 ‰) were supplied by International Atomic Energy Agency (Vienna, 

Austria). 

Five stock solutions, each of which contains one steroid standard in methanol at a 

concentration of 1000 µg g
‒1

, were prepared prior to analysis and were stored at 4C in the 

refrigerator for two weeks. The test mixtures were prepared by mixing and diluting the stock 

solutions in methanol with the required amount. A pharmaceutical sample of Testogel 

(Laboratoires Besins International, Paris, France) was used to demonstrate applicability of the 

method to real samples. Testogel is a hydroalcoholic gel containing 1% testosterone (25 mg in 

2.5 g), ethanol (96%), isopropyl myristate and poly (acrylic acid) (Carbomer 980), which is 

used to control the release of the active ingredient to the human skin. The gel was 

homogenized and dissolved in 5 mL of methanol, and then filtered through a 0.20 µm 

membrane filter. In the end, it was diluted 50 times by methanol and theoretically contained 

approximately 77.4 µg g
‒1

 testosterone. 

4.3.2 Instrumentation for HTLC/PDA/IRMS 

A Rheos Allegro pump (Flux instruments AG, Basel, Switzerland) was used to deliver the 

chromatographic eluent. Five microliter of sample was injected by a HTC PAL autosampler 

(CTC Analytics, Zwingen, Switzerland). An HT-HPLC 200 column oven (SIM, Oberhausen, 

Germany) was used for eluent preheating, column heating, and eluent cooling with three 
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aluminium blocks. An Accela PDA 80 detector (Thermo Fisher Scientific, Bremen, Germany) 

was connected between the column oven and LC-IsoLink interface (Thermo Fisher 

Scientific). The scan wavelength of PDA detector was from 190 to 800 nm. A Delta V 

Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) 

was used for carbon isotope analysis. In the LC-IsoLink interface, the flow of sodium 

peroxodisulfate (0.83 M) and phosphoric acid (1.50 M) was 30 and 50 L min
‒1

, respectively. 

In order to avoid blockage in the system, two in-line filters with a pore size of 0.5 m (Vici, 

Schenkon, Switzerland) were placed before the tubing of the preheating unit and after the 

cooling unit.  

An XBridge BEH300 C4 column (2.1 × 50 mm, 3.5 µm, Waters, Eschborn, Germany) was 

used for steroid separation at elevated temperatures. The eluent was 10 mM phosphate buffer 

at pH 3.0 with a flow of 0.5 mL min
‒1

. The used temperature program started at 80 °C and 

ramped to 160 °C at 3°C min
‒1

, where it was held for 11 min.  

4.3.3 EA/IRMS measurement 

13
C values of pure compounds were measured with an EA 1110 Elemental Analyzer (CE 

instrument, Milan, Italy) coupled to a MAT 253 IRMS (Thermo Fisher Scientific) via a 

ConFlo IV interface (Thermo Fisher Scientific). The reported CEA/IRMS values of steroids 

were corrected by a two-point normalization method with two certified standards of IAEA-

600 caffeine and IAEA-CH-6.  

4.3.4 Data acquisition and handling  

All reported δ
13

C values were normalized to the VPDB scale (Vienna Pee Dee Belemnite). 

The open split was out from 100 to 500 s in order not to introduce methanol into the ion 

source (see Figure 4.1). Four pulses of reference gas were injected at 30, 900, 950, and 2250 

s, and the second reference peak was used for δ
13

C ionization correction. At 180 s, the sample 

was injected and the autosampler sent a start signal to the PDA detector for data collection 

and to the HT-HPLC oven for temperature programming. The acquisition and processing of 

IRMS data was performed by Isodat 2.5. The background type used for peak integration was 

‘individual background’ with start slope of 0.7 mV s
‒1 

and end slope of 0.5 mV s
‒1

. A 

standard mixture of five steroids at 100 µg g
‒1

 with known δ
13

C values was measured along 

with samples by HTLC/IRMS for compound-specific offset correction. Offsets of steroids at 

are listed in Table 4.1.  
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Table 4.1 δ
13

C values measured by EA/IRMS and HTLC/IRMS of steroids at 100 µg g
‒1

 and 

δ
13

C-value differences between the two methods (C = CEA/IRMS ‒ δ
13

CHTLC/IRMS).  

 

No. Name Structure δ13CEA/IRMS ± SD 

(n = 4) 

δ13CHTLC/IRMS ± 

SD 

(n = 3) 

δ13C Remark 

1 19-Nortestosterone 

(19NA) 

 

 

‒28.69 ± 0.03 ‒30.31 ± 0.06 1.62 ± 0.07 Exogenous 

AAS[20]  

2 Testosterone 

(T) 

 

 

‒29.42 ± 0.02 ‒31.20 ± 0.13 1.78 ± 0.13 Endogenous 

AAS[20] 

3 Epitestosterone 

(EpiT) 

 

‒31.56 ± 0.02 ‒33.14 ± 0.12 1.58 ± 0.12 Masking agent 

for testosterone 

use[20, 21] 

4 Androsterone 

(A) 

 

‒31.18 ± 0.02 ‒32.82 ± 0.29 1.64 ± 0.29 One of main 

metabolites of 

testosterone[9, 20] 

5 5β-pregnane-3α, 17α, 

20α-triol 

(PG) 

 

‒29.56 ± 0.05 ‒30.80 ± 0.11 1.24 ± 0.12 Endogenous 

reference 

compound 

(ERC)[20] 



  86 

  

Figure 4.1 Chromatogram obtained by HTLC/PDA/IRMS of a steroid mixture (A: m/z of 44, 

45, 46; B: Absorption at 193 nm). The sample contains five steroids in methanol, at a 

concentration of 100 µg g‒1 (listed in Table 4.1). The used temperature program is indicated 

by the dashed line in A. The open split was set in “out” position (back-flush mode) from 100 

to 500 s in order to prevent methanol entering into the ion source. The sample was injected at 

180s. 
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4.4 Results and discussion  

4.4.1 Chromatographic separation of steroid mixture 

Pure free steroids are practically insoluble in pure water but soluble in organic solvents such 

as alcohols. Thus, methanol was used as solvent mediator to dissolve the steroid standards in 

water. In general, methanol within the aqueous solvent would lead to an elevated carbon 

background in LC/IRMS. By applying a steep temperature gradient from room temperature to 

80°C within the first 3.3 minutes it was possible to elute the methanol as solvent peak. During 

sample injection at 180 s, the open split was out from 100 to 500 s in order not to introduce 

the solvent of pure methanol into the ion source (back-flush mode, see also Figure 4.1A). 

After the open-split was set ´in´, the background was stable and a raised background from 

methanol was not observed. This indicates that methanol was fully separated from the steroids 

and eluted before 500 s because of the low retention on the C4 column at 80°C. The possible 

influence of methanol was investigated by four CO2 reference gas pulses. These pulses 

showed consistent isotope ratios with standard deviations lower than 0.18 ‰ and five steroids 

were measured with standard deviation better than 0.29 ‰ (see Table 4.1). Thus, the 

methanol used for dissolving steroids had obviously no influence on the steroid isotope 

analysis.  

As shown in Figure 4.1A, a mixture of the free steroids was fully separated by a C4 column 

under temperature-programmed elution. The chromatographic resolution of neighbouring 

steroid peaks was higher than 2.15, so that no isotopic signature alteration by overlapping 

peaks can occur. The slope of peak background of five steroids (background at peak start and 

peak end divided by peak width) is lower than 0.67 mV s
‒1

, which suggest a negligible 

column bleed and a stable background during separation. Under this condition, the integration 

algorithm of ‘individual background’ with start slope of 0.7 mV s
‒1

 can be used for 

background subtraction without precision loss. This was in accordance to our previous 

investigation of column bleed effect on isotope analysis under high temperature.
[16]

 The low 

background at high temperature up to 160 C proved again that HPLC columns packed with 

ethyl-bridged hybrid particles have an excellent thermal stability.
[16, 22]

 Compared with the 

normalized δ13
CEA/IRMS-values of steroids, the δ13

C-values directly measured by HTLC/IRMS 

had an offset. This offset in LC/IRMS has also been observed for other compounds. 
[14, 16, 23, 

24]
 It originates from the incomplete oxidation of analytes in the LC-IsoLink interface.

[14]
 

Since the δ
13

C values measured by LC/IRMS were highly reproducible and the offset was 

stable, accurate δ
13

C values of steroids can still be obtained by correction.
[16]

 In this work, a 



  88 

standard mixture containing compounds of interest with known δ
13

C values was measured 

along with samples for the compound-specific offset correction. The offsets varied little 

within these five steroids as seen in Table 4.1 (from 1.24 to 1.78‰).  

The maximum UV absorption wavelength of 19-nortestosterone, testosterone, epitestosterone, 

androsterone, 5β-pregnane-3α, 17α, 20α-triol was 247, 248, 248, 193, 193 nm, respectively, 

according to the absorbance spectra (from 190 to 800 nm) at the peak centre. The 

chromatogram at 193 nm (see Figure 4.1B) shows that the use of pure water as eluent allows 

us to monitor UV absorption with a wavelength shorter than 195 nm, which is especially 

useful for steroids not having a conjugated π-electron system like androsterone and 5β-

pregnane-3α,17α,20α-triol. Lowering the feasible UV detection wavelength is one advantage 

of high-temperature liquid chromatography with water as eluent, because organic solvents 

that absorb in these spectral region will not disturb.
[25]

 

4.4.2 Method detection limit 

The detection limit of steroids was tested in the concentration range from 20 to 200 µg g
‒1

. 

The precision of triple measurements at each concentration down to 20 µg g
‒1

 is better than 

0.42‰ for T, EpiT, (Table 4.2), and the difference to CEA/IRMS value is within ± 0.5 ‰ 

after the correction by adding the individual offset to the measured CHTLC/IRMS values (see 

an example of T in Figure 4.2A). It shows that the offset of steroids in HTLC/IRMS system 

was constant within the range of 20 to 200 µg g
‒1

. For 19NA, A and PT, the precision is better 

than 0.32 ‰ down to 30 µg g
‒1

, and the offset corrected C-values are also within the 

interval of CEA/IRMS ± 0.5 ‰ (see an example of PG in Figure 4.2B). At 20 µg g
‒1

, the 

precision for 19NA, A and PT became higher than 0.5 ‰, which is the commonly acceptable 

precision for compound-specific isotope analysis.
[16, 26]

. Therefore, precise and accurate C-

values can be obtained for T, and EpiT down to 20 µg g
‒1

 (corresponding to approximately 79 

ng steroid or 61 ng carbon on-column) and for 19NA, A and PT down to 30 µg g
‒1

 

(corresponding to approximately 118 ng steroid or 92 ng carbon on-column). The obtained 

detection limit is relatively low in comparison to previously reported detection limits of 

LC/IRMS analysis.
[27, 28]
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Figure 4.2 Offset corrected δ
13

C values of testosterone (A) and 5β-pregnane-3α, 17α, 20α-triol 

(B) at different concentrations from 200 to 20 µg g
‒1

. The error bars indicate the standard 

deviations of triplicate measurements. The dashed lines show the CEA/IRMS-values of the 

two steroids. The solid lines represent the interval of CEA/IRMS ± 0.5 ‰. 

 

Table 4.2 δ
13

C values of steroids at different concentrations (n = 3) measured by HTLC/IRMS 

and corrected by adding the offset to CEA/IRMS-values. 

 

 

Table 4.3 Linear relationships between concentration and peak areas from IRMS (for all 

steroids from 20 to 200 µg g
‒1

) and UV detection at 193 nm (for 19NA, T, EpiT from 20 to 

200 µg g
‒1

 and for A and PT from 30 to 200 µg g
‒1

) 

 
19NA T EpiT A PT 

IRMS 
y = 0.350x + 1.604 

R² = 0.998 

y = 0.366x + 1.856 

R² = 0.998 

y = 0.384x + 2.147 

R² = 0.998 

y = 0.358x + 3.144 

R² = 0.997 

y = 0.310x + 1.281 

R² = 0.998 

UV 
y = 21761x + 175484 

R² = 0.999 

y = 21687x + 89923 

R² = 0.998 

y = 22598x + 80053 

R² = 0.999 

y = 8642x ‒ 54482 

R² = 0.999 

y = 3456 x – 1272 

R² = 0.992 

 

Con. (µg g
‒1

) 19NA T EpiT A PT 

200 ‒28.44 ± 0.13 ‒29.25 ± 0.14 ‒31.46 ± 0.15 ‒31.11 ± 0.35 ‒29.54 ± 0.12 

100 ‒28.69 ± 0.09 ‒29.42 ± 0.18 ‒31.56 ± 0.17 ‒31.18 ± 0.41 ‒29.56 ± 0.16 

80 ‒28.67 ± 0.17 ‒29.27 ± 0.17 ‒31.39 ± 0.24 ‒31.22 ± 0.34 ‒29.67 ± 0.30 

50 ‒28.88 ± 0.31 ‒29.17 ± 0.27 ‒31.70 ± 0.13 ‒31.27 ± 0.30 ‒29.60 ± 0.34 

30 ‒28.84 ± 0.30 ‒29.45 ± 0.32 ‒31.48 ± 0.30 ‒31.53 ± 0.36 ‒29.68 ± 0.23 

20 ‒29.81 ± 0.68 ‒29.52 ± 0.42 ‒32.06 ± 0.22 ‒30.79 ± 0.51 ‒29.92 ± 0.68 



  90 

Furthermore, there are good linear relationships between the concentrations and peak areas 

from IRMS and PDA detector (Table 4.3). It has to be noted that the peak area is not 

reproducible for A and PT at 20 µg g
‒1

 because of their weak UV absorption. Therefore, the 

linear relationship for them is shown in the range of 30 to 200 µg g
‒1

. The obtained additional 

concentration from the in-line PDA detector can be used to confirm the chromatographic peak 

purity in IRMS, as they give different information: carbon amount from IRMS and UV 

absorption behaviour of analytes from PDA.  

4.4.3 Testogel sample  

The developed method was applied to a Testogel pharmaceutical sample (Figure 4.3). 

Knowing δ
13

C-values of pharmaceutical steroids is interesting for authenticity control of 

pharmaceutical products based on their different δ
13

C-values. A Testogel sample was 

measured by HTLC/PDA/IRMS after a simple sample preparation that included methanol 

extraction, filtration and 50 times dilution. As shown in Figure4.3, the ethanol and isopropyl 

myristate present in the matrix of Testogel were eluted before entering the IRMS ion source, 

giving clean and stable background for isotope analysis of testosterone. The δ
13

C-value of 

testosterone in Testogel is ‒29.35 ‰, which is in the reported range of exogenous 

pharmaceutical testosterone (‒26.18 and ‒30.04 ‰).
[29]

 The precision of isotope analysis is as 

high as 0.13 ‰. The obtained concentrations from two detectors are consistent, confirming 

the peak purity of testosterone in IRMS. The detected level matches very well the theoretical 

concentration of 77 µg g
‒1

.  
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Figure 4.3 Chromatogram of a Testogel sample. δ
13

C-value of testosterone in a Testogel 

sample (n = 3), which was corrected by adding the offset; and calculated concentrations (µg 

g
‒1

) from the peak areas of IRMS and PDA detector at 193 nm based on the linear 

relationships in Table 4.3. 

4.5 Conclusion 

A new HTLC/PDA/IRMS was developed for carbon isotope ratio analysis of non‒polar free 

steroids. Five steroids of 19NA, T, EpiT, A, and PT were fully separated on a C4 column by 

high‒temperature elution with water as eluent. The achieved detection limit for precise and 

accurate isotope analysis shows that the developed method is feasible to measure steroids in 

pharmaceutical products. Polar organic compounds like solvent and the main additives of 

pharmaceutical samples have no influence on isotope analysis of steroids. The developed 

method aimed at isotope analysis of free steroids without derivatization and avoids potential 

isotope fractionation so that no correction of the isotopic data is necessary. The good 

separation of five steroids with high similarity in molecular structure indicates that the 

developed method can be adopted for isotope analysis of other non-polar organic compounds. 
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Chapter 5 Carbon isotope analysis of AICAR by liquid chromatography 

coupled to PDA and isotope ratio mass spectrometry  
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5.1 Abstract  

Gene doping is an emerging potential threat to the integrity of sport and the health of athletes. 

5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is one of the first gene doping 

drugs prohibited by the World Anti-Doping Agency. Conventional quantitative determination 

of excreted AICAR is not adequate to prove an additional exogenous administration due to its 

endogenous production. Carbon isotope analysis has proven to be a useful tool in 

discrimination between endogenous and exogenous doping drugs. In this context, liquid 

chromatography coupled to photodiode array detector and isotope ratio mass spectrometry 

(LC/PDA/IRMS) was developed for compound-specific isotope analysis of AICAR. Suitable 

chromatographic conditions and prepurification procedure of urinary samples were 

investigated for precise carbon isotope analysis. It has been shown that endogenous AICAR in 

a urine sample and synthetic AICAR from two sources have significantly different carbon 

isotope values. This shows potential application of carbon isotope analysis to the detection of 

AICAR abuse in sport. 
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5.2 Introduction 

Doping control plays a key role in ensuring a fair competition for all athletes. Gene doping is 

a new threat for international sporting events.
[1]

 5-Aminoimidazole-4-carboxamide 

ribonucleotide (AICAR), an analog of adenosine monophosphate (AMP), is a gene doping 

drug (see the chemical structure in Figure 5.1). It can be used as an activator of AMP-

activated protein kinase, which regulates the response of the cell to energy change.
[2]

 It has 

been observed that four weeks of AICAR treatment increased running endurance of untrained 

mice by 44%.
[3]

 AICAR has been banned in sport by the World Anti-doping Agency 

(WADA) since 2009.
[4]

  

Fighting against AICAR abuse is a challenging work. AICAR is a naturally occurring 

intermediate of the biosynthetic pathway of purines and the variation of its concentration is 

dependent on health and nutrition condition of athlete.
[5]

 Recently, Thomas et al. have 

measured the levels of AICAR in 499 urinary samples from elite athletes with liquid 

chromatography coupled with mass spectrometry and reported a reference value of AICAR 

concentration in urine, 2186 ± 1655 ng mL
‒1

.
[6]

 This wide variation shows that only 

quantitative measurement of excreted AICAR is not enough to confirm the AICAR 

administration. As a potential additional analytical tool, stable isotope analysis has already 

been widely used to differentiate endogenous and exogenous steroids based on different 

isotope ratio values.
[7-9]

 The naturally occurring AICAR of human beings is derived from the 

diet, a mixture of C3 and C4 plants. The synthetic AICAR might have different carbon isotope 

ratio, which is produced industrially from the fermentation broth of glucose.
[10]

 To our best 

knowledge, compound-specific isotope analysis of AICAR has not been reported yet. There 

are two methodologies for compound-specific isotope analysis: gas chromatography coupled 

with isotope ratio mass spectrometry (GC/IRMS) and liquid chromatography coupled with 

isotope ratio mass spectrometry (LC/IRMS). AICAR is a very polar organic compound and 

has a boiling point of 726 °C. It needs to be derivatized for GC/IRMS analysis, which is a 

labour intensive and time-consuming step. Therefore, LC/IRMS was chosen for AICAR 

isotope analysis. 

In this context, a new method of liquid chromatography coupled to photodiode array detector 

and isotope ratio mass spectrometry (LC/PDA/IRMS) was developed for AICAR isotope 

analysis. The possibility of applying the developed method to the detection of AICAR abuse 

was discussed.  
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Figure 5.1 Chemical structure of AICAR 

5.3 Materials and Methods 

5.3.1 Chemicals and reagents 

Ortho-phosphoric acid (99%) and sodium peroxodisulfate (99%) were bought from Fluka 

(Buchs, Switzerland). Monosodium dihydrogen phosphate (99.5%) and disodium hydrogen 

phosphate (99.5%) were from Merck (Darmstadt, Germany). The AICAR standard (≥ 98%) 

was purchased from Sigma Aldrich (Steinheim, Germany). Two isotope reference materials, 

NBS 22 oil with a δ
13

C-value of ‒30.03 ± 0.04‰ and IAEA-CH-6 with a δ
13

C-value of 

‒10.45 ± 0.03‰, were purchased from the International Atomic Energy Agency (IAEA, 

Vienna, Austria).  

5.3.2 Prepurification of human urine samples 

Three urine samples were pre-purified with three different procedures by the institute of 

biochemistry in the German Sport University Cologne. 

The first procedure  

200 mL of urine was mixed with 50 mL of dichloromethane, whereby the organic phase was 

discarded. 0.2 M NaOH was added to the urine adjusting pH to 12 and was washed with 

dichloromethane. The organic phase was also discarded. Acetic acid was added to the urine 

adjusting pH to 3. The urine was extracted again with dichloromethane and the organic phase 

was discarded. NaOH was added to the aqueous phase adjusting pH to 7 and was evaporated 

to dryness in a rotary evaporator. The residue was dissolved in a hot 1:1 mixture of ethanol 

and chloroform. The insoluble matter was filtered by a short silica gel column (4 cm) and 

washed out by a 1:1 mixture of ethanol/chloroform. The eluent was evaporated to dryness and 

then dissolved in 10 mL of water adjusted to pH 8.5-9.0 by ammonia. The solution was mixed 

1:1with 0.2 M ammonium acetate at pH 8.8. 
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The HPLC purification system was an Agilent 1100 series HPLC system coupled with an AB 

SCIEX 4000 QTrap mass spectrometry. Electrospray ionization in positive mode and 

multiple-reaction monitoring mode were used. A chromatographic column for HPLC 

purification was packed with 0.6g polymer-bounded 3-aminophenylboronacid gel (Sigma 

Aldrich, Steinheim, Germany) and washed by ammonium acetate buffer. Afterwards, it was 

conditioned by 5 mL of ammonium acetate buffer. The sample of 20 mL was filled in and 

washed by 5 mL of ammonium acetate buffer. The eluent was 0.1 M of formic acid and the 

aliquot was 1 mL of eluent. The aliquots were directly measured by a LC-ESI-MS/MS. The 

fractions 1-3 were collected. Approximately 13 μg of AICAR was extracted. The collected 

fractions were evaporated to dryness in a vacuum centrifuge. 

The second procedure 

200 mL of urine was evaporated in a rotary evaporator to approximately 50 mL. The residue 

was filtered and mixed 1:1 with ammonium acetate buffer. A column for purification was 

packed with 0.6 g of polymer-bounded 3-aminophenylboronacid gel (Sigma Aldrich, 

Steinheim, Germany), washed and reconditioned by ammonium acetate buffer. The fractions 

1-3 were collected and concentrated. 

The HPLC purification system has been mentioned in the first procedure. The separation 

column was Phenomenex C6-Phenyl (10 x 250 mm, 3µm). The eluent of solution A is 

NH4OAc 5 mM + 0.1% HOAc, at pH 3.5. Solvent B is acetonitrile. The gradient: 100% A (1 

min) > 30% A (7 min) > 0% A (1 min) > 100% A (6 min). 

The flow of 3 mL min
‒1

 was splitted by a T-piece and approximately 2% of eluent was 

introduced to the MS. The pre-concentrated sample was dissolved in 300 µL of 2% HOAc + 

10% MeOH and 100 µL of solution was injected. AICAR had a retention time of 8.5 min. The 

fractions from 8.0 to 9.0 min were collected and concentrated under vacuum. The collected 

fractions were evaporated to dryness in a vacuum centrifuge. Approximately 3 μg of AICAR 

was extracted.  

The third procedure 

500 mL of human urine was concentrated under reduced pressure at 50 °C and the obtained 

viscous residue was extracted with hot ethanol (3 × 50 mL). The organic solvent was 

evaporated under reduced pressure and the residue was extracted by 5 mL of methanol. A 

silica gel column was used for purification using CHCl3/MeOH with composition from 3:1 to 

1:1. The fractions 19-24, which contained AICAR according to the detection of LC/MS, were 

collected. Afterwards, the fractions were evaporated to dryness and dissolved in 10 mL of 

water. Ammonia was added to the solution adjusting pH to 8.5, which was mixed with 10 mL 
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of NH4OAc buffer at pH 8.8. A boronic acid gel column with eluent of 0.1 mol L
‒1

 formic 

acid was used for purification. The fractions 2-4 were combined and concentrated. The 

residue was dissolved in 250 µL of water and finally purified by a HPLC (column: 

Phenomenex C6-Phenyl, 10 × 250 mm; eluent: H2O/ACN) cleanup with online MS using 

multiple injections of 50-75 µL. The fraction 4 from 8.2-8.6 min containing AICAR were 

collected and concentrated.  

5.3.3 Sample preparation for LC/IRMS 

The spiked synthetic urine sample is a mixture of synthetic urine and 200 µg mL
‒1

 of AICAR 

in volume of 50:50. The synthetic urine contains 25 g L
‒1

 of urea and 2 g L
‒1

 of creatinine. 

The spiked urine sample is a mixture of filtered morning urine and 200 µg mL
‒1

 of AICAR in 

volume of 50:50. 

Dry residues, obtained from the last step of the first, the second, and the third prepurification 

procedures, were dissolved in 200 µL, 60 µL, and 100 µL of phosphate buffer (5 mM, pH 

6.0), respectively; and the solutions were centrifuged for 4 min at 10000 rpm. The supernatant 

was transferred into a 300 µL insert of autosampler vial.  

5.3.4 LC/PDA/IRMS 

A Rheos Allegro pump (Flux instruments AG, Basel, Switzerland) was used to pump 

chromatographic mobile phase. Samples of 10 L were injected by a HTC PAL autosampler 

(CTC Analytics, Zwingen, Switzerland). An Accela PDA 80 detector (Thermo Fisher 

Scientific, Bremen, Germany) was connected between the column and LC-IsoLink interface 

(Thermo Fisher Scientific). The scan wavelength of PDA detector was from 200 to 400 nm. A 

Delta V Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific) was used for 

carbon isotope analysis. In the LC-IsoLink interface, the flow of sodium peroxodisulfate (0.83 

M) and phosphoric acid (1.50 M) was 50 L min
‒1

. In order to avoid blockage in the system, 

two in-line filters with a pore size of 0.5 m (Vici, Schenkon, Switzerland) were placed 

before and after the column. The temperature of the oxidation reactor was set to 99.9 °C. 

The used columns and mobile phase compositions are listed in Table 5.1. The concentration 

of phosphate was 10 mmol L
‒1

. The column temperature was 25 °C. 
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Table 5.1Chromatographic columns and compositions of eluent used in LC/IRMS for AICAR 

separation. 

Supplier Name Stationary phase Size (mm) 
Particle 

size 
Mobile phase 

Retention 

time  

Waters XBridge C18 C18 bonded to ethyl-bridged 

hybrid substance 

50 x 3.0 2.5 Phosphate buffer pH 6.0 270 s 

Pure water 270 s 

Zirchrom Zirchrom 

PBD 

Polybutadiene-coated 

zirconia material 

150 x 3.0 5 Phosphate buffer pH 6.0 320 s 

Pure water 325 s 

Hamilton PRP-X400 Polymer styrene-

divinylbenzene bonded with 

sulfonate 

150 x 4.0 7 Phosphate buffer pH 6.0 Not eluted 

5mM H2SO4 + 0.1/0.2/0.5 M 

Na2SO4 

Not eluted 

Thermo Hypercarb Porous graphitic carbon 30 x 3.0 3 Phosphate buffer pH 6.0 220 s 

Pure water 275 s 

Agilent Zorbax 

Bonus-RP 

Polar amide embedded in a 

long alkyl chain 

30 x 1.0 3.5 Phosphate buffer pH 6.0 523 s 

 

5.3.5 EA/IRMS measurement 

δ
13

C-values of pure compounds were measured with an EA 1110 Elemental Analyzer (CE 

instrument, Milan, Italy) coupled to a MAT 253 IRMS (Thermo Fisher Scientific) via a 

ConFlo IV interface (Thermo Fisher Scientific). The temperature of the oxidation oven was 

1050 °C. The GC oven temperature was 65 °C. The carrier gas was 65 mL min
‒1

. The 

reported δ
13

CEA/IRMS values of AICAR were corrected by a two-point normalization method 

with two certified standards of IAEA-600 caffeine and IAEA-CH-6. More detailed 

information of the normalization can be found in reference.
[11]

 

5.3.6 Data acquisition and handling  

All reported δ
13

C-values are normalized to the VPDB scale (Vienna Pee Dee Belemnite). Four 

pulses of reference gas were injected at 30, 80, 130, and 1050 s, and the second reference 

peak was used for δ
13

C calibration. At 240 s, the sample was injected and the autosampler 

sent a start signal to the PDA detector for data collection. The acquisition and processing of 
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IRMS data was performed by Isodat 2.5. The background type used for peak integration was 

‘individual background’ with start slope and end slope of 0.5 mV s
‒1

. 

5.4 Results and discussion 

5.4.1 Suitable chromatographic column 

Five columns with different stationary phases combined with different mobile phases were 

used for investigation of suitable chromatographic conditions. The chosen columns include 

C18, polybutadiene-coated, porous graphitic carbon, and amide-embedded reversed-phase 

column, and sulfonate-functionalized cation exchange column. Due to the design of the LC-

IsoLink interface, organic modifiers cannot be used for the chromatographic separation. The 

mobile phase used for reversed-phase chromatographic elution was an aqueous phosphate 

buffer at pH 6.0. At this condition, 98.6 % of AICAR is present as a neutral species for the 

singly protonated AICAR at nitrogen atom of imidazole has a pKa of 4.51. On XBridge C18, 

Zirchrom PBD, and Hypercarb, the retention time of AICAR is approximately 270, 325, 275 

s, respectively, which is close to ethanol retention time (270 s). It indicates that the 

hydrophobic interaction between AICAR and the stationary phase of these columns is very 

weak. AICAR was not eluted from the cation exchange column of PRP-X400 with a mobile 

phase of 5 mmol L
‒1

 of H2SO4 aqueous solution. In order to achieve the elution of AICAR, 

different amount of salt was added to the mobile phase for increasing the ionic strength (0.1, 

0.2, or 0.5 mol L
‒1

 of Na2SO4) and the eluting buffer was changed to 10 mmol L
‒1

 phosphate 

buffer for increasing the buffer pH to 6. However, AICAR was still not eluted and no peak of 

AICAR was observed. It suggests that the electrostatic interaction between the stationary 

phase of bonded sulfonate and AICAR could be very strong.  

A suitable chromatographic condition was achieved for AICAR retention with Zorbax Bonus-

RP column. Retention time was 523 s with an eluent of phosphate buffer at pH 6. The 

retention mechanism is probably the hydrogen bonding interaction between AICAR and the 

embedded polar amide group in the long alkyl chain.  

5.4.2 Detection limit for precise and accurate isotope analysis 

It is important to achieve the lowest method detection limit for precise and accurate isotope 

analysis of AICAR, since it defines the required amount of initial urine sample and the 

enrichment factor for doping control analysis. For determination of the detection limit, 

AICAR solutions in the concentration range from 10 to 200 µg mL
‒1

 were measured and 
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13
C-values measured by LC/IRMS were compared with that measured by elemental 

analyzer coupled to isotope ratio mass spectrometry (EA/IRMS). From 20 to 200 µg mL
‒1

, the 

standard deviations for triplicate measurement are better than 0.21 ‰ and 13
C-values at 

different concentration lie in the interval of 13
CEA/IRMS ± 0.5‰. At the concentration of 10 

µg mL
‒1
, the standard deviation is 1.42‰, which is significantly higher than 0.5‰, the 

commonly acceptable precision for compound-specific isotope analysis.
[12, 13]

 Therefore, the 

lowest detection limit for AICAR isotope analysis is 20 µg mL
‒1

, corresponding to 83.6 ng of 

carbon on-column. There is a good linear relationship between concentration and peak area as 

shown in Figure 5.2. It indicates that LC/IRMS can provide both the 13
C-values and 

concentrations of AICAR.  

Additionally, AICAR can absorb UV light due to the conjugated π-system. The in-line 

combined PDA detector can be used for quantitative analysis too. The wavelength of 

maximum absorption of AICAR is 265 nm. The linear relationship between the absorption 

intensity and the concentration was shown in Figure 5.3. This simultaneous measurement by 

PDA can be used to check the peak purity of AICAR in IRMS chromatogram, since the PDA 

detector gives us information about the UV absorbance behaviour of compounds.  

 

Figure 5.2 δ
13

C-value (diamond) and peak area (square) of AICAR at different concentrations 

from 200 to 10 µg mL
‒1

. The equation and R-squared value of linear regression of peak area 

to concentration are displayed on the chart. The error bars indicate the standard deviations of 

triple measurements. The dashed lines show the CEA/IRMS-values of AICAR (‒2.54‰). The 

solid lines represent the interval of CEA/IRMS ± 0.5‰. 
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Figure 5.3 the linear relationship between the peak area of UV absorption at 265 nm and 

concentration of AICAR.  

5.4.3 Spiked urine sample 

In order to evaluate the possibility of applying the developed method for urinary AICAR 

analysis, two spiked urine samples were measured. The spiked synthetic urine sample is a 

mixture of synthetic urine and 200 µg mL
‒1

 of AICAR in volume of 50:50. The contained two 

components of urea and creatinine in synthetic urine were separated from AICAR as shown in 

Figure 5.4a. C-value of AICAR is precise and accurate compared with CEA/IRMS-values. 

The spiked urine sample is a mixture of filtered morning urine and 200 µg mL
‒1

 of AICAR in 

volume of 50:50. The matrix of urine contributed to an increased background as seen in 

Figure 5.4b. Some unknown components were coeluted with AICAR as the obtained 

concentration of 141 µg mL
‒1

 is higher than the theoretical concentration (100 µg mL
‒1

). The 

C of AICAR is ‒4.93 ‰ ± 10.89‰. The relatively high standard deviation was caused by 

coeluted unknown components and the unstable background from the urine matrix. It 

indicates that real urine samples need prepurification for precise isotope analysis of 

LC/IRMS.  
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Figure 5.4 Chromatograms of spiked synthetic urine sample (a) and spiked urine sample (b). 

The 13
C-value and standard deviation of AICAR are given in the figure panels (n = 3). The 

spiked urine sample is a mixture of filtered morning urine and 200 µg mL
‒1

 of AICAR in 

volume of 50:50 and the spiked synthetic urine sample is a mixture of synthetic urine and 200 

µg mL
‒1

 of AICAR in volume of 50:50. 

5.4.4 Endogenous AICAR in urine 

Three procedures were used to enrich and purify AICAR from urine. The IRMS 

chromatograms of three purified urine samples are shown in Figure 5.5. The matrix 

components were not separated from AICAR and high background was observed in the urine 

sample prepurified by the first procedure (Figure 5.5a). It resulted from carbon-containing 

components in the purified residue. In the step of HPLC purification of the first procedure, 

ammonium acetate buffer was used for preparing sample solution and conditioning the 

column. The last step is that the collected fraction was evaporated to dryness in a vacuum 

centrifuge. Under this condition, it is difficult to remove all ammonium acetate from the 

residue. Therefore, carbon-containing compounds resulting in the high background include 

some impurities from the urinary matrix and the used buffer of ammonium acetate. In the 

second procedure, ammonium acetate was added to buffer the sample solution and the eluent 

for chromatographic purification. The chromatogram of the second urine sample also has high 

background and AICAR was not separated from the matrix. In LC/IRMS, target compounds 

have to be baseline separated for precise isotope analysis.
[14, 15]

 Therefore, the given C 

values of endogenous AICAR in the first and second urine samples cannot represent the real 

value.  

The third procedure was developed for AICAR purification containing three steps of HPLC 

purification. In the last HPLC purification step, the sample solvent was pure water and the 

eluent was a mixture of H2O/ACN, which can be removed easily in a vacuum centrifugal 
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evaporator. No ammonium acetate was used in the last purification step of the third 

procedure. As shown in Figure 5.5c, the third urine sample is very clean after this intensive 

clean-up. AICAR was baseline separated from the matrix. 13
C-value was obtained with high 

precision of 0.40‰. The calculated concentration is 76 µg mL
‒1

 based on the linear 

relationship between concentration and peak area.  

According to another quantitative analysis by combined PDA detector, the urine sample 

contained 70 µg mL
‒1

 of AICAR. The three-dimensional views of PDA data of the standard 

mixture (100 µg mL
‒1

 of AICAR) and the third urine sample are shown in Figure 5.6. The 

spectral similarity between the detected AICAR peak in the urine sample and that in the 

standard mixture is 99.99 %. The results from the UV absorbance indicate that the detected 

peak in the IRMS chromatogram is indeed rather pure AICAR.  

The endogenous AICAR in the urine sample has a 13
C-value of ‒25.54‰. It is significantly 

different to the value of synthetic AICAR (‒2.54‰). Another synthetic AICAR from black 

market was also measured having a 13
C-value of ‒4.06 ± 0.10‰. It indicates that synthetic 

and endogenous AICAR probably have different and distinguishable carbon isotope ratios. 

The 13
C-values of AICAR from limited samples were reported in this work for the first time. 

More synthetic samples and endogenous urinary AICAR need be measured to establish a 

reference range of endogenous and exogenous AICAR for doping control purposes.  
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Figure 5.5 Chromatograms of three urinary samples prepurified by the first (a), the second 

(b), and the third (c) procedure. The 13
C-values of AICAR are represented above the peak. 

The standard deviation of triple measurement is given for the last sample.  
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Figure 5.6 3-dimentional views of PDA data of the standard mixture of 100 µg mL
‒1

 AICAR 

(a) and the urine sample prepurified with the third procedure (b). The wavelength range is 

from 200 to 400 nm.  

5.5 Conclusion  

A new method of liquid chromatography simultaneously coupled to photodiode array detector 

and isotope ratio mass spectrometry (LC/PDA/IRMS) was developed for stable carbon 

isotope analysis and quantitative determination of AICAR. A suitable clean-up procedure for 

urine samples was established for precise isotope analysis of endogenous urinary AICAR. 

The 13
C-values of synthetic AICAR from two sources and endogenous AICAR from a urine 

sample were distinctly different. This preliminary work shows that carbon isotope analysis of 

LC/IRMS can be potentially used to discriminate between exogenous and endogenous 

AICAR in doping control.  

b 

a AICAR 

AICAR 
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Chapter 6 General conclusions and future work  

 

High temperature liquid chromatography coupled to isotope ratio mass spectrometry 

(HTLC/IRMS) has been well-established for compound-specific isotope analysis in this 

thesis. The measured compounds by HTLC/IRMS have covered medium polar and non-polar 

organic compounds. The application scope of LC/IRMS has been extended to pharmaceutical 

analysis. 

First, a suite of reversed-phase columns with different stationary phases has proven to be 

suitable for the use of HTLC/IRMS in the isothermal and temperature-gradient modes. 

Increasing the column temperature of LC/IRMS can shorten analysis time and improve the 

peak shape of analytes, for example, narrow peak widths. Second, HTLC/IRMS has been 

applied to caffeine in different drinks. Two distinguishable ranges of δ
13

C-values between 

natural and synthetic caffeine have been established, ‒25 to ‒32‰ for natural caffeine and 

‒33 and ‒40‰ for synthetic caffeine. The method has been applied to identify the caffeine 

source in 38 drinks. Four products were suspected to be mislabelled due to added but non-

labelled synthetic caffeine. It has been shown that isotope analysis of caffeine by 

HTLC/IRMS can be used for routine authenticity control of caffeine-containing drinks. 

Sample preparation is very simple and only requires dilution of products before injection. 

Third, temperature-programmed liquid chromatography coupled to isotope ratio mass 

spectrometry was used to measure isotope ratios of five underivatized steroids in a mixture, 

which are non-polar organic compounds with highly similar molecular structure. It was 

demonstrated that HTLC/IRMS can be a powerful tool in compound-specific isotope analysis. 

It is the first time for LC/IRMS to be applied for isotope analysis of hardly water-soluble 

organic compounds. The solvent mediator methanol has no influence on isotope analysis of 

steroids because of full separation from the target compounds. Forth, a new method of 

LC/IRMS was developed for compound specific isotope analysis of AICAR, a gene doping 

drug. It was applied to measure the isotope ratio of endogenous AICAR in urine. The 

endogenous and synthetic AICAR were observed to have significantly different isotope ratios, 

showing the potential in doping control. In this framework, the used different reversed-phase 

columns packed with ethyl-bridged hybrid particles had a good thermal stability. Such 

columns can be also used for other applications of high temperature liquid chromatography. 

The detection limit obtained for precise isotope analysis was around 30 µg g
‒1

 by the use of 

HTLC/IRMS, corresponding to approximately 100 ng carbon on-column. However, it should 
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be noted that there is an offset in δ
13

C-values between LC/IRMS and EA/IRMS, dependent on 

the measured compound. Therefore, care must be taken for the δ
13

C-value correction. Since 

compound-specific offset correction is recommended for obtaining accurate isotope ratios, a 

standard mixture containing compounds of interest with known δ
13

C-values needs to be 

measured along with samples. 

The research carried out in the frame of this dissertation has highlighted the potential of high-

temperature liquid chromatography coupled to isotope ratio mass spectrometry. However, 

there is still plenty of room for improvement. One area of promising future work is the use of 

HTLC/IRMS for the detection of steroid abuse in sports. A protocol of sample preparation 

needs to be developed for urinary steroid enrichment and purification prior to HTLC/IRMS 

analysis. Isotope analysis of AICAR by LC/IRMS is also interesting for doping control. More 

measurements of endogenous AICAR in urine samples are recommended for establishing the 

reference range of endogenous and exogenous AICAR. The investigation of 13
C and content 

variation in administrated and excreted urine AICAR at natural abundance or at low 

enrichment level can provide more details for the detection of AICAR abuse. Additionally, 

the 13
C-values of synthetic AICAR are exceptionally high (‒2 to ‒4.06‰) compared with 

13
C-values of other compounds reported. Investigation of 

13
C-enrichment in AICAR and 

isotopic fractionation during the synthesis of AICAR could be helpful for the better 

understanding of the fundamentals of stable isotope enrichment.  

LC/IRMS could become a method of choice for tracer studies in complex aqueous mixtures. 

The measuring of isotope enrichment using LC/IRMS can be applied to biological and 

hydrological systems. For example, Tracer labelled with 
13

C can be initiated at the source area 

and monitored to investigate where the contaminants would be expected to distribute. 

Additionally, the flow injection mode of LC/IRMS is a sensitive method for bulk isotope 

analysis and total carbon detection, especially for high volume injection. It could be useful in 

some aspects of carbon cycling, for example, carbon isotope analysis of dissolved organic and 

inorganic carbon in soils. 
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