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VI. Abstract 

It has been known for years that breath analysis has the potential of becoming a 

powerful tool to acquire information on the health status of individuals. Using mass 

spectrometry (MS) for breath analysis would allow for the detection of hundreds of 

compounds simultaneously and even render real time (online) monitoring of the 

individual’s health status possible. Unfortunately, the efficient transfer of breath into 

mass spectrometers is difficult to achieve. Therefore, only very volatile organic 

compounds (VOCs) being present in breath at high concentrations have been 

measured so far. The work presented in this thesis intends to extend the range of 

compounds being detected in breath towards higher masses, less volatile and less 

concentrated compounds. In order to achieve this, an ion funnel interface has been 

designed to allow for a more efficient ion transfer from the ambient pressure region 

in front of the instrument into the low pressure region within the MS. In a first step, 

the capabilities of the ion funnel interface was tested. It was found that for both 

extractive electrospray ionization (EESI) and secondary electrospray ionization (SESI) 

the sensitivity could be increased by up to three orders of magnitude when using 

semi-volatile compounds such as salbutamol, cocaine and atenolol. In a second step, 

a breath interface was developed that could be mounted to the ion funnel interface. 

Here, it could be shown that this newly built interface allows for the detection of 

dozens of compounds that cannot be detected while doing breath analysis with 

neither the ion funnel nor the breath interface. In an independent study, it was 

investigated how and to what extent internal standards could be used to acquire 

quantitative information on compounds in breath. It was found that with present 

knowledge, quantitative results have to be interpreted carefully as even signals of 

chemically very similar compounds can be influenced tremendously depending on 

what other compounds are present in breath. The development of a breath interface 

ion funnel (BIIF) interface accomplished in this thesis allows the analysis of 

compounds of masses of up to 500 Daltons in breath for the first time, paving the 

way for screening studies that search for biomarkers in breath. 
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VII. Zusammenfassung 

Es ist schon seit Jahren bekannt, dass Moleküle im Atem Aufschluss über den 

Gesundheitszustand von Personen zulassen. Mit Hilfe von Massenspektrometrie 

(MS) wäre es möglich, mit der Analyse eines Atemzuges hunderte von Substanzen 

gleichzeitig zu detektieren und im Idealfall sogar in Echtzeit deren Konzentrationen 

verfolgen zu können. Leider erweist sich der effiziente Transfer von Atem in ein 

Massenspektrometer als schwierig. Zur Zeit wird MS nur in wenigen Fällen für die 

Atemanalyse verwendet. Bei den beobachteten Molekülen handelt es sich dabei 

ausschliesslich um äusserst flüchtige organische Verbindungen, welche zudem in 

hohen Konzentrationen im Atem vorhanden sind. Ziel dieser Dissertation war die 

Entwicklung einer Technik, welche den Massenbereich für Substanzen die in 

Atemanalysen detektiert werden können, in Richtung schwerere, weniger flüchtige 

und weniger konzentrierte Moleküle erweitert. Um dies erreichen zu können, wurde 

ein Ionentrichter entwickelt, der einen effizienteren Transfer von Atemmolekülen 

von Atmosphärendruck in den Niederdruckbereich des Massenspektrometers 

ermöglicht. In einem ersten Schritt wurde der entwickelte Ionentrichter auf seine 

Funktionsweise und seinen Anwendungsbereich getestet. Dabei konnte am Beispiel 

von halbflüchtigen Dopingsubstanzen (Salbutamol, Ateneolol, Kokain) gezeigt 

werden, dass die Sensitivität sowohl für die extraktive Elektronensprayionisation 

(EESI) als auch für die sekundäre Elektronensprayionisation (SESI) um bis zu drei 

Grössenordnungen verbessert werden konnte. In einem zweiten Schritt wurde ein 

Mundstück zum Sammeln von Atem entwickelt, welches direkt mit dem 

Ionentrichter verbunden werden konnte. Dabei konnte gezeigt werden, dass das 

gesamte System in der Lage ist, duzende Verbindungen auf ein Mal zu detektieren. 

Ohne Verwendung der beiden Geräte konnte nur eine Handvoll Verbindungen 

nachgewiesen werden. In einer zusätzlichen Studie wurde untersucht, ob und in 

welchem Ausmass interne Standards zur quantitativen Bestimmung von Substanzen 

in der Atemanalyse verwendet werden können. Die erhaltenen Resultate zeigen, 

dass quantitative Aussagen selbst dann mit Vorsicht zu interpretieren sind, wenn die 

verwendeten internen Standards chemisch beinahe identisch zur untersuchten 

Substanz sind. Die in dieser Dissertation entwickelte Atemanalysentechnik erlaubt 
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das erstmalige simultane Erfassen von hunderten von Verbindungen mit Massen von 

bis zu 500 Daltons und eröffnet somit die Möglichkeit, in künftigen Studien gezielt 

nach Biomarkern im Atem zu suchen. 

  



 

 

  



 

 

Chapter 1  

1 Introduction and Background 

 

This chapter contains a general introduction into online breath analysis using mass 

spectrometry, its potential, as well as its current limitations. The chapter closes with 

the objective of this thesis. 
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1.1 Gathering information on the body’s health status 

To prevent gangrene on limbs from killing the person affected, amputations are 

known to have been conducted for more than 50’000 years1. Bloodletting (mission 

sanguinis) has been used to balance the four bodily fluids according to the four 

temperaments theory since ancient times. Nowadays, insulin is injected in small 

doses to help diabetics regulate the blood sugar level. Those are three examples on 

how humankind tries to help prolong the life of injured and sick individuals. While it 

is a rather simple task to correctly diagnose gangrene, correctly discerning, for 

example, chronic pelvic pain as endometriosis turns out to be much more difficult2. 

Diagnosis is usually based on the detailed knowledge medical doctors have of the 

human body while palpating patients, and on the help they get using instruments to 

get visual information or indicator values of the body. Nowadays, imaging 

techniques such as X-ray testing3, ultrasonography4, magnetic resonance imaging 

(MRI)5, and computed tomography (CT)6 help doctors non-surgically examine the 

human body in more detail. Blood, urine, hair, saliva and bone marrow testing 

complete the information gathering prior to diagnosis. 

All in all and irrespective of the assumed disease, making a diagnosis should result in 

as little extra damage to the patient as possible while acquiring as much information 

on the health status as possible. Therefore, non-invasive, non-destructive and if 

possible even comfortable techniques are the methods of choice. For these reasons, 

the dose in X-ray and CT scans has been decreased to the minimum over time. 

Nevertheless, deliberately exposing the body to high-energy (ionizing) radiation 

comes at the risk of mutations occurring in the cells that can eventually lead to 

cancer. In most cases, the benefits are worth the risk. 

While imaging techniques result in a 2 or 3 dimensional visual snapshot of the tissue 

investigated, testing body fluids and hair results in a chemical snapshot of the whole 

body. With the exception of bone marrow, the sample can easily be acquired. 

Analysis and interpretation of the results usually do not require the patient`s 

presence.  

Blood tests are often used to determine physiological and biochemical states, such 

as diseases, trace mineral analysis, drug depletion rates, and drug tests. As the body 
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uses blood vessels as transport routes, a large number of molecules and ions can be 

found therein. Repetitive sample taking allows for the monitoring of time-dependent 

concentration variations of compounds and therefore renders kinetic studies of 

administered drugs possible. However, testing blood is invasive by definition and can 

lead to serious harm to veins and tissue, or even to blood infection if inexperienced 

medical staff is involved in the blood drawing process. Moreover, being stung by a 

needle is usually not considered being very comfortable. 

Hair analysis does not pose the risk of infection and sample taking can be performed 

by laypeople. In case of trace element analysis, ceramic scissors have to be used in 

order to avoid contamination. As hair is exposed to the environment, e.g. shampoo, 

dyes, or hair spray, quantitative and often even qualitative results have to be 

interpreted with care7,8,9. Moreover, the variability in intrapersonal growth rate 

often only allows for a general health status and time-resolved variations are limited 

to several days. 

Urine analysis is another noninvasive way to get information on the body’s health 

status. Samples can be obtained easily and comfortably in this natural process. 

Examples of what can be detected are e.g. elevated levels of proteins (proteinuria) 

that can be indicators for renal damage10, or sugars with the help of Benedict’s Test 

which is an indicator for diabetes mellitus11. Metabolized doping substances and 

drugs can be detected in urine as well. Here, problems arise from the ease of 

tampering during sampling. 

Saliva sampling is well known for its use in forensic sciences where it is used to 

identify persons with DNA tests12, to verify drug abuse, and to detect other 

chemicals13. Besides the obvious advantages of being noninvasive, being capable of 

detecting parent drugs and the ease of sampling, oral contaminations and low 

sample concentrations are major drawbacks that restrict the use of saliva as sample. 

Besides using body fluids for the diagnosis of the body’s health status, it is also 

possible to sample gas-phase molecules extracted through breath. The following 

paragraph give an introduction into breath analysis, its advantages and 

disadvantages as well as its current fields of application. 
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1.2 The potential of breath analysis 

According to written testimony, Greek physicians knew that individuals suffering 

from untreated diabetes smelled sweet, even though they did not know that 

acetone was the origin of the smell. In 1950, the first publication on the level of 

blood alcohol based on breath analysis was published14. But it took another 20 years 

until Linus Pauling showed in his work that breath condensate collected and sampled 

offline and analyzed with gas chromatography – mass spectrometry (GC-MS) 

contained more than 250 different substances15. Many different techniques 

emerged in the wake of this this publication, which is usually regarded as the “birth” 

of modern breath analysis. When analyzing breath, the techniques can be divided 

into two main categories: one can either collect and concentrate breath (offline 

sampling), or measure it directly and in real time (online sampling). Among the 

offline sampling techniques, exhaled breath condensate (EBC)16,17,18,19,20 is probably 

the most wide spread today. To process the data and characterize as many signals as 

possible within EBC, headspace solid-phase microextraction (SPME) combined with 

gas chromatography-mass spectrometry (GC-MS) proved to be very useful21. Online 

sampling of breath is relatively simple as long as substances with high abundance in 

breath such as ethanol are investigated. As soon as the concentrations are lower 

than parts per million per volume (ppmV), the sensitivity of the detection device 

becomes the bottleneck for the analysis. Being forced to quasi-simultaneously 

measuring a wide range of compounds additionally complicates the development of 

suitable devices. 

During the last two decades, several MS based techniques have been developed that 

deal with this challenge. They focus on volatile organic compounds (VOCs) with 

molecular weights usually not exceeding 200 Daltons (Da) and all belong into the 

category of ambient mass spectrometry techniques. The most widely used technique 

is ion mobility22 (IM) with its main areas of application being the detection of drugs 

and explosives in airports and in military operations. Other techniques that find 

regular applications are proton transfer reaction mass spectrometry (PTR-MS) 

developed by Hansel et al.23, selected ion flow tube mass spectrometry (SIFT-MS) 

developed by Smith and Španĕl24,25, as well as electrospray ionization mass 
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spectrometry (ESI-MS)26 based techniques such as secondary ESI (SESI)27-30 and 

desorption ESI (DESI)31,32. The latter two allow for the detection of compounds with 

masses of up to 500 Da. Online techniques capable of monitoring trace amounts of 

compounds in breath in real time have a broad range of commercial applications. 

Since the amount of volatile compounds excreted via breath corresponds to the 

concentration in blood33, successful online breath sampling would, e.g., allow real-

time, in-vivo observations of the pharmacokinetics of drugs, monitoring of 

anesthetics during surgery, or fast screening of athletes for doping compounds prior 

to sport events. Additionally, and in comparison to time-consuming offline 

experiments, metastable compounds that degrade within minutes could be 

investigated in online breath analysis experiments. The next two paragraphs 

exemplify what challenges the future holds for online breath analysis. 
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1.3 General challenges for online breath analysis using mass spectrometry 

As promising as the prospect of using online breath analysis in the near future 

sounds, the road to getting there is bumpy. Several problems still have to be tackled 

before online breath analysis becomes a truly competitive alternative to blood, 

urine, and saliva tests. The correlation between blood and breath levels has to be 

confirmed for more than just a couple of molecules to prove reliable and broad 

range applicability. Intra- and inter-individual variability, both short and long term, of 

experimental results have to be addressed and understood to allow meaningful 

comparability. Factors influencing the composition of breath and its mass 

spectrometric spectrum need to be well known. Do patients need to brush their 

teeth prior to analysis or must they refrain from doing so within one hour prior to 

analysis? What classes of compounds can be detected? To what extent are 

quantitative predictions possible, i.e. how large is the overall confidence interval of 

the system? This question will be addressed in detail in Chapter 3 of this thesis. 

Depending on the mass spectrometer used and its mass resolution, analysis would 

allow the distinction between ions of the same nominal mass. Using high resolution 

MS combined with MS/MS, even constitutional isomers could be distinguished. 

However, distinguishing chiral compounds from each other will be very difficult to 

achieve with reasonable expenditure.  

The biggest obstacle on the road to and challenge for online breath analysis is 

sensitivity. While concentrations of VOCs and drugs are in the range of 100 ng/mL in 

blood34,35,36, orders of magnitude less are expected in breath. The following 

paragraph addresses the sensitivity issues online breath analysis struggles with. 
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1.4 Sensitivity challenges for online breath analysis 

Prior to developing a technique that is capable of performing online breath analysis, 

one needs to know how much substance can expected to be exhaled per time. By 

choosing factors carefully, one can come up with the minimal expected amount of 

substances in breath. The total amount of a substance exhaled per breath cycle 

depends on various factors. In order to estimate the analytical system’s required 

sensitivity to detect minute amounts of certain substances in breath, factors 

contributing to the total amount of a substance exhaled per breath cycle have to be 

estimated. For exogenous compounds the total amount in the body (blood) (atotal) 

equals the dose (d) [mg/d] multiplied by a measured absorption factor (af)). For 

endogenously produced compounds the total amount in the body (blood) equals the 

amount of substance produced by the body (aendo) plus the amount of substance 

taken up exogenously (atotal=aendo+aexo). Depending on the administration of a given 

drug the absorption factor may vary a lot. The absorption factor may be determined 

comparing the amount administered with the amount excreted in urine or by 

measuring the concentration in blood. Pharmacokinetic data explain a compound’s 

depletion rate which directly translates into dilution over time (dt). As substances 

misused for doping purposes are often administered to result in the highest 

concentration during competition a linear depletion over time to simplify the 

estimation may only result in an amount per breath cycle lower than it actually is. 

The formation of metabolites diminishes the primary’s substance amount ultimately 

resulting in signal loss (dm). Renal excretion is the main pathway of excretion for 

most compounds. However, small amounts are excreted through the respiration 

system and therefore detectable in breath. Comparing the abovementioned 

assumptions with the amounts of substances found in breath condensate leads to 

the estimation that roughly 0.001% are excreted through the respiratory system, 

therefore dilution due to excretion (dex) accounts roughly for a factor of one hundred 

thousand. 

The minimal amount of substances expected in breath (aexp) is calculated as follows: 

 ���� = �� ∗ �	 ∗ ��
�� ∗ ��� ∗ �� ∗ ��    (1.1) 

  



Table 1.1 shows the amount of substances expected for three compounds, each 

representing a different class of molecules. Here, it can easily be seen that for 

atenolol and comparable 

exhaled in breath compar

volatile molecules such as testosterone.

obtained from reference 37

 

Table 1.1 Estimated amount of substances exhaled in breath

Chemical Atenolol

Typical dose 50-100 mg/d

Absorbed 40

PK 2

Metabolites > 90 % not metabolized

Expected per breath 
cycle (10 sec) 

~ 250 pg

fmol/sec ~ 

pptV 
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le 1.1 shows the amount of substances expected for three compounds, each 

representing a different class of molecules. Here, it can easily be seen that for 

atenolol and comparable β-blockers, a much higher share of molecules will be 

exhaled in breath compared to more heavy and therefore in most cases also less 

volatile molecules such as testosterone. The values inserted for calculation were 

37. 

Estimated amount of substances exhaled in breath 

Atenolol Morphine 

100 mg/d 360 mg/d 

40-50 % 20-100 % 

2-4 h 4-6 h 

ot metabolized Yes (50 %) 

~ 250 pg ~ 40 pg 

~ 94 ~ 14 

40 6 
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le 1.1 shows the amount of substances expected for three compounds, each 

representing a different class of molecules. Here, it can easily be seen that for 

blockers, a much higher share of molecules will be 

and therefore in most cases also less 

The values inserted for calculation were 

Testosterone 

50 mg/d 

15-20 % 

2-4 h 

Yes (50 %) 

~ 15 pg 

~ 5 

2.6 
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In addition to the fact that only very little amounts of substance can be expected in 

breath, online breath analysis is aggravated by the fact that breath cannot be 

concentrated if true online analysis is to be performed. By collecting breath over one 

breathing cycle, the total amount of substance could be increased by a factor of ten 

at the cost of complicating sampling enormously. As the volume entering the mass 

spectrometer is limited by pump speed, collecting breath over one breathing cycle 

would require the development of a technique that allows to extract molecules of 

interest from breath. Right now, there are no such techniques on the market. 

All in all, developing an interface that is capable of detecting substances in gas at 

concentrations as low as single digit pptV should allow for the detection of doping 

compounds in breath. 
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1.4.1 Ionization efficiency 

In modern mass spectrometers the molecules detected are converted into a digital 

signal that is then displayed in a graph for data interpretation. The digital signal is 

usually obtained when analyte molecules hit the detector (micro-channel plate 

detector or electron multiplier) in the form of ions. Having the analyte molecules 

present in the form of ions has a second big advantage. The trajectory of charged 

particles can be influenced by electric and magnetic fields based on the Coulomb 

principle and the Lorentz force. Ions are thus easy to guide from the inlet into the 

mass spectrometer towards the detector. However, there is one big drawback 

involved with ions. Under the premise that analyte molecules have to stay intact 

during mass spectrometric analysis in order to prevent information loss, ionization is 

a very inefficient process. Too much energy applied destroys compounds, too little 

does not suffice for ionization. As a consequence, only roughly 1 % of analyte 

molecules present in electrospray ionization experiments will be ionized and 

therefore capable of being detected. This has been confirmed both by experiments 

as well as by theoretical calculations38,39. Except for very few special cases that do 

not allow for a high sample throughput40, increasing the ionization efficiency in order 

to improve overall sensitivity of sampling techniques is very costly, time-consuming, 

and difficult. In case of electrospray ionization, 1 % of ionization efficiency can 

usually be achieved by carefully choosing and tuning the flow rate, the interface 

design, the solvent composition, and analyte properties. In most cases, decreasing 

the flow rate results in smaller droplets, therefore faster evaporation of solvents and 

hence higher ionization efficiency41-44. However, assuming constant concentration, 

sample throughput is decreased in this process which obviously leads to a lower 

overall sensitivity. All in all, little gain in overall sensitivity can be achieved by 

improving the ionization efficiency. 
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1.4.2 Ion transfer efficiency  

Ion transfer efficiency describes the capability of a device to let ions travel from one 

point to another with as little loss of ions as possible between those points. Every 

collision of an ion with a neutral molecule bears the risk of said ion to transfer its 

charge (mostly in the form of H+) to the neutral molecule. As neutral molecules 

cannot be detected in mass spectrometric experiments, the sensitivity of the 

method decreases. Therefore, collisions have to be reduced to a minimum. Kinetic 

theory describes the factors influencing the mean free path, i.e. the average distance 

an ion travels between collisions with other moving particles. Under the assumption 

that the particles have a Maxwell- Boltzmann distribution, the following equation 

applies: 

   � =
���

√�����
       (1.2) 

where l is the mean free path in meters, kB is the Boltzmann constant, T is the 

temperature in Kelvin, d is the diameter of the particles (ions) in meters, and p is the 

pressure in Pascal. It can be easily observed that with higher temperature, smaller 

particles, and lower pressure, the mean free path increases. The diameter of the ions 

cannot be changed. However, this results in a discrimination effect where heavier 

ions are usually discriminated against lighter ones. While the pressure within a mass 

spectrometer can be reduced by several orders of magnitude, the temperature 

cannot be increased that much without destroying both ions and instrument. 

Therefore, mass spectrometers are operated at high or ultrahigh vacuum. For 

obvious reasons, it would be ideal to build mass spectrometers where the object of 

interest is introduced into a chamber of low pressure and sampled under vacuum as 

it is done in secondary ion mass spectrometry (SIMS)45. Unfortunately, such 

techniques do not allow for online analysis as the system has to be closed to 

preserve the vacuum at all times. To allow for online analysis, sampling has to be 

conducted at ambient pressure. Combining this requirement with the overall need 

for maximum mean free path results in mass spectrometers that transfer ions 

generated at ambient pressure into low pressure regions where the ions are being 

detected. Typical mass spectrometers consist of at least two differentially pumped 

pressure regions that are separated by skimmers that are aligned slightly off-axis to 
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prevent neutral molecules from entering the low pressure region. Ions are guided by 

electric fields to circumvent the skimmer obstacle. Carefully choosing and optimizing 

parameters such as pressure in different parts of the mass spectrometer, inner 

diameters of transfer tubes, and voltages applied to guiding equipment allow for 

maximum ion transfer efficiency within the mass spectrometer. 

A point that often gets forgotten in mass spectrometry is the fact that only a very 

small share of ions produced in the ionization device gets transferred into the first 

stage of the mass spectrometer. This huge weakness of ambient mass spectrometry 

is addressed in detail in Chapter 4. 
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1.5 Goal of the Thesis 

As outlined in paragraph 1.3, online breath analysis has the potential of becoming a 

powerful technique to gain knowledge on an individual’s health status within a few 

seconds and without causing any harm. This would distinguish breath analysis from 

techniques such as blood, urine, or saliva analysis which are either time consuming 

and/or harmful for the patient. However, there are a lot of unanswered questions 

that need to be addressed before breath analysis becomes a routine technique for 

disease detection in hospitals, or at sport competitions to detect the abuse of doping 

compounds. Among them are the following two that are addressed in Chapter 3: 

� What classes of compounds can be ionized most easily and with which 

technique; what compounds cannot be detected at all? 

� Is there a possibility to quantify compounds directly from breath with an 

internal calibration? 

Chapter 4 deals with the sensitivity challenges mentioned in paragraph 1.4 for EESI. 

In this chapter, an ambient pressure ion funnel interface is presented that improves 

the sensitivity of EESI by three orders of magnitude. 

Chapter 5 again deals with the sensitivity challenges mentioned in paragraph 1.4. 

Here, the ambient pressure ion funnel interface is modified to allow for secondary 

electrospray ionization experiments. By enhancing the sensitivity of neutral 

molecules in the gas phase by three orders of magnitude, this chapter shows that 

compounds being present in breath with concentrations of as little as a few fmol/sec 

are no longer below the detection limit. 

In Chapter 6, the last logical step towards online breath analysis is accomplished. 

Here, a breath interface that is attached to the ion funnel system is introduced and 

tested. 

The thesis closes with Chapter 7, which contains conclusions and an outlook on the 

future prospects of online breath analysis. References used are listed in a 

bibliography at the end of this thesis. 



 

 



 

 

  



 

 

Chapter 2 

2 Ionization methods and instrumentation  

 

This chapter gives an overview of the ionization methods and of the instruments 

used in this thesis. 
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2.1 Mass Spectrometry 

Mass spectrometry (MS) or mass spectrography as the technique has been called in 

early years, describes an analytical procedure where molecules are first ionized then 

separated according to their mass and in a last step monitored. It all started in 1886, 

when Eugen Goldstein developed a low pressure instrument to observe rays emitted 

in gas discharges travelling from the anode and through channels in a perforated 

cathode. He called these newly detected rays that traveled in opposite direction to 

previously known cathode rays “Kanalstrahlen”46. Only three years later, Wilhelm 

Wien discovered that both strong magnetic and electric fields could deflect the 

trajectory of “Kanalstrahlen”47. Depending on the nature (weight) of the gas used in 

the gas discharge tube, canal rays were deflected differently; the heavier the gas, the 

smaller the deflection. In those early days of mass spectrometry, ions were detected 

by placing a photographic plate into the ion beam. In 1898, J.J. Thomson measured 

the mass to charge ratio (m/z) of electrons and continued the work on positive rays 

in 190548. Only one year later, he got rewarded with the Nobel prize “in recognition 

of the great merits of his theoretical and experimental investigations on the 

conduction of electricity by gases”49. To this day, a mass spectrometer still consists 

of the same components: an ionization source, a mass analyzer, and a detector (Fig. 

2.1). The sample is ionized in the ion source and then transferred into the mass 

analyzer. Both mass analyzer and detector are operated at pressures typically below 

10-5 Torr in order to minimize collisions between ions and neutral gas molecules 

which results in reduced ion transfer. Today, data analysis is performed by personal 

computers in order to handle the enormous amount of data produced. 

 

 

Fig. 2.1 Scheme of a mass spectrometer. Shaded in grey is the region of low 
pressure. 
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During the 20th century, mass spectrometry has become a very powerful technique 

to analyze a wide range of samples. In both liquid-chromatography (LC) and gas-

chromatography (GC), MS is used to characterize and identify the separated 

components. Inductively coupled plasma (ICP) sources allow for cation analysis of a 

wide array of sample types. Here, the plasma usually generated form argon gas, 

atomizes the sample and is capable of detecting and quantifying most elements with 

the exception of He, O, F, and Ne as their first ionization energy is higher than that of 

Ar. Matrix-assisted laser desorption/ionization (MALDI)50,51 techniques allow for the 

detection of biological compounds of more than 1 MDa. Together with electrospray 

ionization (ESI)52, both techniques revolutionized the field of mass spectrometry in 

the late 80ies as they allow for “soft” ionization, i.e. ionization without extensive 

compound fragmentation. The following paragraphs describe the ionization 

techniques used in this thesis in detail.  

 

2.2 Ionization 

Ionization describes “the generation of one or more ions. It may occur, e.g. by loss of 

an electron from a neutral molecular entity, by the unimolecular heterolysis of such 

an entity into two or more ions, or by a heterolytic substitution reaction involving 

neutral molecules”53 or by the addition of a positively charged hydrogen atom 

(proton, H+) to a neutral molecule, a process that is commonly referred to as 

protonation. The ionization techniques introduced in the following sections all 

belong to the category of “soft” ionization techniques. Ions produced in those 

processes are therefore usually detected in the form of protonated molecules 

[M+H]+ in rare cases with additional water clusters being present [M+H]+·(H2O)n. 

 

2.2.1 Electrospray Ionization 

Electrospray ionization (ESI) was first described by Fenn et al. in 198426 as a variation 

of the free-jet theme. They describe ESI as a technique where “solutions passed 

through a small capillary at 2-10 kV relative to ground are electrosprayed into a bath 

gas to form a gaseous dispersion of ions that is expanded into vacuum in a small 
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supersonic free jet”. Fig. 2.2 shows a typical ESI spray and how it is used for ambient 

ionization of molecules. 

 

 

Fig. 2.2 Schematic diagram of the ESI setup. Sample (S) in solvent is nebulized. A 
high-voltage (HV) is applied to the sample spray and provides charges for ionization. 
The ESI plume points towards the inlet of the mass spectrometer (MS). 

 

In comparison to the first ESI experiments modern instruments and setups 

electrospray the sample at ambient pressure. The sample is dissolved into an 

acidified protic solvent mixture that most often consists of water, methanol, and 

acetic acid. Depending on the sample the ratio of water and methanol may vary. 

Typical values are H2O : MeOH in a 1:1 ratio with 1% acetic acid. The voltage applied 

directly onto the solvent mixture depends on the distance between spray tip and 

counter electrode and is usually set to 3.5-4 kV at a distance of 1 cm between tip and 

electrode. Depending on the flow rate applied onto an electrospray one can 

distinguish between electrospray (>1 µL/min) and nano-electrospray (<1 nL/min). In 

positive ion mode positive ions are enriched at the tip of the spray capillary. Both the 

repulsion of positive ions on the surface as well as the pull of the electric field 

gradient lead to the formation of a so-called Taylor cone (Fig. 2.3), a small liquid 

filament that starts at the tip and is oriented towards the counter electrode. This 

unstable state leads to the formation of small charged droplets.  
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Fig. 3.3 Scheme of an electrospray in positive mode. Positive analyte ions are 
enriched on the surface of the meniscus due to the high voltage applied on the spray 
and are then pulled downfield and form a Taylor cone that emits small droplets. 
Solvent molecules evaporate from the droplets and Coulomb fissions take place. 

 

As the technique became established in the MS community, a great deal of work was 

invested into understanding the formation of the ionization mechanism. Two 

different theories explaining the ionization mechanism emerged from these 

investigations: the ion evaporation model54 (IEM) for small molecules and the 

charged residue model55 (CRM) for macromolecules. The CRM suggests that 

electrospray droplets undergo evaporation and fission cycles until one ion is left 

within the droplet. After complete evaporation of the solvent, the remaining ion 

typically carries multiple charges. In the IEM evaporation of the solvent causes 

shrinking droplets to the point where the field strength on the surface eventually 

becomes so high that ions are spontaneously released from the droplet surface. The 

IEM usually results in analyte molecules being detected as singly charged [M+H]+ 

ions which is the case for compounds detected in breath analysis. 
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2.2.2 Extractive Electrospray Ionization 

Extractive electrospray ionization (EESI) was first introduced by Chen et al56. As the 

name suggests the technique is very similar to ESI except for one major difference: 

While in ESI the sample is ionized within one electrospray, sample and high voltage 

supply are separated in EESI. Here, the sample is nebulized with a neutral spray that 

consists of a thin capillary providing the sample in solution that is placed in a bigger 

capillary with nebulizing gas (nitrogen) that facilitates plume formation. A second 

high voltage spray is positioned in such a way that the plumes cross each other in 

front of the MS inlet. With this alignment charges necessary for sample ionization 

are provided. In a typical EESI experiment both sample and charging spray solvents 

are composed of a 1:1 water/methanol mixture with the charging spray solvent 

being additionally acidified with acetic acid (1-20%)56. Figure 2.4 shows a typical EESI 

setup. 

 

 

Fig. 2.4 Schematic diagram of the EESI setup. Sample (S) is sprayed with a neutral 
spray, charges are generated with a high-voltage (HV) supply in the charging spray. 
The plumes cross in front of the mass spectrometer (MS), charge transfer occurs. 

 

In comparison to ESI, EESI has a high tolerance towards complex matrices as has 

been shown in studies involving the mass spectral analysis of components in raw 

urine56, milk56,57, honey58, or olive oil58,59. Despite the fact that EESI was used in many 

publications, not much work has been done to elucidate its mechanism. It is 

commonly assumed that during the collision of droplets from charging and the 

sample sprays, liquid-liquid extraction followed by solvent evaporation accounts for 
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the formation of analyte ions. Recent work by Law et al.59,60 and Wang et al.61 

support this liquid-liquid extraction hypothesis in case of solvent modification in the 

charging spray and for extremely high solvent flow rates (charging spray 

200 mL/min, sample spray 100 mL/min). In Chapter 3, it will be shown that this 

liquid-liquid extraction hypothesis does not hold true for volatile compounds under 

EESI conditions as used in most publications. On the contrary, neutral sample 

molecules undergo gas-phase charge transfer rather than being ionized in the liquid 

phase within droplets. 

 

2.2.3 Secondary Electrospray Ionization 

Secondary electrospray ionization (SESI) describes a process where the sample 

molecules are ionized by interactions with charged particles that were initially 

created by electrospray ionizatio27-30. As the area of ESI-based soft and ambient 

ionization techniques evolved at a fast pace, naming and precise description of the 

newly developed techniques could not keep track. The result is a plethora of 

techniques with different names, fancy acronyms, and mechanisms that do not differ 

too much. Among them are the previously mentioned EESI, SESI, proton-transfer-

reaction mass spectrometry (PTR-MS)23,62, selected ion flow tube mass spectrometry 

(SIFT-MS)24,25,63, desorption electrospray ionization (DESI)31,32, fused droplet-

electrospray ionization (FD-ESI)64,65, direct analysis in real time (DART)66, and laser 

ablation ESI (LAESI)67,68. The difference between those techniques is how the 

reactive species is created and how the analyte is brought into the gas phase in order 

to interact with the reactive species. As a consequence, the ionization mechanism of 

these techniques is based on charge transfer from reactive species (H3O+, NO+, O2
+) 

to neutral analyte molecule. In most cases, H3O+ is used as precursor ion. For this 

reason, gas-phase basicity of analyte molecules determines how well a compound 

can be ionized and detected. Obviously, the sensitivity of these methods depends 

greatly on the chemical properties of the analyte compounds, with amines being 

much more likely to be ionized and detected than alcohols, ketones, or aldehydes. 
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Fig. 2.5 shows a typical DESI (left) and SESI (right) setup. In both cases, precursor ions 

are created with a high-voltage source that is applied to a conventional ESI spray. For 

DESI, the sample molecules (S) are brought into the gas phase by gently blowing 

nitrogen onto the surface (left), while in case of SESI the sample molecules are 

already gaseous (S(g)). 

 

 

Fig. 2.5 Schematic diagram of the DESI (left) and SESI (right) setup. Sample (S) is 
either brought into the gas phase by blowing nitrogen onto the surface (DESI), unless 
it is already in the gas phase (SESI). Charges are generated with a high-voltage (HV) 
supply in the charging spray. The stream of gaseous neutral sample molecules 
crosses the electrospray plume in front of the mass spectrometer (MS), charge 
transfer occurs. 
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2.3 Mass Spectrometers 

The 20th century brought forth the development of a variety of mass spectrometers. 

Table 2.1 lists the most common mass spectrometers with their principle of mass 

separation. 

 

Table 2.1 Types of mass spectrometer. 

Type of mass spectrometer Abbreviation Principle of separation 

Electric sector69-72 E or ESA Kinetic energy 

Fourier transform ion cyclotron resonance73 FT-ICR m/z (resonance frequency) 

Fourier transform Orbitrap74,75 FT-OT m/z (resonance frequency) 

Ion Trap76-78 IT m/z (resonance frequency) 

Magnetic sector69-72 B Momentum 

Time-of-flight79 TOF Velocity (flight time) 

Quadrupole76,77 Q m/z (trajectory stability) 

 

Depending on the sample under investigation, the mass spectrometer used has to 

offer certain characteristics. When doing proteomics, an instrument such as an FT-

ICR or Orbitrap with its high resolution and mass accuracy helps characterize peptide 

fragments. Continuous sampling can be achieved with magnetic sector field and 

quadrupole instruments, other instruments are pulsed. Time-of-flight instruments 

have a mass range that is much larger than other instruments and are therefore 

predestinated to be used for high-mass analysis of singly charged compounds. 

In the following two sub-chapters, ion traps and FT-ICR instruments will be described 

in more detail as these instruments were used for all experiments in this thesis.  
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2.3.1 Ion traps - LCQ Deca 

An ion trap is a device that stores ions in two or three dimensions with the help of 

oscillating electric radiofrequency fields. Based on the principles of quadrupole 

analyzers, Paul and Steinwedel described the first ion trap in 196080,81. The so called 

Paul trap consists of a circular electrode with two hyperbolic caps on the top and the 

bottom (Fig. 2.6, left). In contrast to quadrupole instruments where the potentials 

applied to the electrodes only lets ions with a selected mass go through, ions of 

different masses are stored in an ion trap. Mass selection takes place when ions are 

expelled from the ion trap towards the detector to obtain a spectrum. Within the ion 

trap ions rotate in a figure-of-eight trajectory in the x/y and z dimension, and a 

circular trajectory in the x and y dimension (Fig. 2.6, right). By solving the Mathieu 

equations, areas of stable trajectories for given masses can be calculated82. 

 

 

Fig. 2.6 Schematic diagram of a Paul trap (left) and the ion trajectories within the 
trap (right). 
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As ions repel each other due to Coulomb repulsion, only a certain number can be 

stored in the trap at a given time. Narrowing down the mass range that has stable 

trajectories therefore helps increase the sensitivity for selected ions. Since the 

stability of stable trajectories within an ion trap only depends on the voltages and 

frequencies applied, switching between full scan mode and selected ion monitoring 

(SIM) can be conducted within seconds. 

Fig. 2.7 depicts the schematic setup of the LCQ Deca that was used as mass analyzer 

in this thesis. 

 

 

Fig. 2.7 Schematic diagram of 3D LCQ Deca ion trap with electrospray ionization 
source. Ions produced by the ESI source are brought into the mass analyzer through 
the MS inlet capillary and are channeled through a skimmer and octapole lenses to 
the ion trap. The gating lens prevents too many ions from entering the ion trap and 
reduces space charge effects. Trapped ions are ejected from the ion trap, then 
multiplied and converted into a digital signal to be displayed in a mass spectra. 
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2.3.2 FT-ICR - LTQ-FT-ICR 

Ion cyclotron resonance mass spectrometers or Penning traps make use of the fact 

that ion trajectories can be influenced when passing through magnetic fields73,83-85. 

For high magnetic fields and low ion velocities, ions can be trapped in a circular 

motion within the magnetic field. The motion of such a trapped ion can be described 

with the following two equations 

 

Centripetal force: � = ���    (2.1) 

Centrifugal force: �′ =
���

�
    (2.2) 

 

where B is the magnetic field, v the velocity, q the charge of the ion, m the mass of 

the ion, and r the radius of the circular trajectory. Ions follow a stable trajectory if 

those two forces are equal 
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The ion completes a circular trajectory of 2πr with a frequency of 
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As a consequence, the angular velocity ω depends on the ratio (q/m)B but is 

independent of the ion velocity 
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Determining the frequency using complex waves and Fourier transforms results in 

mass spectra. Modern ICR cells use superconducting magnets with magnetic fields of 

3 to 9.4 T. For a 3 T field, the cyclotron resonance frequency is 306.5 kHz at 150 Th 

and 92 kHz at 500 Th. 
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In Fourier transform mass spectrometry, all ions present in the cyclotron are 

simultaneously excited by a scan with a duration of typically 1 µs over a large 

frequency range. With this, ions are put in phase and transformation of a complex 

wave detected as a time-dependent function into a frequency-dependent intensity 

function through a Fourier transform (FT) results in a mass spectrum. 

FT-ICR instruments are capable of achieving mass resolutions (m/∆m) of more than 

100’000. This allows, for example, for the discrimination of decylamine (C10H24N) 

from nonamide (C9H20NO), two compounds with the same nominal m/z of 158 Th 

but a true molecular weight difference of only 0.036 Da. In comparison to the 

previously described ion traps, FT-ICR instruments such as the LTQ-FT-ICR-MS used in 

this thesis enlarge the information obtained in breath analysis experiments as the 

correct chemical formula can be obtained, given the instrument was calibrated 

properly. In comparison to the LCQ Deca, the LTQ-FT-ICR-MS is built with a 2D ion 

trap in front of to the ICR cell that allows for single ion monitoring as well as collision 

induced dissociation experiments. 

 

 



 

 
 



 

 
 

  



 

 
 

Chapter 3 

3 Contribution of liquid-phase and gas-phase 

ionization in extractive electrospray ionization 

mass spectrometry of primary amines 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is adapted from and reprinted with permission from: 

Meier, L.; Schmid, S.; Berchtold, C.; Zenobi R., Contribution of liquid-phase and gas-

phase ionization in extractive electrospray ionization mass spectrometry of primary 

amines. Eur. J. Mass. Spectrom. 2011, 44, 345-351. Copyright: IM Publications LLP 

2011. 
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3.1 Introduction 

Extractive electrospray ionization (EESI) mass spectrometry (MS), first introduced by 

Chen et al.56, is a soft ionization technique that was developed to investigate 

samples with complex liquid matrices such as undiluted milk56,57 or urine56 at 

ambient pressure. In EESI experiments, the sample is nebulized via a capillary 

pointing towards the MS inlet. In most cases, plume formation is assisted with a 

nebulizing gas (N2). A second high voltage spray is oriented in such way that the 

plumes cross each other in front of the MS inlet. In this way, the charges necessary 

for ionization of the analyte are provided. In a typical EESI experiment, both the 

sample and charging spray solvents are composed of a 1:1 (v/v) water methanol 

mixture, with the charging spray solvent being additionally acidified with acetic 

acid56. EESI tolerates complex matrices, allowing, for example, mass spectral analysis 

of components in olive oil58,59, honey58, milk56,57 and raw urine56. Despite the fact 

that EESI has been used in many publications, not much work has been done to 

elucidate its mechanism. It is commonly assumed that during the collision of 

droplets from the charging and the sample sprays, liquid-liquid extraction followed 

by solvent evaporation accounts for the formation of analyte ions. Recent work by 

Law et al.59 showed that by modifying the solvent composition of the charging spray, 

the mass spectral intensity pattern obtained from compounds of varying polarity 

contained in extra virgin olive oil could be influenced, supporting the liquid-liquid 

extraction hypothesis. We have also shown that at high solvent flow rates (charging 

spray 200 µL/min, sample spray 100 µL/min), charged ESI droplets and neutral 

analyte molecules interact predominantly in the liquid phase60. It would be 

interesting to investigate whether the situation is similar for typically used EESI flow 

rates (around 3-5 µL/min), as well as for a broad range of compounds, for example, 

more volatile substances, as these might be expected to undergo a gas-phase charge 

transfer rather than being ionized in the liquid phase. 

EESI is similar to three other ionization techniques, secondary electrospray ionization 

(SESI)27-30 desorption electrospray ionization (DESI)31,32 and fused droplet-

electrospray ionization (FD-ESI)64,65. For all three techniques, either liquid-phase 

interactions between droplets of the charging spray and the sample, gas-phase 
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charge transfer, or a combination of both can contribute to ion formation. In SESI 

experiments, analyte molecules are evaporated, transported through a tube and 

then crossed with a charging spray. Therefore, liquid-liquid extraction followed by 

ionization is not possible. Not surprisingly, the mechanism was found to be 

essentially a gas-phase charge transfer27. All of the abovementioned ionization 

techniques are based on electrospray ionization (ESI) first described by Fenn and co-

workers26. As opposed to EESI and FD-ESI, there is only one spray involved in ESI 

experiments. A high voltage is applied to the capillary containing the analyte to 

provide the charges necessary for ionization. Depending on the size of the analyte 

molecules, two different theories explaining the ionization mechanism are described 

in literature; the ion evaporation model54 (IEM) for small molecules and the charged 

residue model55 (CRM) for macromolecules. The CRM suggests that electrospray 

droplets undergo evaporation and fission cycles until only one ion is left within the 

droplet. After complete evaporation of the solvent, the remaining ion typically 

carries multiple charges. In the IEM, evaporation of the solvent causes shrinking 

droplets to reach a point where the field strength on the surface eventually becomes 

so high that ions are spontaneously released from the droplet surface. The IEM 

usually results in analyte molecules being detected as singly charged [M+H]+ ions 

(which may be related to the low molecular weight of analytes ionized by this 

mechanism), which is also the case in EESI experiments. For non-volatile compounds 

the spectra of both EESI and ESI are very similar suggesting a similar mechanism.  

In this study, we compared EESI with ESI and SESI using a homologous series of 

primary amines (butylamine to decylamine) as examples. Except for the changing 

volatility, these compounds all have very similar physico-chemical properties. We 

could show that for these volatile compounds, ionization via gas-phase charge 

transfer accounts for a large share of the analyte ion current. The lighter the amine, 

the more pronounced the effect, which means that the proposed liquid-liquid 

extraction mechanism is not globally valid, but compound dependent.  
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3.2 Material and Methods 

3.2.1 Chemicals 

1-Butylamine, 1-pentylamine, 1-hexylamine, 1-octylamine, 1-nonylamine and 1-

decylamine were obtained from Sigma-Aldrich (Buchs, Switzerland). 1-Heptylamine, 

methanol and acetic acid were obtained from Acros Organics (Geel, Belgium). 

Nanopure water with a resistivity of > 18.1 MΩ·cm was obtained from a NANOpure 

water purification system (Barnstead, IA, USA). 

 

3.2.2 Ionization sources 

All spectra of the amines were obtained in positive ion detection mode on a 

commercial 3D ion trap (LCQ-Deca, Thermo Finnigan, San Jose, USA). The setups for 

the ESI, the EESI and the SESI sources are shown in Figure 3.1. 

 

 

Fig. 3.1 Schematic diagram of the setups. ESI (left), EESI (middle) and SESI (right). 

 

For all experiments, self-made ionization sources were used consisting of 1/16” 

Swagelok Tees (Swagelok Corp., Solon, OH, USA), PEEK tubing (id 250 µm, od 1/16”, 

BGB Analytik, Boeckten, Switzerland) for the delivery of nitrogen as nebulizing gas 

(270 mL/min) and polyimide-coated fused silica capillaries (id 75 µm, od 150 µm, 

BGB Analytik, Boeckten, Switzerland) for the sprays. For the EESI experiments, the 

angle between the charging and the sample spray was optimized for highest ion yield 

and set to 120°, with a distance of 5 mm to each other. The angles between the 

charging spray (below) and the MS inlet and the sample spray (above) and the MS 

inlet were set to 120°, with a distance of 10 mm from the spray tips to the MS inlet. 

These parameters are similar to those used in previous work60,64,65. For ESI 
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experiments, the amines were electrosprayed with the bottom spray while the 

upper spray was removed. For the SESI experiments, amine vapors were delivered 

from above into the electrospray plume via a separate heated (80°C) 

polytetrafluoroethylene (PTFE) tube at a flow of ~20 pmol/sec. 14 µL of an amine 

solution (MeOH:H2O in a ratio of 1:1) were deposited into the PTFE tube where the 

amines were evaporated with a N2 flow of 4.5 mL/sec. A single experiment lasted 2 

min, during which about half of the spotted solution evaporated. The flow of amines 

delivered to the electrospray was considered constant as no change in signal 

intensity could be detected. The charging spray (MeOH:H2O in a ratio of 1:1 acidified 

with 1% acetic acid) and the sample spray in the EESI experiment were infused at 3 

µL/min. Other parameters were optimized for maximum ion yield in each 

experiment with typical conditions as follows: capillary temperature 250 °C, charging 

spray and MS cone voltages were set to +3.5 kV and +26 V, respectively. MS data 

acquisition was controlled by the Xcalibur 2.0 software (Thermo Fisher Scientific, 

Waltham, MA, USA). Mass spectra were collected in scanning mode for 120 seconds, 

in the m/z range of 60-200 Th. 

 

3.3 Results and Discussion 

As the name suggests, the main mechanism of EESI is thought to be an extraction of 

neutral analyte molecules from sample spray droplets into the charging spray as the 

droplets collide, to generate analyte ions that are subsequently released in a normal 

ESI process. Such a mechanism results in spectra that are very similar to ESI 

spectra56,86. However, compared to ESI experiments, signals from water, water-

methanol and methanol clusters are more intense than these of the analyte in EESI. 

If extraction processes really dominate the EESI mechanism, the intensity 

distribution of different analyte ions is expected to resemble that obtained by ESI. 

On the other hand, a SESI spectrum differs significantly from an ESI spectrum. 

Depending on the volatility of a compound as well as on the distance gaseous 

analyte molecules have to travel prior to ionization by the charging spray, one 

expects less volatile molecules to be discriminated against more volatile ones in SESI, 

where a gas-phase charge transfer mechanism is thought to dominate. For volatile 
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analytes, it is easily possible that gas-phase charge transfer contributes to the 

ionization in EESI experiments. Hence, both extraction followed by ionization in 

liquid droplets as well as gas-phase charge transfer are possible ionization 

mechanisms in EESI experiments with volatile analytes. Comparing EESI mass spectra 

with ESI and SESI spectra should thus allow one to estimate which ionization 

mechanism is more important. 

 

To study the influence of these two possible ionization mechanisms, a series of 

homologous amines (Table 3.1) was chosen as analyte molecules, for several 

reasons: they have a readily ionizable primary amine functional group, they have 

very similar gas-phase basicities, and are all in the same molecular weight range, 

with a mass difference of only 14.02 Da between homologous members. 

 

Table 3.1 Some properties of the amines used in this study. 

Chemical Molecular 
formula 

Structure Gas-phase basicity 
[kJ/mol]

87
 

m/z 

1-Butylamine CH3(CH2)3NH2 
 

886.6 74.14 

1-Pentylamine CH3(CH2)4NH2 
 

889.5 88.17 

1-Hexylamine CH3(CH2)5NH2 
 

893.5 102.20 

1-Heptylamine CH3(CH2)6NH2 
 

889.3 116.22 

1-Octylamine CH3(CH2)7NH2 
 

895.0 130.25 

1-Nonylamine CH3(CH2)8NH2 
 

 144.28 

1-Decylamine CH3(CH2)9NH2 
 

896.5 158.30 

 

In every experiment conducted, only two of the seven amines were present, always 

at the same concentration (1 µM corresponding to 500 fmol/sec for ESI, 100 µM 

corresponding to 50 pmol/sec for both EESI and SESI experiments). Every one of 21 

possible combination was analyzed and the intensities detected together with the 

total ion current (TIC) were recorded. To allow comparing different spectra, all 
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intensities were normalized by the corresponding TIC. Figure 3.2A shows all six ESI 

experiments with decylamine. In this figure, all spectra are normalized by the 

intensity of decylamine, for comparison. The line connecting the tips of the amine 

signals is a visual help.  

 

Fig. 3.2 (A) Signal intensities of butylamine (front) to nonylamine (back) relative to 
decylamine. The spectra are normalized to the signal intensity of decylamine. The 
line connecting the signals of butylamine to nonylamine is a visual help. (B) Obtained 
spectra for hexylamine and nonylamine at equal concentration for ESI, EESI and SESI 
experiments. 
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Fig. 3.3 The signal intensity ratios of the amines for the three different ionization 
techniques used. From top to bottom: ESI, EESI, and SESI. Note that the y-axis is 
logarithmic. The intensity ratios are calculated by dividing the intensity of the amines 
on the x-axis by the intensity of the amine plotted in the graph. Therefore, the 
increase in intensity ratio for butylamine towards heavier amines in the case of ESI 
(top) means that heavier amines are detected with higher intensity. 
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Analogous lines are plotted for all compounds in Figure 3.3, to show the trend of the 

relative intensities of all amines relative to each other. The intensity ratios are 

calculated by dividing the intensity of the amines on the x-axis by the intensity of the 

amine plotted in the graph. Therefore, the increase in intensity ratio for butylamine 

towards heavier amines in the case of ESI (Figure 3.3, top) means that heavier 

amines are detected with higher intensity. This can be explained by the fact that our 

LCQ system generally shows a better sensitivity for higher molecular weight 

compounds measured at the same concentration in this mass range. Not 

surprisingly, the plot in the case of the SESI experiments (Figure 3.3, bottom) shows 

the opposite behavior. Here, the heavier ions are strongly discriminated against 

compared to the lighter ions despite the previously mentioned characteristic of the 

LCQ. Note that the scale on the y-axis is logarithmic. The plot for the EESI 

experiments (Figure 3.3, middle panel) shows only slight discrimination of heavier 

ions. It resembles the SESI experiment more than the ESI experiment. Gas-phase 

charge transfer seems to contribute significantly to the ionization of the primary 

amines, even if they are delivered via a typical EESI configuration. 

We next asked the question whether it is possible in EESI experiments to use one 

amine as an internal standard to quantify other amines present. This is not trivial, 

because signal intensities vary greatly both between experiments and between 

consecutively collected spectra. If this were possible, other classes of compounds 

such as alcohols, ketones or aldehydes could be quantified as well, quite likely with 

an internal standard of the corresponding class and possibly even across classes. Our 

experiments show that an external calibration was not sufficient for generating a 

calibration curve with sufficiently small errors due to the high signal intensity 

variation between experiments (data not shown). 

  



Chapter 3 – Contribution of liquid-phase and gas-phase ionization in extractive 
electrospray ionization mass spectrometry of primary amines 

 

43 

 

Table 3.2 lists the signal variation for hexylamine and nonylamine obtained for the 

three different ionization techniques. 

 

Table 3.2 Variation (standard deviaton) of the signal intensities for hexylamine and 
nonylamine, and for hexylamine and nonylamine normalized with the TIC for the 
three different ionization techniques, expressed as a percentage. 

 

Technique Hexylamine 
(%) 

Hexylamine/TIC 
(%) 

Nonylamine 
(%) 

Nonylamine/TIC 
(%) 

SESI 44 % 37 % 51 % 43 % 

EESI 28 % 27 % 25 % 24 % 

ESI 12 % 21 % 13 % 20 % 

 

The signal stability decreases markedly with increasing contribution of a gas-phase 

charge transfer to the total ion current: the signal is most stable for ESI, but varies 

more in the case of EESI and SESI. This might be due to small air drafts that influence 

the fragile EESI and SESI setup to a higher extent than ESI. It is interesting to note 

that upon normalizing of the signal intensity with the TIC, the stability of the ESI 

signals for hexylamine and nonylamine is not improving, on the contrary, the 

normalized signal shows even greater variability. However, the variation for the 

normalized SESI signals is smaller, whereas in the case of EESI the standard deviation 

hardly changes at all. In the ESI experiments, the TIC is subject to small variations 

that are unrelated to the amine signals. In both EESI and especially SESI experiments, 

however, variations in the TIC correlate more strongly with the signal intensity of the 

amines. 
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When an external calibrations is not satisfactory, internal standards are often used 

for quantitative analysis. Table 3.3 shows the results for the quantitative analysis of 

hexylamine with nonylamine as internal standard for all three ionization techniques. 

 

Table 3.3 Quantification results for hexylamine with nonylamine as internal standard 
for the three different ionization techniques. Ionization technique, N number of 
spectra averaged, Concentration ratio, measured intensity ratio, true concentration 
flow in pmol/sec, calculated concentration flow in pmol/sec, deviation from true 
value in %. 

  Hexylamine : Nonylamine Hexylamine 

Ionization N Concentration 
ratio 

Measured 
intensity ratio 

True concentration 
flow (pmol/sec) 

Calculated concentration 
flow (pmol/sec) 

Deviation from 
true value, % 

SESI 590 0.43 0.30±0.03 32.6 35±4 + 7 

SESI 580 1 0.64±0.08 23.3 13±2 - 44 

SESI 510 2.33 1.4±0.2 14 4.8±0.7 - 66 

       

EESI 600 0.43 0.44±0.05 15 17±2 + 13 

EESI 600 1 0.9±0.2 25 25±5 0 

EESI 600 2.33 1.3±0.3 35 23±6 - 34 

       

ESI 200 1 0.44±0.05 0.125 0.05±0.007 - 60 

       

ESI 530 0.43 0.193±0.008 15 4.0±0.2 - 73 

ESI 600 1 0.82±0.04 25 12.1±0.6 - 52 

ESI 600 2.33 0.47±0.02 35 4.2±0.2 - 89 

 

The quantitation was carried out for three different concentration ratios of 

hexylamine to nonylamine, 7:3, 1:1 and 3:7. The intensity ratio of hexylamine to 

nonylamine was calculated using 200-600 spectra, which corresponds to a scan time 

of 2-6 minutes. Note that for every single amine the intensity ratio (signal intensity 

divided by the TIC) is more constant than the signal intensity itself and that the 

deviation of the intensity ratio is highest for ESI and smallest for EESI. Except for the 

last three ESI quantification experiments, the concentrations used were chosen in a 

way such that the signal/noise ratio of nonylamine to the background signal were in 
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the same range (ESI S/N = 29, EESI S/N = 23, SESI S/N = 43) for better comparison. 

Note that the ESI experiments are roughly a factor of 100 more sensitive than both 

EESI and SESI experiments. In order to be able to calculate the concentration of 

hexylamine in the sample based on the known concentration of the internal 

standard nonylamine, the signal intensity ratio obtained in Figure 3.2A was used; we 

call this ratio the response factor. The calculated amount of hexylamine is expressed 

as a flow in units of pmol/sec, and is compared to the true concentration present in 

the analyte solution. The accuracy of the quantification is expressed as a deviation 

(expressed in %) of the calculated amount from the known amount. EESI 

experiments yield the most accurate results. In two of three experiments the 

calculated concentrations are within the standard deviation of the signal variation. 

The ESI experiment with the same S/N ratio as the EESI and SESI experiments yields 

inaccurate results. Separating the high voltage supply needed for ionization from the 

solution containing the analyte (EESI/SESI setup) obviously ameliorates the accuracy 

of the results. While the precision increases for ESI experiments that have higher S/N 

ratio, surprisingly, the accuracies obtained are worse than for experiments with 

lower S/N ratios. 

Taking both accuracy and precision into account, EESI yields more reliable results  

than ESI and SESI for this class of compounds for the quantification via internal 

calibration. However, the concentration difference between internal standard and 

analyte must not be more than one order of magnitude. As expected, the accuracy 

decreases with larger concentration differences between the two amines, because 

the absolute signal variation has a greater influence on the signal intensity. We see 

this effect confirmed in both ESI and EESI experiments but not in the SESI 

experiment. 
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3.4 Conclusions 

A series of homologous amines was used to estimate which of the two possible 

ionization mechanisms for the generation of ions in EESI experiments dominates for 

these volatile compounds: extraction followed by ionization in droplets or gas-phase 

charge transfer. Comparing the results obtained in EESI experiments with pure liquid 

phase ionization (ESI) experiments and pure gas-phase charge transfer ionization 

(SESI), our experiments showed that the mechanism of EESI for volatile amines is 

dominated by gas-phase charge transfer ionization. Additionally, in comparison to 

both ESI and SESI experiments, despite the mass discrimination of the instrument, 

hardly any discrimination effects occur in the spectra. 

In a second set of experiments it was examined whether in EESI experiments 

quantitative statements about compounds can be made. A comparison of the three 

different ionization techniques showed that EESI experiments yield less precise but 

more accurate results than ESI experiments and both more precise and more 

accurate results than SESI experiments. This could be explained by the stability and 

robustness of the EESI setup.  
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This chapter is adapted from and reprinted with permission from: 

L. Meier, C. Berchtold, S. Schmid, R. Zenobi: Extractive electrospray ionization mass 

spectrometry – enhanced sensitivity using an ion funnel. Anal. Chem., 2012, 84, 

2076. Copyright 2012. American Chemical Society. 
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4.1 Introduction 

Extractive electrospray ionization (EESI) mass spectrometry (MS) was first introduced 

by Chen et al.56 in 2006. This soft ionization technique was developed to investigate 

complex liquid matrices such as urine56, honey57, olive oil57,58 or milk56,59 by creating 

characteristic ions at ambient pressure. In comparison to electrospray ionization26 

(ESI), two sprays are used in EESI experiments; one electrospray formed from pure 

solvent that delivers the charges and a second, neutral spray that delivers the 

sample. The sprays are usually assisted with a nebulizing gas (N2 or air). The two 

sprays are aligned in such way that the two plumes cross each other in front of the 

mass spectrometer inlet. In a typical EESI setup, the two spray tips are located 10 

mm from the inlet of the mass spectrometer, are 2–4 mm from each other, at an 

angle of 60° to each other and 150° to the inlet of the mass spectrometer. A voltage 

of 3.5 kV is usually applied to the electrospray to provide the charges. Upon collision 

of the charged ESI droplets with the sample spray droplets, charges mostly in the 

form of H+ are transferred to the analyte molecules in a mechanism that is not yet 

fully understood60 and that has contributions from both an extractive and a gas-

phase charge transfer process, depending on the volatility of the analyte88. In EESI 

experiments, the analyte does not get in direct contact with the high voltage source, 

the interaction volume formed by the two spray plumes is rather small, and both 

sprays do not aim on the inlet of the mass spectrometer directly. Therefore, it is not 

surprising that EESI experiments are less sensitive than ESI experiments. However, if 

one could find an EESI setup where analyte molecules are ionized more efficiently, 

i.e. by ensuring more collisions with charging spray droplets, and where better 

focusing of the ions towards the mass spectrometer inlet can be achieved, more 

sensitive EESI experiments should be possible. This would, for example, allow for the 

fast detection of small concentrations of pesticides in fruit juices that are so far 

below the limit of detection. 

This is where the work on electrodynamic focusing of electrosprays conducted by 

Smith et al. comes into play. Based on the work of Gerlich et al. 89 on stacked ring ion 

guides that consist of a series of cylindrical ring electrodes of fixed inner diameter 

(id) with a radio frequency potential of opposite phase applied on adjacent 
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electrodes that helps focus ions radially in an effective potential, Smith et al. 

developed a device termed “ion funnel” (IF) 90 that has been commercialized in 

conjunction with Agilent Technologies under the name “iFunnel” 91. By successively 

decreasing the inner diameter of the electrodes towards the low pressure region of 

the mass spectrometer, they were capable of both guiding and focusing the ion 

beam down to an area of only 3.14 mm2 92. In their new IF-ESI interface, the 

expanding plume could be refocused which resulted in a sensitivity gain of up to 

three orders of magnitude in comparison to standard ESI experiments90. In their 

setup the electrospray is in line with the inlet of the mass spectrometer, such that 

neutral solvent molecules could pass the ion funnel as well, which has a negative 

influence on the sensitivity gain. By placing a so-called jet disruptor93 in the centre of 

the ion funnel, neutral solvent molecule can be prevented from entering the mass 

spectrometer, which solved this problem, enhancing the sensitivity even more. Their 

ion funnel was working at a pressure of 1–2 Torr. By coupling two ion funnels one 

after the other, Smith et al. were capable of increasing the pressure in the first ion 

funnel to 30 Torr. 

In this study we combine the soft and robust EESI technique with an ion funnel 

working at ambient pressure to improve the limit of detection of EESI experiments. 

By spraying the analyte molecules on axis and arranging three charging sprays at 

angles of 30° with respect to the axis of the ion funnel, we built an IF-EESI interface 

that is more than three orders of magnitude more sensitive than a standard EESI 

source. 

  

4.2 Experimental Section 

All experiments were conducted on a commercial 3D ion trap mass spectrometer 

(LCQ-Deca, Thermo Finnigan, San Jose, USA). Analyte molecules were ionized using a 

self-made spray interface and then guided through an ion funnel interface to the 

sample inlet. Standard ESI experiments were performed using the spray interface 

without the ion funnel.  

The ion funnel described here is based on the design by Smith et al. 92, 94-97 that has 

been nicely summarized in a recent review90. Our ion funnel consists of 53 0.5-mm-
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thick brass ring electrodes (40 mm od, 25.4 mm id) followed by 48 0.5-mm-thick 

brass ring electrodes (40 mm outer diameter) with inner diameters that decrease by 

0.5 mm from electrode to electrode to a final inner diameter of 1.4 mm. The inner 

edges of the electrodes are rounded and polished. Around the outside of every 

electrode there are three flags (Figure 4.1, number 29) (3 mm long, 2 mm wide) with 

a regular spacing to facilitate the soldering of the resistors and capacitors used for 

applying the DC gradient and the RF field, respectively. To reduce the space needed 

between the outside of the electrodes and the housing of the ion funnel, and to 

further simplify the soldering of the resistors and capacitors, adjacent electrodes 

have flags that are rotated 30° in a clockwise direction. The top right inset (# 28) in 

Figure 4.1 shows the first and second electrode as an example. At a radius of 16.3 

mm and with a regular spacing there are three holes (3 mm) drilled into the 

electrodes for mounting the electrodes to three polyether ether ketone (PEEK) rods. 

Every rod (3 mm diameter) consists of three shorter rods (2 times 42 mm and 1 time 

36 mm long) with tapped holes (five, 1.6 mm connection thread) that are screwed 

together. Between adjacent electrodes there is one 0.5-mm-thick 

polytetrafluoroethylene (PTFE) washer (10 mm od, 3 mm id) mounted on every PEEK 

rod to ascertain proper spacing between the electrodes.  

All but the last electrode were connected with 510-kΩ resistors (wts electronics 

GmbH, Wedemerk-Bissendorf, Germany) to create a linear DC voltage gradient of 35 

V·cm-1 (400 V on first, 50 V on 100th electrode) for driving the ions towards the mass 

spectrometer. To drive ions close to the electrodes back into the centre of the ion 

funnel, a radio frequency of 700 kHz with a voltage of 150 Vp-p was applied to all but 

the last electrode. 10 nF capacitors (2.5 kV DC maximum; WIMA, Mannheim, 

Germany) were soldered to the flags on the electrodes to decouple the RF and the 

DC power sources. A custom-built RF power supply (Ardara Technologies, Ardara, PA, 

USA) with two channels providing RF voltage of opposite phase was used to power 

the electrodes in such way that adjacent electrodes have opposite phase. The last 

electrode was used to shield the mass spectrometer from the RF field by powering it 

independently from the other electrodes and with DC only (25 V). 
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Fig. 4.1 The ion funnel interface: (1) tapped hole for 4.2 mm screw; (2) O-ring (155 
mm) groove; (3) aluminum front end of the housing; (4) tapped hole for 3.2 mm 
screw; (5) PEEK heated spray unit block holder; (6) O-ring (84 mm) groove, (7) O-ring 
(55 mm) groove, (8) aluminum heated spray unit; (9) threaded hole for cartridge 
heater; (10) stainless steel capillary; (11) Swagelok ¼” cap for fixation of (10); (12) 
hole for spray capillary; (13) aluminum housing; (14) BNC connector for voltage 
supply; (15) O-ring (6.5 mm) groove; (16) Swagelok ¼” cap for fixation of ESI spray 
units; (17) tapped hole for 3 mm screw; (18) PEEK supports for ion funnel fixation; 
(19) tapped hole for 3.2 mm screw; (20) 3 mm diameter PEEK rod; (21) Teflon 
insulating washer; (22) rounded and polished brass ion funnel electrode; (23) tapped 
hole for 3.2 screw; (24) O-ring (44 mm) groove; (25) PEEK ion funnel holder; (26) 
PEEK LCQ cone adapter; (27) O-ring (12 mm) groove; (28) two electrodes, side view; 
(29) 3 mm long and 2 mm wide flags to facilitate soldering on resistors and 
capacitors; (30) 3 mm diameter holes to stack electrodes on PEEK rod; (31) side view 
of the spray unit in front of the sample inlet (left) and slightly rotated for better view 
(right). 

 

The ion funnel was mounted on a PEEK plate (Figure 4.1, # 25) that functioned as the 

end cap of the ion funnel housing (Figure 4.1, # 13). A PEEK adapter (Figure 4.1, # 26) 
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allowed the ion funnel to be mounted in front of the mass spectrometer. Changing 

this piece would easily allow the ion funnel to be adapted to different mass 

spectrometers. 

To conduct EESI experiments, a spray unit made of aluminum (Figure 4.1, # 8) was 

mounted on the front end of the ion funnel. Figure 4.1, # 31 shows the three self-

made electrospray heads that were used as charging sprays. They consisted of 1/16” 

Swagelok caps (Swagelok Corp., Solon, OH, USA), polyimide-coated fused silica 

capillaries (id 250 µm, od 350 µm, BGB Analytik, Boeckten, Switzerland) for the 

delivery of nitrogen as the nebulizing gas (~170 mL/min each) and polyimide-coated 

fused silica capillaries (id 75 µm, od 150 µm, BGB Analytik, Boeckten, Switzerland) 

for the sprays. The angle between the charging sprays and the surface to which they 

are welded to was 60°. Mounted to the ion funnel, the spray tips are located 10 mm 

in front of the first electrode. The sample spray was introduced on axis through the 

center of the spray unit (Figure 4.1, # 10) and consisted of a stainless steel capillary 

(id 250 µm, od 350 µm) for the delivery of nitrogen as nebulizing gas (~170 mL/min) 

and a polyimide-coated fused silica capillary (id 75 µm, od 150 µm) for the spray. Its 

distance to the first electrode was optimized to yield the highest signal intensities. 

The charging sprays (MeOH:H2O in a ratio of 1:1 acetified with 1% acetic acid) were 

infused at 0.05 µL/min each, and a voltage of 3.5 kV was applied. The sample spray 

was infused at 5 µL/min and consisted of MeOH:H2O in a ratio of 1:1 containing 

sample at different concentrations. The capillary of the mass spectrometer was held 

at 250°C and at a voltage of +10 V. Other parameters were optimized for maximum 

ion yield. Data acquisition was controlled by the Xcalibur 2.0 software (Thermo 

Fisher Scientific, Waltham, MA, USA). Mass spectra were collected in scanning mode 

for 120 seconds in the m/z range of 100–500 Th. 
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Ventolin, a drug that contains salbutamol ((RS)-4-[2-(tert-butylamino)-1-

hydroxyethyl]-2-(hydroxymethyl)phenol, 5mg/mL) and is sold by GlaxoSmithKline 

(Brentford, UK), was obtained from a local pharmacy. Atenolol (2-[4-(2-hydroxy-3-

isopropylaminopropoxy)phenyl]acetamide) was obtained from Sigma-Fine Chemicals 

(St. Louis, MO, USA). Cocaine (methyl (1R,2R,3S,5S)-3- (benzoyloxy)-8-methyl-8-

azabicyclo[3.2.1] octane-2-carboxylate) was obtained from Lipomed AG (Arlesheim, 

Switzerland). Methanol and acetic acid were obtained from Acros Organics (Geel, 

Belgium). Deionized water with a resistivity of > 18.1 MΩ·cm was obtained from a 

commercial water purification system (NANOpure, Barnstead, IA, USA). 

 

Table 4.1 The chemicals used in this study shown with their molecular weight and 
their most abundant signal. 

Compounds used in this study 

Compound Structure Molecular weight m/z 

 

Atenolol 

 

 

266.34 

 

267 

 
Cocaine 

 

 

303.15 

 

304 

 

Salbutamol 

 

 

239.15 

 

240 
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4.3 Results and Discussion 

With ambient ion sources, only a small fraction, less than 1% of the ions generated, 

can be transferred into the mass spectrometer39. The simple conclusion is that by 

ameliorating the transmission efficiency of analyte ions, the total sensitivity of EESI 

experiments could be improved substantially. Clever alignment of the spray towards 

the inlet of the mass spectrometer, as well as a careful tuning of the potentials 

applied to the inlet capillary and the consecutive ion lenses increases the 

transmission rate. Smith et al. solved the spray alignment optimization problem in a 

very clever way by spraying on-axis into a first set of capillaries that lead into an ion 

funnel equipped with a jet disruptor. Spraying on-axis onto the capillaries allowed 

for more ions being transferred into the ion funnel, and the jet disruptor allowed for 

the removal of neutral gas to reduce pumping requirements93 in later vacuum 

stages. When designing our ion funnel, we tried to learn from these technical 

improvements to increase the sensitivity of EESI experiments.  

Geometric parameters for building the ion funnel, RF and DC voltages for driving ions 

towards the mass spectrometer, as well as typical spray parameters for EESI 

experiments were adopted from literature56,90 and adjusted in an iterative approach 

to yield highest ion transmission. Our findings are as follows: the geometry (no 

voltages applied) had the highest influence on the gain in sensitivity (roughly two 

orders of magnitude); applying DC only to the lenses enhanced the sensitivity 

roughly by a factor of 5; applying DC and RF enhanced the sensitivity roughly by a 

factor of 10; applying RF only roughly doubled the sensitivity. This lets us conclude 

that both DC and RF have an influence on the sensitivity. However, the influence of 

the DC field is stronger. Of the reported 10 times signal gain due to the voltages, DC 

accounts for a factor of roughly 5, RF for a factor of roughly 2. 

The inset with number 31 in Figure 4.1 shows the spray arrangement for the EESI 

experiments. The three charging sprays form an angle of 30° to the axis of the ion 

funnel and are directed to a point 10 mm from the tip of the analyte spray. Three 

charging sprays have been used as results of earlier EESI experiments performed in 

our laboratory, which showed that the sensitivity could be improved by up to a 



Chapter 4 – Extractive electrospray ionization mass spectrometry – enhanced 
sensitivity using an ion funnel 

 

58 

factor of five when using more than one charging spray (data not shown). The angle 

chosen is a compromise between two factors. Increasing the angle would make the 

spray setup more similar to previous EESI experiments, where an angle of 60° was 

found to result in the highest ion yield. On the other hand, to maximize the amount 

of charges reaching the ion funnel, the charging sprays have to point towards the ion 

funnel, in the best case at an angle of 0° and slightly off-axis to prevent neutral 

molecules from reaching the mass spectrometer. 

In a first set of experiments and to prove that our ion funnel is working, we used 

salbutamol, which is a short-acting β2-adrenergic receptor agonist used by patients 

suffering from asthma or chronic obstructive pulmonary disease for the relief of 

bronchospasm. Its molecular weight is 239 Da and it could be detected as [M+H]+ at 

240 Th. Figure 4.2 (right) shows the spectrum of salbutamol using the ion funnel 

under the optimized conditions mentioned above. Figure 4.2 (left) shows the 

spectrum of salbutamol acquired with a standard EESI setup. 

 

 

Fig. 4.2 Mass spectra of salbutamol (x) at 240 m/z obtained with a standard EESI 
source (left), and using the ion funnel interface (right). The inset shows the chemical 
noise of the experiments. Note that for the experiment using the ion funnel, the 
concentration of salbutamol was 100 times lower. The empty diamonds show signals 
that originate from the laboratory air. The asterisks in the ion funnel experiments 
denote signals that come from plasticizers used in the manufacturing of the resistors 
and capacitors. 
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For the ion funnel spectrum the concentration of salbutamol was 100 times lower 

than for the standard EESI setup. In addition to this increase of sensitivity, there are 

fewer background signals present using the ion funnel. Some of the signals marked 

with asterisks could be attributed to plasticizers (polychlorinated biphenyls) that are 

commonly used in the fabrication of the resistors and capacitors that are used for 

the electronics of the ion funnel and were observed to decrease with time. 

In a second set of experiments, the limits of detection (LOD) for salbutamol, atenolol 

and cocaine were determined and compared to the LODs obtained using a standard 

EESI setup (Table 4.2). 

 

Table 4.2 The limits of detection for atenolol, salbutamol and cocaine using the ion 
funnel (left) and the control experiments (right). In comparison to standard EESI 
experiments (right column), the ion funnel improves the limit of detection by more 
than three orders of magnitude. 

Limits of detection [fmol/sec] for EESI experiments 

 Ion Funnel Control experiments 

Compound IF on IF off Spray unit far Spray unit close Standard EESI 
setup far 

Standard EESI 
setup close 

Atenolol 88±26 635±53 > 1E+06 2.97±0.03 E+05 > 1E+06 7±2 E+04 

Salbutamol 12±3 583±164 4±1 E+05 1.5±0.3 E+05 > 1E+06 > 1E+06 

Cocaine 5.9±0.8 20±1 9±1 E+04 641±43 2.2±0.7 E+04 8.9±0.9 E+03 

 

 

To determine the LODs, a dilution series of the compounds of interest was prepared. 

Starting with the lowest concentration, the dilution series were measured in 

triplicate for each compound. Between any two measurements, a blank was run until 

the signal of the compound being measured declined to the level of the preceding 

blank. Single measurements lasted at least four minutes to ascertain that the sprays 

worked stably. An interval of 30 seconds (corresponding to roughly 200 scans) was 

averaged and the signal intensity was divided by the total ion current (TIC) to allow 

for a comparison between different measurements. The LOD was defined to be 
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three times the signal of the blank divided by the corresponding TIC. The LOD was 

calculated from the lowest concentration with a signal/TIC value higher than the 

LOD. Figure 4.3 shows three different experiments using cocaine as the analyte. It 

can easily be seen that the standard EESI experiment (Figure 4.3, top) is more than 

100 times less sensitive than when using the ion funnel even without applying any 

voltage (Figure 4.3, middle). The geometry of the ion funnel in combination with the 

suction of the mass spectrometer obviously already have an effect on the sensitivity 

of the experiments. Switching on the guiding fields increases the sensitivity by 

another order of magnitude. 

 

 

Fig. 4.3 Determination of limits of detection using cocaine for standard EESI 
experiments (top), the ion funnel without voltage applied (middle) and the ion 
funnel with both DC and RF voltage applied (bottom). The dashed vertical lines show 
the LODs calculated for each experiment. Note that the x-axis is logarithmic. 
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A total of six different source configurations were examined to show how well the 

ion funnel performs. Table 4.2 gives an overview and shows the LODs (expressed as 

fmol of analyte sprayed per second) obtained for the different experiments. The 

“Standard EESI setup close”, “IF off” and “IF on”, correspond to the experiments 

illustrated on the right side of Figure 4.3 (top to bottom). As control experiments, 

the spray unit was used without the ion funnel, both at the same distance as in the 

ion funnel experiments (“far”) as well as close to the inlet to the LCQ (1 cm, “close”). 

The same experiments were conducted using a standard dual-spray setup for 

comparison. As expected, the LODs for the “far” experiments are worst for all three 

compounds, with hardly a difference between the “spray unit” and the “Standard 

EESI setup”. With the exception of salbutamol for the standard sprays, the “close” 

experiments have lower LODs then the “far” experiments. However, the differences 

in LODs between spray unit and standard sprays are larger. Furthermore, depending 

on the compounds, one or the other setup is more sensitive. The big increase in 

sensitivity comes when the ion funnel is mounted to the LCQ. Compared to the 

“Standard EESI setup close”, using the ion funnel (“IF on”) increased the sensitivity 

by three orders of magnitude (atenolol, cocaine) or made the detection possible at 

all (salbutamol). The “IF off” experiments show that the geometry alone already has 

a substantial influence on the gain in sensitivity. 

 

4.4 Conclusions  

An ion funnel working at ambient pressure and a spray unit that allows for EESI 

experiments using this ion funnel have been built. The experiments showed that 

both the geometry of the ion funnel as well as the voltages that are applied to the 

lenses help increase the sensitivity. Moreover, we could show that the geometry has 

more influence on the gain in sensitivity than the voltages, and the DC has more 

influence than the RF field. With atenolol, salbutamol and cocaine as test 

compounds, we could show that this new system improves the limit of detection for 

EESI experiments by more than three orders of magnitude in comparison to standard 

EESI setups using a charging and a sample spray. 

 



 

 

  



 

 

Chapter 5 

5 Sensitive detection of drug vapors using an ion 

funnel interface for secondary electrospray 

ionization mass spectrometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is adapted from and reprinted with permission from: 

L. Meier, C. Berchtold, S. Schmid, R. Zenobi: Sensitive detection of drug vapors using 

an ion funnel interface for secondary electrospray ionization mass spectrometry. J. 

Mass Spectrom., 2012, 84, 2076. Copyright 2012. American Chemical Society. 
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5.1 Introduction 

Mass spectrometry has become a very powerful analytical tool over the last few 

years. Instruments have become smaller and easier to handle, detection limits have 

steadily improved, and sample introduction has been simplified. However, better 

sensitivity often comes at the cost of a more complex sample introduction. The 

larger the share of ions generated that reach the detector, the better the sensitivity. 

While guiding ions towards the detector can be easily achieved with electric or 

magnetic fields and at low pressure (to maximize the mean free path of ions and 

therefore minimize the number of ions being lost due to collisions with neutral 

molecules), sample introduction is simplest and most convenient at ambient 

pressure. Unfortunately, the transfer from ambient to sub-ambient pressure results 

in great ion loss. In the case of ESI, both measurements and calculations show that 

only a small fraction of typically 1%38 of the ions generated can be focused into the 

mass spectrometer39. 

Knowing the detailed chemical composition of gases is important and may be vital in 

many situations in life: airport security screens passengers and baggage for drugs 

and explosives98,99, surgeons monitor oxygen and carbon dioxide levels in the breath 

of patients100, chemical sensors in mines alert miners in case of elevated carbon 

monoxide levels101. All these examples have some common characteristics: results 

have to be available immediately, only a very small number of substances need to be 

monitored simultaneously, and detection is limited to compounds of low molecular 

weight and, usually, high vapour pressure. Building a device that can both handle 

online analysis and simultaneously detect a variety of compounds with high 

sensitivity is difficult. Besides ion mobility spectrometry22 which is mainly used for 

airport security and military purposes, there are two other mass spectrometric 

techniques that meet the requirements mentioned above; proton transfer reaction 

mass spectrometry (PTR-MS) developed by Hansel et al.23and selected ion flow tube 

mass spectrometry (SIFT-MS) developed by Smith and Španěl24,25. Both techniques 

are capable of analyzing ambient gases (e.g. air, breath) online. The sensitivities 

obtained depend on the compounds investigated and may, under optimal 

conditions, be in the sub pptv range (e.g., in the case of PTR-MS of HMX62) or in the 
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sub-ppbv range (e.g., SIFT-MS analysis of aromatic hydrocarbons63). Except for a 

handful of recently investigated compounds of heavier molecular mass, such as 

sesquiterpenes102,103, HMX104 and TNT62,104, both techniques focus on volatile organic 

species with molecular weights below 200 Da. 

In the case of secondary electrospray ionization (SESI)27-30 and desorption 

electrospray ionization (DESI)31,32, detecting compounds of higher m/z is possible. 

Both ionization techniques originate from electrospray ionization (ESI)26, where the 

analyte molecules are contained within the charging spray. In the case of SESI, the 

gaseous analyte is intercepted by an electrospray to obtain analyte ions. For all 

techniques mentioned, the available mass range is restricted only by the mass 

spectrometer, typically 50-20,000 m/z. However, the sensitivities obtained when 

measuring gaseous samples are considerably lower compared to PTR-MS and SIFT-

MS. This can be explained by the fact that for both SESI and DESI, analyte ions are 

not produced directly by the high voltage spray source. It is therefore expected that 

the ion transfer is similar if not worse than for ESI. Furthermore, a large fraction of 

the analyte molecules are never ionized due to the geometry of SESI experiments 

and the short time during which charge transfer has a chance to occur. It is thus not 

surprising that SESI is less sensitive than ESI. If this transmission problem could be 

overcome, SESI might allow for the online detection of gas-phase compounds that 

cannot be detected with current techniques so far. Possible areas of application are 

breath monitoring of anaesthetics during surgery, of substances of abuse at parties, 

or of doping compounds during sport events. 
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In this study we combine SESI with an ion funnel (IF) interface that works at ambient 

pressure, to investigate whether and to what extent the sensitivity of SESI 

experiments can be improved. Our ion funnel design is based on publications of 

Smith and co-workers90. Technical details can be obtained from Meier et al105. The 

compounds tested here (atenolol, cocaine and salbutamol, which were chosen 

because they all are on the world anti-doping agency’s (WADA) list of prohibited 

compounds) could not be detected with standard SESI experiments. In contrast, our 

new interface allows for detection limits as low as 13 fmol/sec (34 pptv) in the case 

of atenolol. Furthermore, when measuring the headspace of banana skin and slices 

of limes we could detect a many compounds with molecular weights up to 500 Th 

that have so far been below the limit of detection. 
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5.2 Experimental section 

All experiments in this publication were conducted on a commercial 3D ion trap 

mass spectrometer (LCQ-Deca, Thermo Finnigan, San Jose, USA). Details on the self-

made charging spray interface used for the SESI experiments as well as the ion 

funnel used for enhancing the sensitivity have been described before105. Standard 

SESI experiments were conducted using the neutral sample introduction system 

shown in Figure 1 (left) without the ion funnel. The neutral gaseous sample 

molecules introduced via this system were ionized with three charging sprays as 

described before88. 

 

 

Fig. 5.4 The SESI interface: (1) polyimide-coated fused silica capillary (id 75 µm, od 

150 µm) for sample introduction; (2) polyimide-coated fused silica capillary (id 250 

µm, od 350 µm) to help nebulize the analyte molecules with nitrogen as nebulizing 
gas (500 mL/min); (3) Swagelok Tee to mount (1) and (2); (4) SESI spray mounted on-
axis into heating coil (5) that prevents sample molecules from condensing on 
surface; (6) Teflon Straight Fitting, (7) Swagelok cap to mount (10); (8) heating 
cartridge; (9) heated charging spray unit; (10) stainless steel capillary; (11) charging 
sprays. 

 

The SESI setup used in this study is shown in detail in Figure 1. The neutral sample 

introduction consists of a 1/16” Swagelok Tee (# 3; Swagelok Corp., Solon, OH, USA), 

a polyimide-coated fused silica capillary (# 4; id 250 µm, od 350 µm, BGB Analytik, 

Boeckten, Switzerland) to help nebulize the analyte molecules with nitrogen as 

nebulizing gas (# 2, 500 mL/min, controlled by a mass flow controller, F 201-CV, 

Bronkhorst High-Tech B.V., Ruurlo, Netherlands) and a polyimide-coated fused silica 

capillary (# 1; id 75 µm, od 150 µm, BGB Analytik, Boeckten, Switzerland) for sample 

introduction (flow rate 5 µL/min, controlled by the LCQ syringe pump). The sample 
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spray (# 4) was mounted air-tight and on-axis into a heating coil (# 5) that was 

maintained at ~150°C during the whole experiments to prevent sample molecules 

from condensing onto the polyether ether ketone (PEEK) surface of the transfer tube 

inside the heating coil. The evaporated sample molecules were then introduced into 

the charging spray unit (# 9) via a ¼” Teflon Union (# 6) and a 1/16” Swagelok cap (# 

7) holding a stainless steel capillary (# 10; id 500 µm, od 700 µm). The charging spray 

unit was heated to 75°C with three heating cartridges (# 8; Probag Wärmetechnik 

AG, Niederbuchsiten, Switzerland) to prevent sample molecules from condensing; 

75° is still below the boiling point of the solvent mixture, which is used for the 

charging sprays. The distance between the end of the stainless steel capillary 

delivering the sample molecules and the three charging sprays (# 11) was optimized 

to ≈10 mm to yield highest signal intensity. 

The charging sprays were infused at 0.05 mL/min and consisted of MeOH : H2O in a 

1:1 ratio and acidified with 1% acetic acid. A voltage of 3.5 kV was applied. The inlet 

capillary of the mass spectrometer was held at 250°C and at a voltage of +10 V. 

Other LCQ parameters were optimized for maximum ion yield. Data acquisition was 

controlled by the Xcalibur 2.0 software (Thermo Fisher Scientific, Waltham, MA, 

USA). Mass spectra were collected in scanning mode for 120 seconds in the m/z 

range of 100-500 Th. 

Atenolol was obtained from Sigma-Fine Chemicals (St. Louis, MO, USA). Cocaine 

(methyl (1R,2R,3S,5S)-3- (benzoyloxy)-8-methyl-8-azabicyclo[3.2.1] octane-2-

carboxylate) was obtained from Lipomed AG (Arlesheim, Switzerland). Ventolin® 

containing salbutamol ((RS)-4-[2-(tert-butylamino)-1-hydroxyethyl]-2-

(hydroxymethyl)phenol, 5mg/mL) sold by GlaxoSmithKline (Brentford, UK) was 

obtained from a local pharmacy. Acetic acid and methanol were obtained from Acros 

Organics (Geel, Belgium). Nanopure water with a resistivity of > 18.1 MΩ·cm was 

obtained from a NANOpure water purification system (Barnstead, IA, USA). The 

charging spray solutions were prepared weekly. 

The LODs were determined as follows: a dilution series of the compounds was 

prepared. The samples were measured in triplicate, with increasing concentrations 

for each compound. A blank was run between any two measurements until the 
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signal intensity of the compound being measured returned to the level of the 

preceding blank (usually 30 – 60 seconds). Since there is no window integrated into 

the IF to monitor the electrosprays, single measurements lasted at least four 

minutes to ensure that the sprays worked steadily. Intervals of roughly 200 scans  

(30 seconds) were averaged and normalized by dividing by the total ion current (TIC) 

to allow for a direct comparison between measurements. The LOD was defined to be 

three times the normalized signal of the noise present in the blank, and was 

calculated from the lowest concentration with a normalized signal that had a 

S/N > 3. 
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5.3 Results and discussion 

In a first set of experiments, and to prove that both our SESI spray interface as well 

as the SESI IF spray interfaces are working, we used atenolol, which is a selective β1 

receptor antagonist (β-blocker) used by patients suffering from cardiovascular 

diseases; salbutamol, which is a short-acting β2-adrenergic receptor agonist used by 

patients suffering from asthma or chronic obstructive pulmonary disease for the 

relief of bronchospasm; and cocaine (Table 1).  

 

Table 5.1 The chemicals used in this study shown with their molecular weight and 
their most abundant signal. 

Compounds used in this study 

Compound Structure Molecular weight m/z 

Atenolol 

 

266.34 267 

Cocaine 

 

303.15 304 

Salbutamol 

 

239.15 240 
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The limits of detection (LOD) were determined and compared to the LODs obtained 

using both a standard SESI as well as the SESI spray interface without the IF. Figure 2 

shows two experiments using atenolol as analyte, for the SESI interface without 

(Figure 2, top) and for the SESI interface with IF (Figure 2, bottom). It can easily be 

seen that the IF helps to increase the sensitivity, in the case of atenolol by about two 

orders of magnitude. For the standard SESI setup, no signal could be observed up to 

a concentration of 1 nmol/sec.  

 

 

Fig. 5.2 Determination of limits of detection using atenolol for SESI experiments 
without (top) and with ion funnel (bottom). Note that the x-axis is logarithmic. The 
inset (spectrum) shows the signal of atenolol (marked with a diamond) at a 
concentration of 15 fmol/sec. 

 

  



Chapter 5 – Sensitive detection of drug vapors using an ion funnel interface for 
secondary electrospray ionization mass spectrometry 

 

73 

Higher concentrations were not used to prevent memory effects. Identical to a 

previous publication of us105, the SESI IF setup was carefully investigated and 

compared to the SESI interface and the standard SESI interface. Table 2 shows the 

LODs obtained for the different experiments, values are expressed as fmol of analyte 

delivered in the gas-phase per second.  

 

Table 5.2 The limits of detection for atenolol, salbutamol and cocaine using the ion 
funnel (left) and the control experiments (right). Without the ion funnel the 
compounds could not be detected at all. 

Limits of detection [fmol/sec] for SESI experiments 

 Ion Funnel Control experiments 

Compound IF on IF off 
SESI interface 

w/o IF 

SESI interface 

close 

Standard SESI 

setup far 

Standard SESI 

setup close 

Atenolol 13±2 83±12 1390±108 > 1E+06 > 1E+06 > 1E+06 

Salbutamol 18±4 125±18 2416±241 > 1E+06 > 1E+06 > 1E+06 

Cocaine 26±2 50±14 323±52 > 1E+06 > 1E+06 > 1E+06 

 

The distance between the sprays and the inlet of the mass spectrometer was 12 cm 

for the experiments “Standard SESI setup far” and 2 cm for the “Standard SESI setup 

close”, respectively. The experiments “SESI interface w/o IF” and “SESI interface IF 

on” correspond to the setups depicted in Figure 2. As expected, the best sensitivity is 

achieved in the “SESI interface IF on” experiments. Comparable to the study on 

extractive electrospray ionization (EESI) using an IF105, the geometry of the IF by itself 

helps to improve the sensitivity of the experiments, as can be seen when the LODs 

obtained for “IF off” are compared to these obtained with the other setups. 

However, it is very interesting to note that using the “SESI interface w/o IF” 

geometry detection of the compounds was possible, whereas no signal could be 

obtained in the “SESI interface close” setup. The distance between charging sprays 

and the inlet of the mass spectrometer in case of the “SESI interface close” setup is 

obviously too short, and does not allow for the gaseous analyte molecules to be 

efficiently charged. 
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In a second series of experiments, the SESI interface was modified as depicted in 

Figure 3. Two holes were cut into a standard 50 mL Falcon tube and were sealed air-

tight with septa to mount stainless steel capillaries that allowed for a steady nitrogen 

flow through the tube. The flow rate was set to 500 mL/min and was controlled by a 

mass flow controller (F 201-CV, Bronkhorst High-Tech B.V., Ruurlo, Netherlands).  

 

 

Fig. 5.3 The headspace interface: (1) needle introducing nitrogen at 500 mL/min; (2) 
septum to hold (1); (3) 50 mL Falcon tube; (4) banana or lime sample placed in (3); 
(5) stainless steel capillary transferring neutral sample molecules towards charging 
sprays and IF-MS; (6) septum to hold (5) in place. 
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By blowing nitrogen over freshly cut banana skin (5 cm long, 2 cm wide) or slices of 

limes (1/8th of a lime) that were placed into the Falcon tube, volatile compounds 

released by the fruits were detected in the headspace. Figure 4 shows the 

background-subtracted spectra obtained for the “SESI interface w/o IF” (top) and the 

“SESI interface IF on” setup (bottom) of bananas (left) and limes (right).  

 

 

Fig. 5.4 Left: Headspace mass spectra of banana skin for experiments without (top) 
and with Ion Funnel interface (bottom). The spectra are background subtracted. 
Putative assignments of compounds found in previous studies26: (a) 1-Propanol, (b) 
1-Butanol, (c) 2-Pentanol, (d) 1-Hexanol, (e) Eugenol. Right: Headspace mass spectra 
of limes for experiments without (top) and with Ion Funnel interface (bottom). The 
spectra are background subtracted. Putative assignments of compounds found in 
previous studies27: (a) Hexanal, (b) Octanal, (c) p-Methylacetophenone, (d) Geraniol, 
(e) Citronellol, Decanal, (f) Undecanal, (g) Dodecanal, (h) Citronellyl acetate, (i) 

Tetradecanal, (j) Pentadecanal, (k) Hexadecanal, (l) α-Bisabolol, (m) Ethyl linoleate. 

 

As expected from the results obtained in the first set of experiments described 

above, the “SESI interface IF on” setup allowed for the detection of many more 

compounds and at higher intensities. Previous gas chromatography mass 

spectrometry studies on bananas106 and limes107 could identify a variety of volatile 

compounds in the mass range covered by our instrument (50-500 Th). Signals with 

m/z that match compounds identified in these published studies are marked with 

lower-case letters. Even without confirming the signals with MS/MS data in these 



Chapter 5 – Sensitive detection of drug vapors using an ion funnel interface for 
secondary electrospray ionization mass spectrometry 

 

76 

proof-of-principle experiments, we can show that this newly built SESI IF interface is 

a powerful technique to detect volatile compounds on-line in the gas phase. In 

addition, it is interesting to note that our interface is capable of detecting 

compounds up to 500 Th. To our knowledge, no other online mass spectrometric 

technique has detected components in the headspace with such high m/z so far. 

 

5.4 Conclusions 

A heated SESI interface has been built and coupled to an ion funnel that works at 

ambient pressure. Using atenolol, cocaine and salbutamol as test compounds, we 

could show that the SESI interface alone has a sensitivity in the low ppbV range. Use 

of the IF further increased the sensitivity by another two orders of magnitude, into 

the low pptV range. Headspace analyses of banana skin and slices of limes showed 

that with the new IF interface, the detection of volatile compounds up to 500 m/z is 

possible, compounds that have so far been below the detection limit. 
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Secondary electrospray ionization mass 
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This chapter is adapted from: 

L. Meier, C. Berchtold, S. Schmid, R. Zenobi: High Mass Resolution Breath Analysis 

using Secondary Electrospray Ionization Mass Spectrometry assisted by an Ion 

Funnel, submitted to J. Mass Spectrom.   
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6.1 Introduction 

Hardly any of the common techniques used for getting information on the general 

health condition of patients are completely noninvasive, fast or convenient, and safe 

for the patient. Quite the opposite is true for breath analysis, an approach that has 

been known for centuries. In 1950, the first publication on the level of blood alcohol 

based on breath analysis was published14. But it took another 20 years until Linus 

Pauling showed in his work that breath condensate collected and sampled offline 

and analyzed with gas chromatography - mass spectrometry (GC–MS) contained 

more than 250 different substances15. Many different techniques emerged in the 

wake of this publication, which is usually regarded as the “birth” of modern breath 

analysis. When analyzing breath, the techniques can be divided into two main 

categories: one can either collect and concentrate breath (offline sampling), or 

measure it directly and in real time (online sampling). Among the offline sampling 

techniques, exhaled breath condensate (EBC)16-20 is probably the most widespread 

today. To process the data and characterize as many signals as possible in EBC, 

headspace solid-phase microextraction (SPME) combined with GC-MS proved to be 

very useful21. Online sampling of breath is relatively simple as long as substances 

with high abundance in breath such as ethanol are investigated. As soon as the 

concentrations are lower than parts per million per volume (ppmV), the sensitivity of 

the detection device becomes the bottleneck for the analysis. Being forced to quasi-

simultaneously measuring a wide range of compounds additionally complicates the 

development of suitable devices. 

During the last two decades, several MS based techniques have been developed that 

deal with this challenge. They focus on volatile organic compounds (VOCs) with 

molecular weights usually not exceeding 200 Daltons (Da) and all belong to the 

category of ambient mass spectrometry techniques. The most widely used technique 

is ion mobility22 (IM) with its main areas of application being the detection of drugs 

and explosives in airports and in military operations. Other techniques that find 

regular applications are proton transfer reaction mass spectrometry (PTR-MS) 

developed by Hansel et al.23, selected ion flow tube mass spectrometry (SIFT-MS) 

developed by Smith and Španĕl24,25, as well as electrospray ionization mass 

spectrometry (ESI-MS)26 based techniques such as secondary ESI (SESI)27-30 and 
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desorption ESI (DESI)31,32. Here we show the detection of compounds with molecular 

weights of up to 500 Da. Online techniques capable of monitoring trace amounts of 

compounds in breath in real time have a broad range of commercial applications. 

Since the amount of volatile compounds excreted via breath corresponds to the 

concentration in blood33, successful online breath sampling would, e.g., allow real-

time, in-vivo observations of the pharmacokinetics of drugs, monitoring of 

anesthetics during surgery, or fast screening of athletes for doping compounds prior 

to sport events. Additionally, and in comparison to time-consuming offline 

experiments, metastable compounds that degrade within minutes could be 

investigated in online breath analysis experiments. 

In this study we combined a breath with a secondary electrospray ionization (SESI) 

interface that is assisted by an ion funnel (IF) to find compounds with molecular 

weights above 200 Da in real time in breath. While our first approach by using a LCQ-

Deca as mass spectrometer showed that the peak resolution was insufficient, we 

could find a lot of compounds that are exclusively present in breath when using a 

LTQ-FTICR as mass spectrometer. The high resolution even allowed us to 

unambiguously determine the sum formulae of 32 compounds with molecular 

weights of up to 500 Th that could so far not be detected in online experiments. 
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6.2 Experimental Section 

All experiments in this publication were conducted on two commercial 3D ion trap 

mass spectrometers (LCQ-Deca and LTQ-FT-ICR Ultra, both from Thermo Finnigan, 

San Jose, USA). Breath was collected online and the neutral, gaseous molecules 

contained in breath were ionized with a SESI interface that was incorporated into an 

ambient pressure ion funnel system to enhance the overall sensitivity. Detailed 

information on both SESI interface as well as the setup and construction of the ion 

funnel can be found in the literature105,108. 

 

 

Fig. 6.1. The breath interface: (1) mouth piece with non-return valve; (2) aluminum 
breath inlet (id 9 mm, od 12 mm); (3) stainless steel plug to allow for easy cleaning of 
breath interface; (4) aluminum breath outlet (id 2 mm, od 12 mm); (5) stainless steel 
capillary (id 1 mm, od 1.3 mm); (6) Swagelok Tee to mount (5); (7) aluminum adapter 
to connect breath interface with charging spray unit; (8) aluminum breath sampling 
tube (id 9 mm, od 15 mm); (9) heating cartridge; (10) heated charging spray unit; 
(11) charging sprays. 
 

An overview of the breath interface used in this study is shown in Figure 6.1. Breath 

is introduced into the system via a disposable non-return valve mouth piece (#1; ACE 

series, ACE GmbH, Freilassing, Germany) to prevent saliva from entering the breath 

interface and through an aluminum breath inlet (#2; id 9 mm, od 12 mm). Within the 

breath interface, the gaseous sample is split; one part leaves the interface through 

an outlet (#4; id 2 mm, od 12 mm), the other part is transferred towards the 

charging sprays (#11) through a stainless steel capillary (#5; id 1mm, od 1.3 mm) that 

is held in place by a Swagelok union (#6) and an aluminum adapter (#7) to connect 

the breath interface with the charging spray unit. A stainless steel plug (#3) allows 
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for easy access to the breath interface for cleaning (#8; aluminum, id 9 mm, od 15 

mm). The charging spray unit (#10) was heated to 75°C (less than boiling point of the 

solvent mixture used) with three heating cartridges (#9; Probag Wärmetechnik AG, 

Niederbuchsiten, Switzerland) to prevent sample molecules from condensing. Heat 

transfer through the aluminum adapter (#7) resulted in warming of the breath 

interface to roughly 40°C. 

The charging spray solvent consisted of a MeOH : H2O mixture in a 1:1 ratio acidified 

with 1% acetic acid, and three indentical sprays were infused at 0.05 mL/min each. A 

voltage of 3 kV was applied. The transfer capillaries on both the LCQ and the LTQ-

FTICR were held at 250°C. All other parameters were optimized for maximum ion 

yield. Data acquisition was controlled by the Xcalibur 2.0 software (Thermo Fisher 

Scientific, Waltham, MA, USA). Mass spectra were collected in scanning mode in the 

m/z range of 100-500 Th. 

Caffeine (1,3,7-trimethyl-1H-purine-2,6(3H,7H)-dione) and MRFA (Met-Arg-Phe-Ala), 

a component of the ProteoMass™ LTQ/FT-Hybrid ESI Pos. mode CalMIX, as well as 

nicotine (3-(1-methyl-2-pyrrolidinyl) pyridine) were obtained from Sigma Aldrich 

(Buchs, SG, Switzerland). Norfentayl, morphin, cocaine, naloxone, fentanyl, and 

sulfentanil were all obtained from Lipomed AG (Arlesheim, Switzerland). All 

compounds mentioned above were used for mass calibration on the LTQ-FTICR. 

Methanol and acetic acid were obtained from Acros Organics (Geel, Belgium). 

Nanopure water with a resistivity of > 18.1 MΩ·cm was obtained from a NANOpure 

water purification system (Barnstead, IA, USA). 
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6.3 Results and Discussion 

In a first set of experiments and to prove that our breath interface is working, we 

performed a series of experiments with the LCQ as mass analyzer. Three individuals 

delivered their breath into the breath interface by exhaling for roughly 20-30 

seconds per exhalation. In a typical experiment, an individual would exhale 5-6 times 

with 1.5 minute breaks between consecutive exhalations, to allow for equilibrated 

background prior to the next exhalation. “Background experiments” means sampling 

air that was humidified by blowing it through a gas wash bottle filled with water. 

Both in breath and background experiments, roughly 500 mL/min of volume were 

sampled, of which roughly 250 mL/min entered the SESI interface. In all experiments, 

the total ion current (TIC) measured rose during periods of exhalation and fell in 

between. This phenomenon has been described previously109. Fig. 6.2 shows the 

intensity of m/z = 80 for nine different experiments that were conducted in 

triplicate. 

 

 

Fig. 6.2 Single ion monitoring of m/z = 80, i.e. protonated pyridine on the LCQ-Deca. 
The experiments represent breath samples of individuals A, B and C and breath 
samples after consuming different foods or drinks: (1) A; (2) B; (3) C; (4) B after 
eating an orange; (5) A after eating a chewing gum; (6) B after eating a peppermint 
candy; (7) B after drinking lime juice; (8) A after drinking coffee; (9) B after drinking 
coffee. The inset shows the peak shape m/z = 80 during experiment (8). 
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The experiments represent breath samples of individuals A, B and C, and breath 

samples after consuming different foods or drinks: (1) A; (2) B; (3) C; (4) B after 

eating an orange; (5) A after eating a chewing gum; (6) B after eating a peppermint 

candy; (7) B after drinking lime juice; (8) A after drinking coffee; (9) B after drinking 

coffee. The inset shows the peak shape of m/z = 80 during experiment (8) with a 

mass resolution of R = 150 at full width at half maximum, the resolution obtained 

with the LCQ in full scanning mode. Background experiments are not shown as no 

signal (S/N < 100 cps) could be detected at m/z = 80. Experiments prior to which 

coffee was consumed (8 & 9), show almost an order of magnitude higher intensity. 

The main compound with a [M+H]+ of m/z = 80 is pyridine. This is in accordance with 

gas-chromatography based publications that found high amounts of pyridine in 

coffee110-113. In addition to the m/z value shown, more than 20 other m/z values 

were found with differing intensities among the experiments. Principal component 

analysis that was performed on those selected m/z values allowed for the 

discrimination of experiments and therefore individuals from each other (data not 

shown). However, the differences in intensities were not very distinct and the low 

mass resolution gave rise to overlap of signals originating from breath and from 

chemical noise. 
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In a second set of experiments, we mounted the interface in front of a LTQ-FTICR. 

The advantage of using a mass analyzer with high resolution becomes apparent in 

Fig. 6.3 and Fig. 6.4. Fig. 6.3 shows normalized breath spectra recorded with the LCQ 

(dashed line) and the FTICR (solid line) the in the m/z mass range 176-184 Th. 

 

 

Fig. 6.3 Normalized breath mass fingerprints recorded with the LCQ (dashed line) 
and the FTICR (solid line) the in the m/z range 176-184 Th. For example, the signal 
marked with an asterisk can only be detected with high resolution and originates 

from a neutral compound (probably a glucono δ-lactone) with C6H10O6 as chemical 
formula. 

 

While for the LCQ experiment no signal is significantly higher than the background in 

the whole mass range, sharp signals can be detected in the FTICR experiment. The 

high resolution even allows for the determination of the chemical formulae of 

signals. For example the peak marked with an asterisk originates from a neutral 

compound (probably a glucono δ-lactone) with C6H10O6 as chemical formula. 
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Fig. 6.4 shows five consecutive exhalations (grey) recorded over a period of 7 

minutes. The top spectra shows the ion current in the mass range of 230.21-230.22, 

the middle and bottom selected ion currents recorded with a resolution of R = 

100000. 

 

 

Fig. 6.4 Single ion monitoring of m/z = 230 on the LTQ-FTICR with a resolution of 
100000. The spectra show the measured ion current in the mass range displayed. 
The grey shading is for visual help to show the time intervals during which breath 
was delivered into the system. A resolution of less than 25000 would not reveal the 
signal from the background (top). Note that only with appropriate resolution the 
compound with m/z = 230.212 (bottom) can be distinguished from background 
signals (middle). 

 

It can easily be seen that the signal at m/z = 230.212 (bottom) is only present in 

breath and would have been hidden in the background at lower resolution. Possible 

compounds with matching chemical formulae are, for example, β-alanine, N,N,-

dibutyl, ethyl ester or 2-amino-tridecanoic acid. 
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Fig. 6.5 shows the TIC of humidified air, the TIC during a breath experiment, and the 

single ion monitoring of m/z = 259.150 and m/z = 223.098 (top to bottom). 

 

 

Fig. 6.5 Spectra of humidified air (background), the total ion current during breath 
experiments, m/z = 259.150 and m/z = 233.098 (from top to bottom). The grey 
shading is for visual help to show the time intervals during which breath was 
delivered into the system. Note that compounds in breath show two different 
behaviors; they either remain constant in intensity over one breath cycle and over 
time as shown with m/z = 259.150, or their intensity drops during single breath 
cycles and within a short time span as shown with m/z = 233.098. 

 

Two typical observations made during our breath experiments can be seen here. 

First, the TIC gradually increases during each exhalation. Second, compounds that 

originate from breath follow one of two different patterns: they either retain the 

same or a similar intensity over several consecutive exhalations 

(e.g., m/z = 259.150), or their intensity fades both within one exhalation as well as 

over consecutive exhalations (e.g., m/z = 223.098). Our interpretation is that the first 

behavior is typical for compounds that stem from the lung and reach a fast 

equilibrium between blood and breath concentration, while the second behavior 

relates to compounds that originate from the mouth cavity and are not as volatile. 

This would explain why in comparison to the “steady” compounds the intensity of 

the “fading” compounds drops so sharply after the first few seconds of every 

exhalation and does not recover between consecutive exhalations. 



 

90 
 

Table 6.1 shows 31 m/z values with exact masses and their elemental composition 

that could be found in breath experiments. 

Table 6.1 The m/z found in breath shown with the proposed chemical formulae. 

Exact masses found in breath and proposed chemical formulas as [M+H]+ 

m/z Chemical 
formula 

m/z Chemical 
formula 

m/z Chemical 
formula 

102.128 C6H16N 178.109 C8H12N5 215.212 C12H27N2O 
117.103 C5H13N2O 179.056 C6H11O6 230.212 C13H28NO2 
118.123 C6H15NO 181.134 C10H17N2O 237.197 C14H25N2O 
128.144 C8H18N 181.170 C11H21N2 265.253 C18H33O 
136.076 C8H10NO 183.077 C8H11N2O3 302.139 C17H20NO4 
147.150 C7H19N2O 193.134 C11H17N2O 334.322 C21H40N3 
160.134 C8H18NO2 194.142 C11H18N2O 348.217 C20H30NO4 
163.124 C10H15N2 194.178 C12H22N2 358.213 C20H28N3O3 
166.147 C10H18N2 196.158 C11H20N2O 389.342 C26H25O2 
167.144 C11H19O 197.154 C12H21O2 392.280 C23H38NO4 
172.134 C9H18NO2 198.149 C11H20NO2 417.373 C28H49O2 
176.176 C8H22N3O 206.178 C13H22N2 452.361 C26H48N2O4 
177.139 C11H17N2 209.165 C12H21N2O   

 

None of these compounds could be detected in the low mass resolution experiments 

using the LCQ-Deca, as the resolution to distinguish signal from noise was not 

sufficiently high. Only FTICR experiments with a resolution between 12’500 and 

100’000 allowed for the detection of these compounds. For a m/z value to be 

classified as present in breath we defined that it had to be present in all experiments 

(>50), and that the m/z must not be present in any humidified air (background) 

experiment. As expected, most of the proposed compounds contain at least one 

nitrogen atom, which probably renders them to be more easily protonated. While 

most of the chemicals formulae found belong to low molecular weight and volatile 

compounds, a third have molecular weights of more than 200 Da. MS/MS 

confirmation of the signals found in breath was attempted, but not successful. In 

order to select a precursor m/z, the ion intensity was generally not sufficiently high 

to allow for MS/MS analysis. Nevertheless, our results show that this breath 

interface assisted by an ion funnel is a powerful technique. To our knowledge, no 

other online mass spectrometric technique has detected components in breath with 

such high molecular weights.  
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6.4 Conclusions 

A heated breath interface was built and coupled to an ion funnel to allow for higher 

sensitivity. Experiments using a LCQ-Deca as mass analyzer showed that the 

interface works, but that higher resolution is required in order to detect more 

compounds in breath. By exchanging the LCQ-Deca with a LTQ-FTICR more than 30 

compounds unique to exhaled breath in the mass range of up to m/z = 500 could be 

detected. Running the experiments on this high resolution mass analyzer additionally 

allowed for the determination of the elemental composition of more than 30 

compounds. 
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Chapter 7 

7 Conclusions and Outlook 

This dissertation (1) tried to show the reaction mechanism of EESI using primary 

amines, (2) helped improve the sensitivity of EESI-MS by three orders of magnitude 

using an ion funnel, (3) improved the sensitivity of SESI-MS by more than two orders 

of magnitude, (4) and demonstrated the capability of SESI-MS for online breath 

analysis. 

 

1) Reaction Mechanism of EESI using primary amines 

Contrary to previous assumptions and experimental data using compounds of higher 

molecular weight, this work clearly shows that at least for volatile compounds, such 

as the primary amines used in this study, the mechanism of EESI cannot only be 

explained by extractive processes occurring during the droplet-droplet interaction. 

The formation of analyte ions in the form of [M+H]+ are rather dominated by gas-

phase proton transfer reactions. 

 

2) Extractive electrospray ionization using an ion funnel  

Quantifying the amount of morphine molecules exhaled in breath after intravenous 

administration of the compound showed that the mass spectrometers currently 

available are not sensitive enough to allow for online breath analysis. By building an 

ambient pressure ion funnel, the sensitivity of EESI experiments could be improved 

by more than three orders of magnitude. However, EESI proved not to be the best 

ionization method to perform online breath analysis. 
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3) Secondary electrospray ionization using an ion funnel 

While EESI is not suited for online breath analysis, secondary electrospray ionization 

seems to be the optimal ESI based ionization techniques. A SESI ionization source 

that fit into the ion funnel was built and tested thoroughly. By comparing the newly 

built SESI interface to standard SESI experiments, it was shown that the sensitivity 

could be improved by up to three orders of magnitude. Volatile compounds released 

from freshly cut fruits could be detected online with the new interface. 

 

4) Examining breath profiles using as SESI interface assisted by an ion funnel 

While only very few compounds could be detected online in breath when using the 

LCQ Deca as mass spectrometer, experiments with a high resolution LTQ-FT-ICR-MS 

proved that the combination of breath interface, SESI interface, and ion funnel is a 

powerful approach for online breath analysis. Exact mass calibration allowed for the 

characterization of the chemical formula of more than 31 compounds contained in 

breath. 

 

Overall, the successful development of an online breath interface that is capable of 

detecting many different compounds has been demonstrated in this thesis. 

Unfortunately, neither compounds of abuse, doping compounds nor anesthetics 

could be detected in breath. Obviously, even though the overall sensitivity of SESI 

experiments has been improved by three orders of magnitude, the method is still 

not sensitive enough. There are no reports on finding any of the compounds 

mentioned above even with offline techniques such as exhaled breath condensate, 

despite the fact that they have higher sensitivities. This suggests that either the 

sensitivity is not yet sufficient to allow for online breath analysis or that those 

compounds are simply not excreted via breath in the expected and estimated 

magnitude. The results obtained in Chapter 6 support the first possibility, as the 

characterization of the chemical formula showed that most of the compounds 

detected in breath contain at least one amino group. Experiments with alcohols 

(data not shown) that were conducted in a study similar to the one mentioned in 

Chapter 3 where amines were investigated, supports the notion of insufficient 
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sensitivity. Here, concentrations of up to three orders of magnitude higher 

compared to the equivalent amine had to be used in order to get a signal with the 

same intensity. Most of the studies that either deal with EESI or breath analysis focus 

on amines or on extremely volatile compounds. This is not surprising as these 

compounds have a very high gas-phase basicity (amines) or high Henry constants 

(VOCs). Most likely, a combination of both lack of sensitivity and lack of excretion of 

compounds via the lung seem to prevent better results at this stage. 

Concluding from the results in chapter 6, online characterization of compounds in 

breath seems to be very difficult. While it is possible to determine the chemical 

formula, right now there is no possibility to identify the chemical structure. High 

resolution mass spectrometry in combination with a differential mobility analyzer or 

an ion mobility device might help reduce the possible structures, but identification 

based on the two dimensions of mass and size is not sufficient. MS/MS experiments 

might be an option. However, single ion monitoring with a very narrow mass range 

to exclude background signals or compounds of very similar mass from being 

fragmented as well, currently results in too little signal to allow for MS/MS. 

In the current state of the SESI breath interface system with the ion funnel several 

applications focusing on volatile and known compounds (in breath) might be 

promising. Our group could already show that a metabolite of valproic acid, a 

compound used as anticonvulsant in the treatment of epileptic seizures, can be 

detected and monitored online in breath114. As long as the compounds searched for 

are known, the new breath interface with increased sensitivity should allow for 

similar experiments with higher chances of detection the compound or its 

metabolites online in breath. 

In an in-house collaboration, the headspace above the skin of bananas was 

investigated for compounds that are involved in the ripening process as well as 

compounds that are characteristic for the flavor of bananas. Aim of the project was 

the development of a fast and on-line technique that is capable of distinguishing 

small phenotypical variations among banana trees to allow for a more targeted 

breeding for more tasty, more long-lasting, and more pest-resistant banana strains. 

First promising results with the low resolution LCQ mass spectrometer show that we 
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are able to detect a variety of target compounds (glucose, 2-pentanone, 2-heptanol, 

ethylacetate, 2-methylpropylacetate, hexylacetate, heptylacetate, isoamybutyrate) 

with characteristic intensity patterns between bananas of different strains. By 

replacing the LCQ with the FTICR mass spectrometer as demonstrated in chapter 6, 

further investigations could reveal more characteristic compounds, allow for the 

characterization of their chemical formulae, or focus on the change in the intensity 

pattern of single bananas during the ripening process. 

Similar experiments are conceivable with other fruits or products that are prone to 

transformation or spoilage. 

While online detection of doping compounds in breath still seems to be unfeasible 

due to insufficient sensitivity, using the SESI breath interface with the ion funnel 

might render the monitoring of anesthetics and analgesics during surgery possible. 

First experiments with pigs that have been conducted in our group using the LCQ as 

mass spectrometer and a breath interface without the ion funnel were unsuccessful. 

Using the SESI breath interface with the ion funnel and the FTICR should increase the 

sensitivity by at least two orders of magnitude and lead to high resolution mass 

spectra with signals that are better separated from chemical noise. This might 

already be enough to allow for the online detection of anesthetics. 

Additional sensitivity in breath analysis experiments could be gained by further 

improving the ion transfer as well as the ionization efficiency within the SESI ion 

funnel interface. Chapter 4 and 5 showed that the sensitivity of EESI and SESI 

experiments could be increased tremendously by changing the spray interface. 

Further improving the spray system could lead to even higher sensitivity. The current 

positioning of the distances and angles of the three sprays towards each other and 

towards the capillary containing the sprayed or gaseous sample is adapted from EESI 

setups that consist of a charging and a sample spray only. However, this spraying 

interface consisting of three charging sprays has never been investigated in a 

theoretical study in detail. Simulations might show that a slight modification of the 

geometry could result in higher sensitivity. Moreover, the composition of the 

charging spray solution has not been investigated in detail, too. Depending on the 
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analytes examined, a change of polarity of the solvent mixture can have a big 

influence. 

So far, no experiments have been conducted using the ion funnel in negative mode, 

even though this is technically easy to implement. This would open the field for the 

analysis of acidic molecules such as fatty acids or certain peptides that cannot be 

detected ion positive ion mode. 

Due to the lack of sensitivity, taking a step back from online breath analysis might be 

an interesting alternative. While it is difficult to increase sensitivity by another order 

of magnitude by improving the ionization efficiency or the ion transfer efficiency, 

increasing the concentration of compounds in the breath sample might be easier to 

achieve. At the cost of not having continuous online information on the composition 

of, or of certain compounds in breath, quasi online monitoring with several data 

points per minute would still be a big improvement compared to complete offline 

sampling. In order to achieve concentrating of compounds in breath, a method 

would have to be developed that allowed for the separation of analyte molecules 

from air (N2, O2). Cold traps or adsorption of compounds to surfaces would be 

possible techniques. However, demonstrating that compounds are not destroyed, 

metabolized, or permanently retained on the surfaces while desorbing might prove 

to be difficult. 

Finally, a new generation of even more sensitive mass analyzers would help to get 

closer to detecting e.g. doping substances with online breath analysis. 
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Appendix 

A - Abbreviations 

 

  

CRM charged residue model 

CT Computed tomography 

DART Direct analysis in real time 

DC direct current 

DESI desorption electrospray ionization 

DNA Deoxyribonucleic acid 

EBC Exhaled breath condensate 

EESI extractive electrospray ionization 

ESA Electric sector analyzer 

ESI electrospray ionization 

FD-ESI fused droplet electrospray ionization 

FT-ICR Fourier transform ion cyclotron resonance 

FT-OT Fourier transform orbitrap 

GC Gas chromatography 

H2O water 

HMX Her majesty’s explosive 

HV High-voltage 

ICP Inductively coupled plasma 

id inner diameter 

IEM ion evaporation model 

IF ion funnel 

IM Ion mobility 

IT Ion trap 

LAESI Laser ablation electrospray ionization 
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LASER Light amplification by stimulated emission or radiation 

LC Liquid chromatography 

LOD limit of detection 

MALDI Matrix assisted laser desorption/ionization 

MeOH methanol 

MRI Magnetic resonance imaging 

MS mass spectrometry / mass spectrometer 

od outer diameter 

PEEK polyether ether ketone 

ppb parts per billion 

ppm parts per million 

ppt parts per trillion 

pptV parts per trillion volumetric 

PTFE polytetrafluoroethylene 

PTR-MS proton transfer reaction mass spectrometry 

RF radio frequency 

S Sample 

S/N signal to noise ratio 

SESI secondary electrospray ionization 

SIFT-MS selected ion flow tube mass spectrometry 

SIMS Secondary ion mass spectrometry 

SPME Solid phase microextraction 

TIC total ion current 

TNT trinitrotoluene 

TOF Time-of-flight 

VOC Volatile organic compound 

WADA world anti-doping agency 

x-ray Rontgen rays 
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B - Variables and Units 

 

B Magnetic field [T] 

d Diameter [m] 

Da Dalton 

fmol Femtomol, 10-15 mol 

kB Boltzmann constant, 1.38E-23 JK-1 

kHz Frequency, 1 kHz = 1000 Hz = 1000 s-1 

l Mean free path [m] 

m Mass of particle [kg] 

m/z mass to charge ratio 

p Pressue [Pa] 

q Charge of particle 

r Radius of circular velocity [m] 

T Temperature [K] 

T Tesla [T] 

Th Thompson, old unit for m/z 

Torr Old pressure unit, 1 Torr = 1mm Hg = 133.3224 Pa 

v Velocity [msec-1] 

ωωωω    Angular momentum 
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C - Ion Funnel Manual 

 

This manual describes the correct assembly of the ion funnel interface designed in 

this thesis. Information about the material, dimension, and manufacturer of specific 

components of the ion funnel can be found in the experimental section in chapter 4. 

 

Proper alignment of the ion funnel in front of the mass spectrometer is absolutely 

crucial. Even small deviations in distance or angle can result in massive ion loss. 

Therefore, screws have to be screwed on tightly. Pic. C.1 shows the disassembled 

mounting of the ion funnel for the LCQ-Deca (left) and the plate that connects the 

mounting to the LCQ-Deca (right). 

 

 

Pic. C.1 Ion funnel mounting (left) and the plate that connects it to the LCQ-Deca. 
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The mounting has to be screwed onto the plate prior to connection with the LCQ-

Deca. Note that the protruding screw marked with an arrow in the lower right corner 

of the plate in Pic. C.2 has to point towards the LCQ-Deca as it is needed to bypass 

the interlock system of the LCQ-Deca. 

 

 

Pic. C.2 Ion funnel mounting (back) connected to the plate that can be 
attached to the LCQ-Deca. Note the protruding, dark screw in the lower right 
corner of the plate that is needed to bypass the interlock system. 

 

Picture C.3 shows the ion funnel mounting installed on the LCQ-Deca. 

 

Pic. C.3 Ion funnel mounting properly installed on the LCQ-Deca. 



Appendix 
 

 

114 

 

Picture C.4 shows the mounting developed for the LTQ-FTICR. Instead of screws, the 

mounting is attached with the two dark handles visible in the picture that originally 

belong to the standard ESI interface of the LTQ-FTICR. If the ESI interface was used 

prior to ion funnel experiments, the handles and appertaining rods have to be 

reinstalled. The same is true for the interlock system (Fig. C.4 top, with cables): it has 

to be removed from the ESI interface and attached to the ion funnel mounting. Here, 

it is important that the interlock switch (Fig. C.4 right, with blue tape) is bypassed, 

e.g., with a tape. Otherwise, the instrument software will not allow acquiring data. 

 

 

Pic. C.4 Ion funnel mounting for the LTQ-FTICR with interlock system (top) and 
bypassed interlock switch (right, blue tape). 
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In a next step, the ion funnel is inserted into the mounting and oriented in such way 

that the vacuum connection is in a 10 o’clock position (Pic. C5). In case of complete 

disassembly of the ion funnel, the position might vary. Screws to attach the ion 

funnel must not be tightened yet. 

 

Pic. C.5 Correct 10 o’clock position of the vacuum connection. 

 

Insert the small adapter that is needed to allow for a tight connection between ion 

funnel and instrument with tweezers (Pic. C.6). Do this cautiously as the MS inlet 

capillary usually is held at a temperature of more than 150°C. 

 

Pic. C.6 Insert adapter with tweezers. 
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Plug the connector needed for providing the ion funnel with power (Pic. C.7) and 

connect to the RF and DC power supplies. In case the ion funnel is not oriented 

properly for the electrical connections, turn it accordingly (10 o’clock position). Now 

push the ion funnel firmly to the mass spectrometer and tighten the screws  

highlighted in Pic. C.7 to hold the ion funnel in position. 

 

 

Pic. C.7 Plug in connector and tighten the highlighted screws to hold the ion funnel in 
position. 

 

  



Appendix 
 

 

117 

Insert and attach the completely assembled spray head (Pic. C.8). 

 

Pic. C.8 Spray head (left) with connections for charging spray solution and high 
voltage (right), sheath gas supply (top), and power cables to power the heating 
cartridges (bottom). 

Make sure that prior to inserting the spray head all three electrosprays are in 

working condition. Clogging of the electrosprays happens occasionally. This is caused 

by small PEEK particles from the tubing that connects the syringes with the PEEK 

capillary that are abraded due to repeated inserting of the syringe needles. Clogging 

can be detected by pushing spray solution through the sprayers at a high flow rate. 

At the same time the plume shape can be observed. Damaged capillaries will result 

in spray plumes with odd angles. Pic. C.9 shows sprays with intact capillaries. Note 

that the sprays work best if the sheath gas capillary is roughly 1 mm shorter than the 

solvent capillary. 

 

Pic. C.9 Spray head with the three electrosprays and the sample tube in the middle. 
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Connect the power supply for the heating cartridges and adjust to 20% (Pic. C.10). 

This will result in a spray head temperature of roughly 75°C which is just below the 

boiling point of the solvent mixture used for the electrosprays. 

 

 

Pic. C.10 Power device adjusted to 20% to power the heat cartridges. 

 

Connect the sheath gas supply with your gas source and regulate the gas flow with a 
flow meter as described in chapter 4. Experiments showed that a flow rate of 
0.8 L/min is sufficient for all three electrosprays. Place the syringe pump close to the 
ion funnel as longer tubing requires a stronger pump to deliver the flow rate needed. 
A flow rate of 50 nL/min per spray proved to be enough for the electrosprays. In case 
there is no ion current when starting experiments, pushing the syringes manually 
might be needed to “start” the electrosprays. Connect the high voltage power supply 
to the three needles as shown in Pic. C.11 and make sure that a piece of cardboard 
or similar is attached to the bar pushing the needles (green tape in Pic. C.11) to 
prevent electrical shorts from happening. 

 

 

Pic. C.11 Syringe pump, the three syringes of the sprays and the connection from the 
high voltage power supply. 



Appendix 
 

 

119 

Turn on the RF and DC power supplies, the syringe pump, the sheath gas, the flow 

meter, the power supply for the heating cartridges, and the high voltage for the 

electrosprays. Now turn on the software controlling the mass spectrometer. As the 

heating cartridges need a couple of minutes to heat the whole interface, the ion 

current measured will take a couple of minutes until fully equilibrated, too. 

Pictures C.12 shows the ion funnel breath interface. 

 

 

Pic. C.12 Ion funnel breath interface mounted to the LTQ-FTICR. 
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Pictures C.13 and C.14 show the breath interface from a close range. 

 

 

Pic. C.13 Breath interface from the front. Breath is introduced into the system 
through the right mouth piece. 

 

 

Pic. 14 Top view of the breath interface.  
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