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ABSTRACT 

In this work, we describe the development of two analytical methods based on mass 

spectrometry (MS), which are applicable to analysis of metabolites in biological samples: 

single eggs of fruit flies and human sweat. In the first part, we present mass spectrometric 

analysis of small metazoan (fruit fly) samples collected after in-vivo labeling with a stable 

isotope (carbon-13). We have found that matrix-assisted laser desorption/ionization 

(MALDI)-MS, used in conjunction with the isotopic labeling, enables quasi-quantitative 

analysis of metabolism. Flies were initially fed with 
13

C6-glucose, and the carbon-13 label 

was readily incorporated to primary metabolites. The yields of isotopic labeling of one target 

metabolite (uridine diphosphate glucose, UDP-Glc) were used as a proxy for the metabolic 

rates. The labeling – assessed based on the MALDI mass spectra – reflected the treatment 

applied to the fly stocks. A connection between circadian clock and the egg metabolism could 

be established. The study shows that a short-term perturbation to the day/night cycle has little 

effect on the metabolic rates in eggs – as assessed based on the labeling of UDP-Glc. In the 

second part of this work, we proposed a method for the analysis of sweat metabolites. The 

method combines facile sampling of sweat and detection by nanospray desorption 

electrospray ionization (nanoDESI)-MS. The samples were collected by using adhesive 

plasters as sampling tools, which was followed by nanoDESI-MS detection without any 

sample pretreatment. In this study, we implemented a home-made nanoDESI source, and 

tested it using standard compounds. Following a brief optimization of the detection method, 

the real samples were analyzed. In the resulting nanoDESI mass spectra, we could find peaks, 

which may correspond to sweat metabolites; however, a thorough identification of these 

putative metabolites has yet to be conducted. The main advantage of this method is its 

simplicity: sweat samples can be collected within a few seconds, and the analysis by 

nanoDESI-MS takes only several minutes.  
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開發質譜法偵測生物代謝體之方法及應用 

 

 

學生：曾德瑋                                指導教授：    帕偉鄂本教授 

                                                          陳月枝教授 

國立交通大學應用化學系碩士班 

 

摘        要 

在此論文中，主要是以探討利用質譜法於果蠅卵子與人體汗水等生物檢體代謝物

之分析與應用。在論文第一部份，我們藉由果蠅餵食具有穩定同位素碳十三葡萄醣發展

活體同位素標定技術並以基質輔助雷射脫附游離質譜法維分析技術，進而取得果蠅的代

謝體變化之訊息，自研究之結果中我們發現此方法可獲得果蠅單一卵子之半定量分析資

訊。實驗中經餵食全碳十三葡萄糖的果蠅，碳十三同位素可進入果蠅的代謝過程中，在

此我們將以目標代謝物－尿苷二磷酸的碳十三標定程度代表代謝速度，藉此標定程度我

們發現此方法可反映環境變化對果蠅代謝速度的影響。在分析結果中，我們發現實驗組

中調控短暫的日夜顛倒即可立即反應在果蠅卵子之代謝體，實驗組之果蠅卵子中的代謝

體與控制組的果蠅卵子的標定程度結果幾乎一樣。而論文的第二部份，開發了一分析人

體汗水代謝體之方法，藉由新穎之奈米噴灑脫附電噴灑游離質譜技術偵測以醫療膠布快

速可收集來自於皮膚汗水樣品。此方法結合醫療膠布的快速取樣，不需任何前處理步驟

即以奈米噴灑脫附電噴灑游離質譜分析。我們首先以自製的奈米噴灑脫附電噴灑游離源

分析標準品，以確立此游離源之可行性，接著進行真實樣品汗液的分析，實驗中可以看

到和背景梨子有差異的幾支離子峯，然而這些離子峯的確認還有待進一步的分析。並且

我們將取樣及分析的過程做最佳化調整，此方法之優點在於可在幾秒鐘即可將樣品收集

完成，且可在幾分鐘內完成質譜分析。 
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SPME Solid-phase microextraction 

TOF Time-of-Flight (mass analyzer) 

UDP Uridine diphosphate 

UDP-Glc Uridine diphosphate glucose 
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CHAPTER 1: Introduction 

 

1.1 Analysis of metabolites in biological samples 
 

Analysis of metabolites has had enormous importance in bioscience. It has led to 

important discoveries in biochemistry, and facilitated diagnosis of diseases. In the 21
st
 century, 

the analysis of metabolites in biological samples is playing a key role in fundamental and 

applied research. Due to the improvements in analytical technology, one can nowadays obtain 

more comprehensive information about complex biological samples.  

Every biological cell contains hundreds, if not thousands, of metabolites. In essence, 

metabolomics deals with identification, quantification of metabolites in biochemical 

network.
1
 It investigates chemical processes including metabolites. In fact, metabolites can be 

analyzed in several ways, which encompass: (i) target analysis,
2
 (ii) metabolic profiling,

3,4
 

and (iii) metabolomics.
5,6,7

 The “target analysis” refers to quantitative analysis of 

metabolites.
2
 Appropriate sample preparation can be performed in order to achieve a high 

sensitivity, and quantify less abundant metabolites. On the other hand, “metabolic profiling” 

is analysis of a class of compounds related to particular pathways.
4
 In fact, the metabolic 

profiling approaches the final goal of an “unbiased metabolomics”.
5,6,7

 However, this goal is 

very hard to achieve. Nielsen et al.
8 

introduced the term of endo- and exo-metabolome to 

distinguish intra- and extra-celluar metabolites. According to this publication, metabolic 

fingerprinting is a semi-quantitative analysis of endo-metabolome,
9
 and the metabolic 
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footprinting is a semi-quantitative analysis of the exo-metabolome.
10

 Metabolic fingerprinting 

and metabolic footprinting are complementary to metabolic profiling.  

There exist a variety of analytical techniques, which can be applied to study metabolites. 

Various instruments can also be combined (hyphenated) to provide high-performance 

analytical platforms. Direct-infusion mass spectrometry (MS), as well as chromatography 

coupled with MS are very useful techniques, which can fulfill some of the requirements of 

metabolite analysis.
11,12

 One advantage of using mass spectrometry is its ability to distinguish 

between different isotopes.
13,14

 In this way, one can label metabolites in vivo, and study 

biosynthetic pathways. Carbon-13 is one of the most frequently used isotopes in such 

experiments. This approach is frequently used in conjunction with chemical analysis by liquid 

chromatography (LC) coupled with MS. The following paragraphs outline the main ideas 

behind mass spectrometry – the analytical technique which has been chosen for this project. 

 

1.2 Mass spectrometry 
 

In general, the purpose of mass spectrometry is to measure mass-to-charge (m/z) ratios 

of charged particles. Since many molecules and microscale particles are electrically charged 

(or can easily acquire electric charge), mass spectromety is relevant to various disciplines of 

science, including physics, chemistry, and biology. In 1897, Dr Joseph John Thomson 

discovered electron, and determined its m/z ratio; since then, enourmous developments have 

been made in the area of mass spectrometry. The basic components of mass spectrometers are: 

(1) ion source; (2) mass analyzer; (3) detector (Figure 1.1). 
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Figure 1.1. General scheme of a mass spectrometer. Several types of sample inlets can be attached to the ion 

source housing. Transfer of the sample from atmospheric pressure to the high vacuum of the ion source 

and mass analyzer is accomplished by using of a vacuum lock. Figure reproduced from: J. H. Gross (2011) 

Mass Spectrometry. Springer, Berlin 

 

 In the course of mass spectrometry, analytes must be converted into gas-phase ions. 

Subsequently, the mass analyzer – the heart of every mass spectrometer – separates the ions 

by mass-to-charge (m/z) ratio. Eventually, the detector collects the separated ions, and sends 

out electrical signals. Except some ion sources, these processes take place under high vacuum, 

so the possible collisions of ions with other gas-phase molecules are reduced to minimum. 

Nowadays there are several commonly used MS techniques, including gas chromatography 

mass spectrometry (GC-MS), liquid chromotagraphy mass spectrometry (LC-MS), direct 

infusion electrospray ionization mass spectrometry (ESI-MS), matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-MS), Fourier transform mass spectrometry 

(FT-MS), and inductively coupled plasma mass spectrometry (ICP-MS). Overall, mass 

spectrometry is a versatile technique which permits analysis of a huge variety of samples and 

chemical compounds. Over one century, significant progress has been made in this field, 

including the developments in all the three stages of the MS process described above. In the 

experimental work described in this thesis, which focuses on the analysis of metabolites, we 

used matrix-assisted laser desorption/ionization time-of-flight (TOF) mass spectrometry as 

well as nanospray desorption electrospray ionization (nanoDESI) ion trap (IT) mass 
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spectrometry. In the following paragraphs we will introduce the common ion sources (ESI 

and MALDI), as well as two mass analyzers (TOF and IT) used in this study. 

 

1.3 Ion sources used in this work 
 

In this work, we adopted two MS-based methods, one involving MALDI-MS, and the 

other one involving atmospheric pressure MS. 

The MALDI source was introduced by Hillenkamp et al.
15

 It is usually coupled with 

time-of-flight analyzers (see section 1.4). Desorption and ionization of analytes 

co-crystallized with a matrix occurs when ultraviolet (UV) pulsed laser light impinges on the 

sample deposit (Figure 1.2). MALDI matrices are normally small organic molecules which 

can readily co-crystalize with the analyte. Matrix molecules also need to absorb UV light and 

transform to excited state. Due to the large amount of heat in the matrix and the sample are 

vaporized.
16

 Some reports suggest the excited-state proton transfer
16

 may facilitate ionization 

of the analyte.
17

 However, the ionization mechnism involved in the MALDI process is still 

not clear. The matrices, such as α-cyano-4-hydroxycinnamic acid (CHCA), sinapinic acid (SA) 

and trihydroxyacetophenone monohydrate (THAP) are fluorescent, which suggests the 

importance of transfering the energy from laser light onto analyte molecules. Advantages of 

MALDI-MS are: simple sample preparation, formation of singly charged ions, and high 

sensitivity. MALDI also has some drawbacks: the crystallization of matrix/sample deposits is 

usually non-homogeneous. This leads to poor repeatability and moderate quantitative 

capabilities. Matrix ions usually give rise to high interference in the low-m/z range, in 

particular below 500.  
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Figure 1.2. Schematic of the primary and secondary ionization processes in MALDI. The fat arrow represents 

the laser pulse, the gray circles represent the matrix, the dark hexagons represent the sample. (a) Within a 

few tens of nanoseconds of the laser pulse, initial charges are generated, mostly matrix and cations/anions 

from additives in the samples (e.g., cationization agents in the case of polymers). A phase of frequent 

collisions and charge transfer reactions in the dense plume follows. (b) Within a fraction of a 

microsecond after the laser pulse, the plume has spread, analyte ions have been charged by ion-molecule 

reactions in the plume, and, after several μsm the dilution finally brings chemical reactions in the plume 

to a halt. The ions formed are extracted from the source region and detected. Figure reproduced from: L. 

Li. (2009) MALDI : Mass Spectrometry for Synthetic Polymer Analysis.. Wiley, Hoboken 

 

The electrospray ionization (ESI) technique for MS was introduced by Fenn et al., 
18

and 

it soon showed to be very useful in the mass spectrometric analysis of biomolecules, 

including proteins. In ESI, the ionization process is normally accomplished under atmospheric 

pressure. Electrospray is produced by applying a strong electric field to a liquid transfer 

capillary under atmospheric pressure (Figure 1.3). The so-called “Taylor cone” is formed at 

the outlet of the capillary, and small liquid droplets detach and fly towards the 

counter-electrode. The breakdown of charged droplets into smaller droplets can be explained 

with the Rayleigh principle (Figure 1.4): when the charged droplets are formed of the Taylor 

cone, the solvent of charged droplet is evaporated by the heated drying gas, which enhances 

the repulsion between electric charges, and contributes to breaking down the droplets into 
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smaller droplets. The analyte species is often aquire multiple charges in this process. Clearly, 

the mechanism of ESI is very different than that of MALDI; unlike MALDI, ESI gives rise to 

multiply charged ions (z > 1). In consequence, large molecules can be analyzed on mass 

analyzers with relatively narrow m/z range. 

 

 

Figure 1.3. Schematic of an early electrospray ion source design. Figure reproduced from: J. H. Gross (2011) 

Mass Spectrometry. Springer, Berlin 

 

 

Figure 1.4. Drawing of a decomposing droplet in an ESI source, q – charge; o – permittivity of the 

environment; 


– surface tension and D – diameter of a supposed spherical droplet. The sprayed 

direction of droplet is the same as the arrow pointing. Figure reproduced from: E. de Hoffmann, V. 

Stroobant (2001) Mass Spectrometry. Principles and Applications. Wiley, Hoboken 
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1.4 Time-of-flight mass analyzer 
 

The time-of-flight analyzer measures the time elapsed from when ions are expelled 

from the ion source (and accelerated by a potential Vs) till they reach the detector (Figure 

1.5).
19,20

 

 

 

Figure 1.5. Principle of a linear time-of-flight (TOF) instrument tuned to analyze positive ions produced by 

focusing a laser beam on the sample. Figure reproduced from: E. de Hoffmann, V. Stroobant (2001) Mass 

Spectrometry. Principles and Applications. Wiley, Hoboken 

 

 The distance between the source and the detector is denoted by d. An ion with mass m 

and a total charge q = ze (e is the electric charge of -1.602×10
-19

 coulomb) has the kinetic 

energy: sqV . The flight time of an ion is denoted as t. We can measure t
2
 and determine the 

value of mass-to-charge (m/z) ratio according to the following equation: 

)
2

(
2

2

d

eV
t

z

m s  

 The mass resolution depends on the length of the TOF tube. Using long TOF tubes 

increases the cost, and increases the overall size of the device. However, mass resolution can 
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also be increased in a different way, without extending the length of the TOF tube. TOF 

analyzers usually feature an electrostatic reflector called “reflectron” (Figure 1.6).  

 

 

Figure 1.6. Schematic representation of a TOF instrument equipped with a reflectron. Ions of a given mass have 

kinetic energy. The ions penetrate the reflectron until they reach zero kinetic energy and are then expelled 

from the reflector in opposite direction. The ion of bigger mass will reach the reflectron later, but come 

out with the same kinetic energy.The kinetic energy of the leaving ions remains unaffected, however their 

flight paths vary according to their differences in kinetic energy. Figure reproduced from: J. H. Gross 

(2011) Mass Spectrometry. Springer, Berlin.  

 

Reflectron consists of several ring electrodes positioned at the end of the flight tube. A 

voltage of polarity that is opposite to the charge of the ions is applied to these electrodes. 

When ions enter the reflectron area, they are reflected, and they migrate to a detector 

positioned close to the center of the TOF tube. This way, the time of flight increases. The ions 

with greater kinetic energy enter a deeper section within the reflectron cavity, as compared 

with the ions which have carried less kinetic energy. As a result, the mass resolution increases.  

Two TOF sections can be put together in order to enable “tandem-in-space” mass 

spectrometry. Fragmentation of precursor ions, which reach the fragmentation cell, can be 

realized by collision-induced dissociation (CID) or post-source decay (PSD). The fragments 

are subsequently separated in the TOF tube and reach the detector (Figure 1.7). The 
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instrument is operated by a co-linear arrangement of two TOF mass analyzers, each equipped 

with an ion source that allows acceleration and focusing of the ions. In TOF1, the analyte ions 

are accelerated, precursor ions are selected and fragmented. Fragment ions are allowed to 

proceed to the “source” of TOF2, where they are accelerated and analyzed.
21

 

 

 

Figure 1.7. A time-of-flight (TOF) mass spectrometer fitted with a deflection electrode for precursor ion 

selection. The instrument can be operated in either linear or reflectron mode. Figure reproduced from: E. 

de Hoffmann, V. Stroobant (2001) Mass Spectrometry. Principles and Applications. Wiley, Hoboken. 

 

1.5 Ion trap mass analyzer 
 

The ion trap mass analyzer consists of an upper and a lower cap mounted on both sides 

of a ring electrode. The motion of ions in ion trap can be explained by the Mathieu 

equation.
22,23

 The motion of ions in a three-dimentional space is influenced by the potentials 

applied to the electrodes. For an ion to stay in the ion trap it must have a stable ion motion 

along both z and r. An additional resonant AC voltage which has the the same frequency of 

ocsillating ions in z direction is applied, and the trapped ions are oscillated until their 

trajectories are destablized, and the ions are ejected from the trap in the z direction. 
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Figure 1.8. A quadrupole ion trap. (a) QIT with external ion source (illustration stretched in z-direction) and (b) 

section in the rz-plane. Figure reproduced from: J. H. Gross (2011) Mass Spectrometry. Springer, Berlin.  

 

Ion trap also enables tandem MS analysis. Contrary to the TOF/TOF instruments, the 

MS/MS analysis in the ion trap can be described as “tandem-in-time” because it takes place in 

one mass analyzer. As it can be deduced from stable region ions can be selected by adjusting 

the values of U (DC voltage) and V (RF voltage). Therefore, the ions with a given m/z ratio 

can be trapped, and used as parent ions during the fragmentation step. A higher resonant 

voltage (V) is applied on the ring electrode to increase oscillating energry to carry out the 

fragmentation. Eventually, m/z values of the fragment ions can be recorded by sweeping the 

amplitude of RF voltage which is applied on the end-cap electrode.  
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1.6 Goals of the work 
 

In this study, we aim to develop mass spectrometric methods facilitating the analysis of 

metabolites in different kinds of biological samples: (i) single eggs of fruit fly, and (ii) human 

sweat. In the following chapaters, we provide information about the experiments conducted, 

and discuss technical obstacles that had to be overcome.  

In order to measure metabolic rates in microscale samples obtained from individual fruit 

flies, we use MALDI-MS. However, MALDI-MS has poor quantitative capabilities. To solve 

this problem, we aimed to implement in-vivo labelling of fruit flies with 
13

C-labelled glucose, 

followed by subsequent monitoring of the labelling yields of a selected target metabolite by 

mass spectrometry.  

In another study, in order to detect metabolites secreted by skin with sweat, we propose 

strategy which combines passive sampling with direct mass spectrometric analysis. This 

method should does not require any sample pretreatment. Since sweat samples are generally 

hard to collect and analyze by conventional analytical tools, we believe that setting up this 

method will open new possibilities for clinical analysis and doping control. 
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CHAPTER 2:  

 

Isotope label-aided mass spectrometry  

reveals the influence of environmental factors 

on metabolism in single eggs of fruit fly 

2.1 Background 
 

Circadian clock helps biological organisms to control their physiological and 

developmental processes.
24 

Biological rhythmicity is common in nature, with environmental 

factors – such as light and temperature – synchronizing internal time of the organisms to the 

24-h cycle.
25

 Although daily rhythms are often measured as activity vs. rest, other parameters 

– including the level of behaviour or gene expression – are also changing with a circadian 

period.
25

 In humans, any disruption to the circadian rhythm can affect physical and mental 

performance. For example, insomnia is a common problem known to many travelers who 

experience jet lag.
26

 Disruption of circadian rhythms can also lead to metabolic disorders.
27

 

Thus, studying relationships between circadian rhythms and metabolism may contribute to a 

better understanding of the mechanism and robustness of the biological clock. So far, most 

concepts in molecular regulation of circadian rhythms in eukaryotic cells have been based on 

transcription-translation feedback loops; however, a recent study demonstrated the existence 
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of a phenotypic circadian clock in red blood cells – i.e. in a biological system where no 

transcription occurs.
28

 

Small metazoa are convenient models for studying circadian rhythms; one of them is 

fruit fly (Drosophila melanogaster).
29

 In fact, fruit fly is the most studied invertebrate, and a 

large amount of scientific information about this species is currently available.
30,31

 Although 

fruit fly has served as a model organism in several studies of circadian rhythms,
32,33,34

 limited 

data is currently available on the influence of circadian adaptation of fruit fly on primary 

metabolism in this species. The small volumes of samples obtained from individual flies 

disable the possibility of analyzing relevant metabolites using conventional analytical tools. 

There exist a number of analytical techniques applicable to the analysis of metabolites 

in biological samples; two prominent examples include the coupling of liquid 

chromatography, or gas chromatography with mass spectrometry. The GC-MS platform 

enables analysis of volatile analytes in large numbers of samples; it offers high sensitivity, 

reproducibility, and can easily be automated.
3
 Implementation of chromatographic techniques 

usually necessitates pre-treatment of the samples. In most cases, this renders LC-MS and 

GC-MS inadequate to analysis of samples smaller than  1 mm. In the past few years, 

matrix-assisted laser desorption/ionization
15

 mass spectrometry has emerged as an enabling 

tool for the metabolic profiling of microscale samples;
35,36

 it provides what the other 

analytical tools cannot offer: compatibility with micrometer-scale samples, high sensitivity, 

and it does not require complicated sample preparation. MALDI-MS takes advantage of laser 

beam to volatalize and ionize compounds embedded in a chemical matrix.
37

 The matrix 

molecules absorb energy from the laser light, and transfer it onto the analyte molecules, which 

become ionized in the gas phase. A mass spectrum can be obtained right after a few shots of 

laser light impinge on a sample/matrix deposit. A major disadvantage of MALDI-MS is its 
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limited quantitative capability – a characteristic attributed to the limitations of sample 

preparation protocols, and ion suppression effects. When using MALDI-MS in the studies of 

metabolism, one possible solution to this problem is the implementation of stable-isotope 

labels.
38,39

 The in-vivo labelling of fruit flies with stable isotopes – in combination with 

LC-MS – has already gained an insight into the proteome of fruit fly.
40

 Therefore, to mitigate 

the problems related to the signal variability in MALDI-MS, here we have also implemented 

in-vivo isotopic labelling of metabolites in fruit flies. 

In order to investigate the influence of circadian adaptation on egg metabolism, we have 

implemented the following protocol (Figure 2.1): First, fruit flies (D. melanogaster) are 

adapted to the day/night cycle using artificial white light. Second, female flies are incubated 

with 
13

C-labeled glucose (the only carbon source) for 12 h – either during the circadian day or 

circadian night, either at light or at dark. The labelled carbohydrate is ingested by the flies, 

and metabolized. Third, samples of eggs are obtained from the incubated flies, and the 

relative abundances of metabolite isotopologues present in individual eggs are determined by 

MALDI-MS. We sought answers to the following questions: (i) Will 
13

C-labelled glucose be 

used as a carbon source in primary metabolism, and will the 
13

C atoms be incorporated into 

metabolites in individual eggs? (ii) Can MALDI-MS provide useful quasi-quantitative results 

(i.e. without performing absolute quantification), which would reflect the treatment applied to 

the fly stocks (e.g. variation of temperature or light)? (iii) Does the circadian clock affect 

metabolite labelling in female fruit flies? 
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Figure 2.1. Experimental design and chemical analysis workflow. (1) pre-conditioning (entrainment) of the 

culture stock (adaptation to the 12/12-h (light/dark) cycle); (2) incubation of female fruit flies with 

13
C6-glucose solution; (3) dissection of the anesthetized flies; (4a/4b) preparation of individual eggs for 

mass spectrometric analysis; (5) mass spectrometry, and (6) data analysis. 

 

We have opted for measuring metabolite levels in the samples composed of single eggs. 

This choice was made due to several reasons: (i) Eggs can be considered as a sink for the 

absorbed nutrients and primary metabolites. (ii) Eggs occupy substantial volume in the fly 

abdomen, and the amount of the biological material contained in single egg is sufficient for 

the analysis by MALDI-MS. (iii) It is relatively easy to obtain multiple eggs from individual 

flies through manual dissection. (iv) Eggs are more compact, less vulnerable to osmolarity 

changes and mechanical stress, as compared with other fruit fly organs (e.g. ovarioles, gut, 

brain) which can be sampled for chemical analysis. Fruit fly eggs measure approximately half 
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millimeter, which can be regarded as an adequate size of a sample for the analysis by 

MALDI-MS following careful sample preparation. 

 

2.2 Experimental section 
 

2.2.1 Fly stocks 

Fruit flies (Drosophila melanogaster; w
1118

 – a normal control strain purchased from the 

Drosophila Stock Center in the Department of Biology at Indiana University, USA) were 

reared on a standard medium (water, yeast, soy flour, yellow cornmeal, agar, light corn syrup, 

propionic acid) loaded into plastic vials. Typically, the stock culture was maintained at room 

temperature. The default photoperiod was 16-hr day / 8-hr night; however, during the 

entrainment period (before the experiments related to the circadian rhythms), it was changed 

to 12-hr day / 12-hr night. 

 

2.2.2 Isotopic labelling 

Female and male fruit flies were separated under stereomicroscope (Zeiss, Munich, 

Germany), and the female individuals were subsequently transferred into 100-mL glass vials 

(Richiden-Rika Glass Company, Kobe City, Japan). A plastic cap with a stripe of filter paper 

wetted with 1% 
13

C6-glucose solution in water was inserted to each of the vials, so that the 

flies were exposed to the 
13

C6-labelled glucose during the following hours/days. In most 

experiments, the vials were put inside an incubator in order to control the temperature. Most 

flies survived at least 7 days under these conditions. During the labelling experiments, 

illumination was provided by a light-emitting diode (LED) lamp (white light; Aliiv, Taipei, 

Taiwan), which ensured the illuminance of 4000 lux. During the entrainment period, weaker 
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light ( 150 lux) was used. 

 

2.2.3 Dissection of flies and sample preparation 

Before the dissection, flies were anesthetized with carbon dioxide gas. Heads and 

abdomens were separated from thoraxes using miniature scissors (Vannas-Tübingen Spring; 

FST, Foster City, California). A set of precise tweezers (Dumont, Munich, Germany) was used 

to remove ovaries, and obtain unfertilized eggs (for a reference to the dissection protocol, see, 

for example: ref. 41). After brief washing in phosphate buffered saline solution, the eggs were 

transferred – one-by-one – onto separate recipient sites (i.d. 0.4 m) of a metal AnchorChip 

plate (Bruker Daltonics, Bremen, Germany). Following the deposition of the eggs onto the 

target plate, an aliquot of 0.5 L 1:1 (v/v) acetonitrile/water solution (after initial optimization) 

was pipetted to initiate extraction of metabolites from the egg; then, a 0.5-L aliquot of 6 mg 

mL
-1

 9-aminoacridine (Sigma-Aldrich, St Louis, USA; MALDI matrix) solution in acetone 

(Merck, Darmstadt, Germany) was added. Following the evaporation of the solvents, the 

resulting sample/matrix deposits were ready for analysis by mass spectrometry. Note that 

9-aminoacridine is a carcinogen, and personal safety equipment must be used when handling 

preparations of this compound. Animal tissue residues are disposed off as biological waste. 

 

2.2.4 Mass spectrometry 

During the mass spectrometric analysis, we used the AutoFlex III 

MALDI-time-of-flight (TOF)-MS from Bruker Daltonics, which is equipped with a 

solid-state laser (λ = 355 nm). Negative-ion mode was used with the following settings: ion 

source 1, -19.0 kV; ion source 2, -16.6 kV; lens, -8.45 kV; delay time, 0 ns. The 
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Smartbeam-laser focus was set to “small” (40 m); 100 shots were fired at each sample spot 

with the preset frequency of 50 Hz. The mass range was set to 400-1000 Da, and the 

suppression threshold was set to 400 Da, so that the low-m/z ions (including the matrix ions) 

could not reach the detector. 

 

2.2.5 Data treatment 

The MS data were acquired using the FlexControl software (version 3.0; Bruker 

Daltonics), and further analyzed with the FlexAnalysis software (version 3.0; Bruker 

Daltonics). The output data were further used to calculate the ratios of peak areas at the m/z: 

571/(565+571). These ratio values were used to plot histograms with the bin width of 0.1. 

Statistical analysis (one- and two-sample Kolmogorov-Smirnov test, Wilcoxon rank sum test) 

was conducted using the MATLAB software (version 7.6.0.324 (R2008a), MathWorks, 

Natick, USA). Curve fitting was conducted using the SPSS software (version 19, IBM Corp., 

New York, USA). Other data were treated and displayed using the Origin Pro software 

(version 8; Origin Lab Corporation, Northampton, USA). 

 

2.3 Results and discussion 
 

2.3.1 Preliminary experiments and optimization 

Implementation of the proposed analytical workflow (Figure 2.1) has been preceded by 

a series of preliminary experiments. Initially, the in-situ extraction of metabolites from 

samples was tested and optimized. Metabolites were passively extracted from eggs on the 

MALDI target (AnchorChip, Bruker Daltonics), and co-crystallized with the matrix 

compound (9-aminoacridine). We chose to use acetonitrile as the extraction solvent since it has 
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widely been used for extraction of cellular metabolites (e.g. ref. 
42

). During the optimization 

step, we tested mixtures of acetonitrile with water at different volume ratios. 9-Aminoacridine 

is a suitable matrix for MALDI-MS analysis of metabolites in the negative-ion mode.
43

 Signals 

corresponding to several primary metabolites – which leaked out of the egg – could readily be 

identified in the MALDI mass spectra (e.g. Figure 2.2). 

 

 

Figure 2.2. Wide m/z-range negative-ion MALDI mass spectrum of a single egg obtained from fruit fly. 

Metabolites were extracted in situ using 50% acetonitrile solution. MALDI matrix: 9-aminoacridine. 

Labels of the most prominent peaks: ADP, adenosine diphosphate (m/z 426); GDP, guanosine 

diphosphate (m/z 442); ATP, adenosine triphosphate (m/z 506); GTP, guanosine triphosphate (m/z 522); 

UDP-Glc, uridine diphosphate glucose (m/z 565); UDP-GlcNAc, uridine diphosphate N-acetyl 

glucosamine (m/z 606). 
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The optimization of the sample preparation involved experiments in which the 

percentage of acetonitrile in the extraction solution as well as the concentration of 

9-aminoacridine in the matrix cocktail were varied. Based on the measurements of 

signal-to-noise (S/N) ratios in the resulting spectra (Figures 2.3 and 2.4), we chose 

acetonitrile mixed with water at the ratio 1:1 (v/v) as the extraction solvent, and 6 mg mL
-1

 

9-aminoacridine solution in acetone as the MALDI matrix cocktail. It is believed that at low 

percentage of acetonitrile, biological membranes are not destabilized/degraded sufficiently to 

support the leakage of the contents of the cells. On the other hand, at high percentage of 

acetonitrile, evaporation of the extraction solution is too fast, and – as a result – the extraction 

time is too short, and the amounts of extracted metabolites are insufficient to produce intense 

MS signals. It should also be pointed out that – unlike the common extraction protocols used 

in metabolite analysis – the on-target extraction is almost completely passive, i.e. without 

prior sample degradation, grinding, shaking, or stirring. Metabolites need to be extracted 

despite the presence of the outer chorion layer protecting the egg. Although many standard 

protocols include the removal of the outer layer, the in-situ extraction process was conducted 

without prior dechorionation of the eggs. Based on the preliminary experiments, the outer 

protective layer of the eggs did not stop extraction of metabolites, and relatively high MS 

signals could be recorded (Figure 2.2). 
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Figure 2.3. Influence of the concentration of acetonitrile (ACN) in the extraction solution on the signal-to-noise 

(S/N) ratios. This experiment included several metabolites (ATP, m/z 506; GTP, m/z 522; UDP-glucose, 

m/z 565; and a phospholipid, m/z 833) extracted from single eggs, and analyzed by MALDI-MS. 

 

 

 

Figure 2.4. Influence of the concentration of the 9-aminoacridine matrix solution (in acetone) on the 

signal-to-noise (S/N) ratios of the peaks of various standard compounds. We found that at 6 mg mL-1 

9-aminoacridine (in acetone), the S/N value is highest. Therefore, we chose this concentration of 

9-aminoacridine for further experiments. 
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2.3.2 Isotopic labelling of fruit flies 

When 
13

C6-glucose is administered to fruit flies as the only carbon source, the 
13

C atoms 

are gradually incorporated into cellular metabolites. Figure 2.5A shows the outcome of 

labelling over 1, 6 and 19 days. We found that – using 1% 
13

C-glucose solution as the only 

carbon source – uridine diphosphate glucose (UDP-Glc) is promptly labelled with 
13

C, while 

the labelling of other metabolites – for example, adenosine triphosphate (ATP) – is much 

slower, and it does not reach completion during several days of incubation. The latter is 

concluded based on the presence of the non-labelled form of ATP after 19 days (the peak at 

the m/z 506 in Figure 2.5A). Conversely, 
13

C-labeled glucose can readily replace the 

unlabelled glucose moiety in the molecule of UDP-Glc. Initially, the labelling of UDP-Glc is 

limited to the glucose (C6) moiety, while the UDP moiety remains unlabeled. Biosynthesis of 

UDP-Glc using UTP and glucose as substrates involves only two reactions, which are 

catalyzed by two enzymes: hexokinase (EC 2.7.1.1) and UTP-glucose-1-phosphate 

uridylyltransferase (EC 2.7.7.9; Figure 2.5B).
44,45,46

 This gives the possibility of using partial 

isotopic labelling of UDP-Glc as an indicator of the early stages of primary metabolism while 

13
C6-glucose is the only carbon source available. On the other hand, de-novo biosynthesis of 

adenosine triphosphate (ATP) involves multiple biotransformations, thus only several carbons 

can be replaced in most ATP molecules during several days of incubation.  

In order to confirm the incorporation of carbon-13 to the UDP-glucose molecule, we 

implemented MALDI-MS/MS: As shown in Figure 2.6, the fragment of the non-labelled 

UDP-glucose (MS m/z 565) was found to be non-labelled glucose phosphate (MS/MS m/z 

241). 
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Figure 2.5. Isotopic labelling of ATP and UDP-Glc in single eggs. (A) MALDI mass spectra obtained from fruit 

flies following 1, 6, and 19 days of incubation with the 
13

C6-glucose solution. (B) Reaction scheme of 

labelling glucose moiety in UDP-Glc with 
13

C6-glucose. 
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The tandem MS analysis of the parent ion at the m/z 571 (in a sample obtained from a labelled 

fly) revealed a shift of the fragment peak to the m/z 247, which is due to the substitution of 6 

12
C atoms with 

13
C atoms in the glucose moiety of UDP-Glc. Since the mortality rate was 

high when the glucose solution was used as the only source of nutrients, we opted for 

short-term incubations ( 1 day), and – in further experiments – we focused on the 

measurement of the labelling of glucose moiety in UDP-Glc molecules. It should be noted 

that UDP-Glc is represented by an MS peak (m/z 565 or 571) that does not suffer from 

spectral/matrix interference. 

 

Figure 2.6. MALDI-MS and MS/MS analysis of metabolites in the eggs of fruit flies incubated with 
13

C-glucose. 

Left: spectra for eggs obtained from flies incubated with 
12

C6-glucose. Right: spectra for eggs obtained 

from flies incubated with 
13

C6-glucose for 12 h. Evaluation of the MS/MS data was aided by the METLIN 

database (Scripps Center for Metabolomics, La Jolla, USA). 
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Using 9-aminoacridine matrix, it is also possible to detect other metabolites (e.g. 

adenosine diphosphate (m/z 426), guanosine diphosphate (m/z 442), adenosine triphosphate 

(m/z 506), guanosine triphosphate (m/z 522), uridine diphosphate glucose (m/z 565), uridine 

diphosphate N-acetyl glucosamine (m/z 606); Figure 2.2). Selecting UDP-Glc (m/z 565) as a 

target analyte, we further want to show that MALDI-MS is readily applicable to detection of 

metabolic effects of environmental factors in fruit fly eggs. In future studies, one may also 

consider studying the labelling patterns of other metabolites by MALDI-MS. However, one 

can anticipate that the interpretation of results of such studies may not be as straightforward 

as in the case of UDP-Glc. Another point to consider is that when 
13

C atoms replace 
12

C 

atoms, the signal-to-noise ratios of the main peaks (corresponding to the unlabelled 

metabolites) are decreased due to isotopic dilution. Therefore, the experimental strategy 

described here is most applicable to analysis of metabolites represented by peaks with high 

signal-to-noise ratios. 

 

2.3.3 Time course of UDP-Glc labelling 

Subsequently, the time progress of the incorporation of 6 
13

C atoms to the glucose 

moiety of UDP-Glc in fruit fly eggs was studied. The incorporation of 
13

C to UDP-glucose 

takes approximately 20-30 h: during this time, a gradual increase of the ratio of the labelled 

UDP-Glc to the total (labelled + unlabelled) UDP-Glc can be observed (Figure 2.7). Based 

on the sigmoid function fitted to all the data points, the time (t1/2) after which the labelling of 

the studied population of eggs was 50% is estimated to be  13 h. A considerable variability 

of the labelling progress can be observed within the population of eggs analyzed at every time 

point (Figure 2.7). This variability will be discussed later on. 
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Figure 2.7. Progressive incorporation of the 
13

C-label to UDP-Glc in fruit fly eggs. The data points were fitted 

with a sigmoid function: y = 1.013·(1/(1+e
(-0.135x+1.792)

)). During this experiment, the flies were incubated 

with 
13

C6-glucose and illuminated with white light (~ 4000 lux). Note that the sampling intervals (as 

projected onto the x-axis) are coincidentally not constant. 

 

 

It should also be pointed out that the application of matrix solution to the biological 

sample, and subsequent analysis in the vacuum compartment of MALDI mass spectrometer 

may cause some bias to the analytical result. However, this bias is greatly reduced by using 

isotopic labels: it is unlikely that the enzyme-catalyzed labelling process will proceed with 

high rate following the quneching of metabolism with acetonitrile used in the course of 

sample preparation. 
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2.3.4 Influence of the incubation conditions on the isotopic labelling of eggs 

In the following experiment, we investigated the influence of temperature on the 

labelling of UDP-Glc. Two batches of female fruit flies were incubated under low (21 C) and 

high (28 C) temperature for 24 h; in both cases, light was on. Following the analysis by 

MALDI-MS, we found that the labelling level was significantly higher in the flies incubated 

at 28 C, as compared with the flies incubated at 21 C (Figure 2.8).  

 

 

Figure 2.8. Influence of temperature (21 vs. 28 C) and illumination (dark vs. light) on the labelling of glucose 

moiety in UDP-Glc molecules extracted from individual eggs. Female flies were incubated with 

13
C6-glucose solution during 24 h. The default conditions were: white light on, ~ 4000 lux (in the study 

involving the change of temperature); temperature, 28 C (in the study involving the change of 

illumination). 
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In another experiment, we also found that illuminating the batch of female flies during 

the incubation with 
13

C6-glucose had strong effect on the labelling of UDP-Glc in eggs: the 

flies incubated in the dark metabolized much less 
13

C6-glucose than the flies incubated under 

light (Figure 2.8). These observations highlight the feature of the proposed isotope 

label-aided mass spectrometric method: environmental factors (temperature, light) are 

reflected in the measured labelling yields of the target metabolite (UDP-Glc). 

 

 

2.3.5 Influence of circadian adaptation on the labelling of eggs 

The mechanism of circadian clock has broadly been investigated: a number of previous 

studies pointed out activation of specific genes which are responsible for the maintenance of 

circadian rhythm in fruit fly.
47,48

 In the present study, we investigated how the adaptation of 

fruit fly to light/dark cycle can affect the labelling of UDP-Glc in eggs, irrespective of the 

treatment (light on/off). It was also interesting to verify the effect of the alteration of the 

culture conditions – from normal (light on during circadian day) to abnormal (light off during 

circadian day). At the beginning, we entrained the flies with a 24-h light/dark cycle: the 

photoperiod of 12-h day (9:00 AM – 9:00 PM) / 12-h night (9:00 PM – 9:00 AM). 

Subsequent incubation with 
13

C6-glucose began at the time when the light would be turned on 

or off: one batch of the flies was incubated under light for 12 h, and the other batch was 

incubated for 12 h in the dark, irrespective of the light/dark cycle applied during the 

entrainment period (before the actual experiment). The analysis of single eggs according to 

the protocol in Figure 2.1 followed, and the results are summarized in Figures 2.9-2.14, and 

Tables 2.1-2.3. 
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Figure 2.9. Histograms showing the distributions of labelling levels within the eggs obtained from the fruit flies 

incubated with 
13

C6-glucose (during 12 h) at different illumination conditions and at different times 

during the day/night cycle. ML – flies incubated during day (starting from the morning) at light; MD – 

flies incubated during day (starting from the morning) at dark; EL – flies incubated during night (starting 

from the evening) at light; ED – flies incubated during night (starting from the evening) at dark. 

 

We found that – compared with the flies incubated under normal conditions (light on 

during day; ML) – the flies incubated under abnormal conditions (light off during day; MD) 

exhibited similar metabolic activity, i.e. in accordance with their biological clock which had 

been adjusted during the entrainment period. Based on the results of the one-sample 

Kolmogorov-Smirnov test, we found that none of the data sets in Figure 2.9 follows normal 

distribution. Due to the fact that the labelling is not complete within the 12-h period, 
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corresponding to either circadian day or night (N.B. the labelling “half life” at full light: t1/2  

13 h), the distributions are asymmetrical and have right-side tails (Skewness > 0; Table 2.1.  

 

Table 2.1. Statistical data on the samples analysed in this study. ML – flies incubated during day (starting from the 

morning) at light; MD – flies incubated during day (starting from the morning) at dark; EL – flies incubated 

during night (starting from the evening) at light; ED – flies incubated during night (starting from the 

evening) at dark. 

 ML MD EL ED 

Number of repeats 5 5 5 5 

Total number of flies 31 30 27 28 

Total number of eggs (n) 166 177 137 169 

Mean 0.306 0.338 0.245 0.214 

Median 0.267 0.399 0.278 0.444 

Standard deviation 0.207 0.211 0.164 0.177 

Skewness 0.517 0.536 0.657 0.811 

Kurtosis 2.20 2.26 2.78 2.47 

 

 

Further statistical analysis using the two-sample Kolmogorov-Smirnov test (TSKST) 

revealed that depriving the fly stock of light during the circadian day (ML vs. MD) did not 

produce a significant change in the distribution of the labelling level of UDP-Glc within a 

large sample of fly eggs; in other words, the null hypothesis that the ML and MD data sets 

(Figure 2.9) are from the same continuous distribution was not rejected at the 5% 

significance level (TSKST p = 0.3226; Table 2.2).  
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Table 2.2. Results (p-values) of the two-sample Kolmogorov-Smirnov test performed on the data obtained in 

this study. ML – flies incubated during day (starting from the morning) at light; MD – flies incubated 

during day (starting from the morning) at dark; EL – flies incubated during night (starting from the 

evening) at light; ED – flies incubated during night (starting from the evening) at dark. Null hypothesis: 

the two data sets are from the same continuous distribution. Red colour indicates the p-values where the 

null hypothesis is rejected (at the 5% significance level). 

 ML MD EL ED 

ML 1.0000 0.3226 0.0157 0.0002 

MD 0.3226 1.0000 0.0042 0.0000 

EL 0.0157 0.0042 1.0000 0.0172 

ED 0.0002 0.0000 0.0172 1.0000 

 

Another non-parametric test (Wilcoxon rank sum test, WRST) did not reject the null 

hypothesis that the ML and MD data sets are drawn from identical continuous distributions 

with equal medians (WRST p = 0.1334). In addition, the percentage of eggs with a high 

labelling level ( 0.5) in the samples collected after day-time incubation was comparable in 

the light- and dark-incubated flies: 21 and 24%, respectively (Table 2.3).  

 

Table 2.3. Numbers of eggs with the labelling level higher or equal to 0.5 in each of the four groups. ML – flies 

incubated during day (starting from the morning) at light; MD – flies incubated during day (starting from 

the morning) at dark; EL – flies incubated during night (starting from the evening) at light; ED – flies 

incubated during night (starting from the evening) at dark. 

 ML MD EL ED 

Number of eggs with labelling level 0.5 35 43 10 16 

Share in the total (%; cf. Table S1) 21 24 7 9 
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Statistical analysis further revealed that the distributions of the data points from the 

day/light (ML) incubation and the night/light (EL) incubation are different (TSKST p = 

0.0157; Table 2.2). The data set obtained for the day/dark (MD) incubation also reflects a 

different distribution than the data set obtained for the night/dark (ED) incubation (TSKST p 

 0.0000; Table 2.2). The percentage of the eggs with a high labelling level ( 0.5) was lower 

for the flies incubated with 
13

C6-glucose during night (7 and 9%) than during day (21 and 

24%), irrespective of the presence of light (Table 2.3). Providing light to the flies during 

circadian night (EL vs. ED) slightly affected the labelling distribution in the studied sample of 

eggs (TSKST p = 0.0172; Table 2.2). This may suggest that the illumination of the fly stock 

against the entrained circadian rhythm (i.e. “light on” during night) has a greater influence on 

metabolic activity than light deprivation (i.e. “light off” during day). Overall, based on the 

above results, we conclude that the metabolism of fruit flies reared under altered illumination 

follows the internal circadian rhythm, which was learned during the entrainment period 

preceding the incubation with 
13

C6-glucose. The internal circadian rhythm dominantly 

controls the metabolic activity of eggs – as quantified based on the level of 
13

C incorporated 

to UDP-Glc – despite an acute perturbation to the dark/light cycle. 

The differences in the isotopic labelling of eggs raise discussion about the possible 

source of the dependencies of the labelling rates on the temporal phases within circadian 

rhythms. In fact, fruit fly exhibits a circadian rest-activity cycle with prolonged intervals of 

rest, which share many features with mammalian sleep.
32,49

 Previously, the physical activity 

of fruit flies was studied with a specially designed locomotor assay, which quantifies physical 

movements of flies.
50

 The experimental approach implemented in the present work allowed us 

to obtain information about biosynthesis of one particular metabolite (UDP-Glc). Due to the 

high labelling rates, observation of the labelling progress during short incubation periods 
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(12 h) was possible (Figure 2.7). The differences in the results obtained following the 

incubation of flies with 
13

C-Glc at different times, and at different illumination (e.g. day/light 

– ML vs. night/dark – ED), may be due to the following reasons: (i) Locomotion of fruit flies 

is greater during circadian day than during circadian night,
32

 therefore the probability that the 

individual flies encounter the reservoir with the solution of 
13

C-labelled glucose, and ingest 

the isotopically labelled carbohydrate, is greater during day than at night. (ii) Physiological 

and metabolic activity of individual flies is higher during circadian day than during circadian 

night, despite the altered light/dark cycle. 

To the best of our knowledge, the present study is the first one that reveals short-term 

metabolic effects in metazoan eggs due to circadian adaptation. In future, it would be 

appealing to develop other microscale assays that would provide complementary data on 

molecular composition of individual eggs, and gain further insight to the influence of 

circadian adaptation on egg metabolism. To this end, one promising experimental approach – 

complementary to the current one – could be the implementation of microscale nuclear 

magnetic resonance.
51

 

 

2.3.6 Labelling variability 

In a previous work, stable isotopes were used to study embryonic proteome in fruit fly: 

pooled samples – composed of multiple embryos – were analyzed.
40

 The current study 

provides information about metabolic activity of individual eggs obtained directly from fly 

bodies by dissection. While the histograms in Figure 2.9 present the data for large numbers of 

flies (> 25) and eggs (> 130), it is also interesting to look into the egg-to-egg and/or fly-to-fly 

variability, which have already become apparent in the labelling time-course study (Figure 

2.7). The fly-to-fly variability is illustrated within histograms plotted separately for each fly 
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included in the study (Figures 2.10 and 2.11-2.14). For example, in Figure 2.10 one can 

easily spot differences between individuals (different histograms), and eggs (multiple bars in 

the histograms).  

 

Figure 2.10. Histograms showing differences in the labelling of eggs among flies from the same treatment. Flies 

incubated during night (starting from the evening) at dark (ED): arbitrarily selected examples of five 

single-fly histograms, ordered according to the increasing level of labelling (Fly 1 to 5: top to bottom). 

All single-fly histograms from this experimental variant are displayed in Figure 2.14. 

 

Although the distribution of labelling in the whole population of fly eggs within one treatment 

appears flat (for example, Figure 2.12, red bars, for the MD group; Kurtosis = 2.26, Table 

2.1), the average labelling levels which can be calculated for eggs obtained from every fly are 

different. These differences are probably the result of phenotypic variability within the 

population of fruit flies included in this experiment. Close examination of the single-fly 
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histograms in Figures 2.10 and 2.14 – representing the flies incubated during night at dark 

(ED) – leads to an observation that although most flies did not incorporate much carbon-13 

into their eggs (e.g. Flies 1 and 2 in Figure 2.10), there are several outliers – flies with 

notably higher labeling yield (e.g. Flies 4 and 5 in Figure 2.10). While comparable data 

sets – showing the influence of circadian rhythms on primary metabolism of individual eggs 

or embryos, and tissue cells – cannot be found in scientific literature, it is worthwhile 

mentioning that in a study conducted using mouse model, strong heterogeneity of circadian 

entrainment kinetics was found not only between different organs, but also within the 

molecular clockwork of each tissue.
52

 

It should also be pointed out that eggs from single fly are exposed to the same 

concentration of 
13

C6-glucose; consequently, egg-to-egg variability of the labelling ratios 

(peak areas at the m/z 571/(565+571)) is an intrinsic property of eggs – independent of fly 

activity and glucose consumption. In each of the single-fly histograms (Figures 2.11-2.14, 

black bars), one can also see the distributions of the labelling ratios within each of the flies 

studied. The average spreads of the labelling distribution within the population of eggs in 

every fly included in each treatment were: 0.32  0.15 (s.d.), 0.29  0.11 (s.d.), 0.25  0.10 

(s.d.), and 0.26  0.15 (s.d.) in ML, MD, EL, and ED, respectively. Thus, the spreads of the 

labelling ratios in every fly are typically much smaller than the spread of the labelling ratio 

calculated for the whole population of eggs included in the analysis: 0.9, 0.9, 0.7, and 0.7 in 

ML, MD, EL, and ED, respectively (Figures 2.11-2.14, red bars); with a tendency towards a 

higher egg-to-egg variability in the flies incubated with 
13

C6-glucose during circadian day. 
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Figure 2.11. Histograms showing differences in the labelling of eggs among flies from the same treatment (ML 

– flies incubated during day (starting from the morning) at light; black bars). Each of the small 

histograms (black bars) corresponds to a single fruit fly. The cumulative histogram for all the eggs 

obtained from the ML treatment (red bars).  
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Figure 2.12. Histograms showing differences in the labelling of eggs among flies from the same treatment (MD 

– flies incubated during day (starting from the morning) at dark; black bars). Each of the small histograms 

(black bars) corresponds to a single fruit fly. The cumulative histogram for all the eggs obtained from the 

MD treatment (red bars).  
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Figure 2.13. Histograms showing differences in the labelling of eggs among flies from the same treatment (EL – 

flies incubated during night (starting from the evening) at light; black bars). Each of the small histograms 

(black bars) corresponds to a single fruit fly. The cumulative histogram for all the eggs obtained from the 

EL treatment (red bars). 
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Figure 2.14. Histograms showing differences in the labelling of eggs among flies from the same treatment (ED – 

flies incubated during night (starting from the evening) at dark; black bars). Each of the small histograms 

(black bars) corresponds to a single fruit fly. The cumulative histogram for all the eggs obtained from the 

ED treatment (red bars). Selected histogram from this figure are also displayed in Figure 2.10. 
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2.4 Concluding remarks 
 

The study has shown the feasibility of isotopic labelling of fruit flies with the purpose 

of pursuing metabolic effects of the circadian clock and environmental cues by mass 

spectrometry. It has demonstrated a link between the circadian clock and the egg metabolism 

in fruit fly. The results reveal a substantial metabolic inertia of the circadian clock: once 

adapted to the day/night cycle, the incorporation of 
13

C to UDP-Glc was not significantly 

altered by acute perturbation of the illumination cycle. The proposed MALDI-MS and stable 

isotope-aided protocol was found to produce useful information which reflects the treatment 

applied to the fly stocks. The main advantage of this experimental approach is that 

quasi-quantitative data sets can be obtained for single eggs without elaborate sample 

preparation. Instead of performing absolute quantification of individual metabolites – the ratio 

of the MS signal corresponding to the labelled metabolite and the sum of the MS signals 

corresponding to the labelled and the unlabelled metabolite can be used as the proxy for 

metabolic activity. We believe this method will help to explore other biochemical phenomena 

related to metabolism in fruit fly as well as other metazoan species (for example, 

Caenorhabditis elegans), which are considered as model organisms in biology. 
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CHAPTER 3: 

 
Facile sampling of sweat combined with  

direct analysis of metabolites by nanoDESI-MS 
 

3.1 Background 
 

Clinical analysis deals with detecting metabolites excreted by human body. The 

chemical profiles of bodily excretions can inform doctors about the health status of their 

patients. Urine is one of the most frequently analyzed clinical samples. However, sampling 

urine is not always convenient or possible. Besides urination, sweating is another way of 

excreting substances from body. So far, there has been less progress in the use of sweat 

samples in diagnosis – probably due to the technical difficulties associated with sampling and 

analysis. However, sampling and analyzing sweat can be advantageous for clinical 

diagnostics.
53,54,55  

In principle, sweat samples may be collected almost any time. In previous 

studies, chromatographic methods were used to analyze metabolites in sweat samples.
53,54,55,56

 

The advantage of using chromatography is the easiness of separation of numerous metabolites. 

Gas chromatography is particularly useful in the analysis of volatile metabolites, and it can 

readily be coupled with solid-phase microextraction (SPME) for preconcentration of less 

abundant analytes. The results of study using GC showed the possibility of detecting 

numerous metabolites.
57,58

 However, GC analysis is time-consuming. In this study, we 

attempt to use mass spectrometry in direct detection of sweat metabolites collected directly 

from skin using passive sampling tools. 
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In order to perform fast MS-aided analysis of sweat samples, we considered using one 

of the available atmospheric-pressure ion sources. For example, in 2004, Prof. Graham Cooks 

and co-workers introduced desorption electrospray ionization (DESI) mass spectrometry, in 

which the analytes are lifted from solid surfaces using a stream of charged microdroplets.
59

  

This technique enables soft ionization of biomolecules. Commercial mass spectrometers can 

be used in conjunction with DESI source without any modification, which made this 

technique particularly promising for this project. However, despite elaborate optimization, the 

preliminary experiments conducted as a part of this study showed that the DESI technique is 

difficult to reproduce, and the sensitivity is not sufficient to fulfill the requirements if the 

project focused on the analysis of sweat samples deposited on solid surfaces. 

Another promising ionization technique, which was also introduced quite recently, is 

the nanospray desorption electrospray ionization (nano-DESI).
60

 The nanoDESI setup consists 

of two microscale capillaries: one is used to deliver the nanoDESI solvent mixture to the 

sample, whilst the other one is used to transfer the solubilized samples towards the MS in the 

form of electrospray plume. These two capillaries are joined by a bridge of the nanoDESI 

solvent, which ensures continuity of sample extraction and ionization. Compared to DESI, in 

nanoDESI the extraction of the analyte and the ionization are separated in space.
61

 The 

nanoDESI source has a very simple design, and can easily be constructed almost in any 

laboratory. According to the recent reports, nanoDESI has been used in the studies in 

environmental chemistrylike composition of organinic aerosols in the air,
62

 mass 

spectrometric imaging of plant tissues,
63

 and the analysis of dried blood spots.
64

 The authors 

of these reports have emphasized that nanoDESI is a reliable ion source, and comparable with 

DESI.
62,

 
63,

 
64
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For a better understanding of the nanoDESI concept, it is also helpful to compare it with 

two other ion sources: nano-electrospray ionization (nanoESI) and contactless atmospheric 

pressure ionization (CAPI). NanoESI is a widely used ion source for conducting mass 

spectrometric measurements on samples delivered at atmospheric pressure. Since it was 

introduced by Dr Matthias Wilm in 1996, it has immediately become a common-use ion 

source with many applications.
65

 The nanoESI source uses very low flow rates (down to ~ 10 

nL min
-1

). Very small droplets are generated at the tip of nanoESI emitter while no nebulizer 

gas is applied. Tiny amounts of samples as 0.2-2 μL can be analyzed using this ion source.
66

 

In essence, the nanoDESI emitter resembles the nanoESI emitter. The difference is that 

nanoDESI accommodates analysis of solid samples which are extracted on-line, just before 

the ionization step. In 2011, Prof. Yu-Chie Chen and co-workers developed a new type of ion 

source, which they termed “contactless atmospheric pressure ionization” (CAPI).
67

 Similar to 

nanoESI, CAPI also incorporates a tapered capillary emitter; however, the latter approach 

does not require establishing direct electric contact with the power supply. Real samples, such 

as fruit, can be analyzed with little or no pre treatment. The short capillary emitter is capable 

to spray the charged droplets without applying any external force; in fact, in the first study,
67

 

the main driving force was capillary action. Therefore, the CAPI system also resembles the 

second section (close to the MS inlet) of the nanoDESI setup. Similarly to CAPI, the 

nanoDESI setup does not feature electrical connection of the spray emitter with a power 

supply. Unique to nanoDESI is the possibility of extracting solid samples adsorbed on 

surfaces in situ prior to ionization. Therefore, this technique seems ideal for detection of 

metabolites adsorbed on surface of passive sweat samplers. 

In this study, we first aimed to construct a nanoDESI source, and couple it with MS. 

Subsequently, the setup had to be tested with standard compounds. Second, we wanted to 
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verify if it is possible to detect metabolites adsorbed on the sampling tools by using this 

technique. Here we have taken advantage of commercial plasters as a ready material for the 

collection of sweat samples. We believed that the plasters are good enough for collecting and 

concentrating metabolites secreted with sweat, and could also be compatible with the 

nanoDESI-MS platform. Besides the commercial plasters, we also tested other materials, such 

as Teflon tape and filter paper. 

 

3.2 Experimental section 
 

3.2.1 Materials 

Acetic acid, 9-aminoacridine and creatinine were purchased from Sigma-Aldrich (St 

Louis, USA). Acetonitrile (LC grade) and methanol (LC-MS grade) were purchased from 

Merck (Darmstadt, Germany). Urea was purchased from JT Baker (Phillipsburg, USA). 

Palmitic acid was purchased from Alfa Aesar (Massachusetts, USA). 

 

3.2.2 Collecting real samples 

A 25-y/o healthy male – a non-smoker, not addicted to drugs or alcohol – volunteered to 

donate sweat samples for the study. The samples were collected several times – either directly 

to a test tube, or by using sampling materials listed in Table 3.1. The first samples used in this 

work were obtained following ~ 1 h of uninterrupted exercise in the gym. The plaster A was 

attached to skin near elbow. After the exercise, sweat was also collected to a test tube. The 

liquid samples were purified by centrifugation at 8000 rpm for 20 min. Subsequently, the 
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supernatant was diluted three times with pure methanol (LC-MS grade). Eventually, the 

solution was filtered using a 0.22-µm porous syringe filter, and stored in the refrigerator. 

The other samples were collected in the morning: The volunteer consumed several 

cookies, drank a cup ( 100 mL) of black coffee, and attached the plaster onto their arm (near 

their elbow). After  1 h, the plaster was taken away, and used as sample in the experiments. 

Alternatively, the plasters were stored in the freezer at -4 C. 

 

Table 3.1. Features of the sampling materials used in this study. 

Code Manufacturer Type Appearance Picture 

A 3M 
Nexcare 

bandage 
Non-transparent 

 

B 3M 
Nexcare 

waterproof bandage 
Transparent 

 

C 
ASO 

Pharmaceutical 

Fabric 

bandage 
Non-transparent 

 

D Toyo Roshi Kaiaha 
Filter paper, 

qualitative No. 2 
White paper 

 

E TBL 
Thread-seal Teflon 

tape 
White and thin 
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3.2.3 Construction of the nanoDESI source 

The nanoDESI system was built according to the original design reported by Laskin and 

co-workers.
6
 Figure 3.1 shows the setup used in this work: syringe pump was used to deliver 

nanoDESI solvent into the junction of two capillaries. A short fused silica capillary (length 2 

cm, ID 150 µm, OD 360 µm) was positioned such that a liquid junction could be formed 

between its inlet and the outlet of the capillary used to deliver nanoDESI solvent. Electrical 

connection with the ground was established at the metal needle of the syringe mounted in the 

syringe pump, and no other electrical connection was in use. The angle between the solvent 

capillary and the nanoDESI emitter was set to ~ 45. The nanoDESI emitter was initially 

tapered by pulling the fused silica capillary in flame, as described previously.
67,68

 The 

distance between the outlet of the nanoDESI emitter and the MS inlet was set to  1 mm. All 

the devices were placed on a one-axis translation stage for easy adjustment. The nanoDESI 

samples (e.g. plasters) were attached onto glass slides and fixed to an XYZ-stage to enable 

precise adjustment of the sampling position during the nanoDESI-MS measurement. The 

solvent mixture used in this nano-DESI experiment was composed of methanol and 

acetonitrile with the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 

The flow rate of the nanoDESI solvent was set to 2-5 µL min
-1

 (depending on experiment).  

 

3.2.4 Mass spectrometry instrumentation 

During the mass spectrometric analysis, we used the amaZon speed ion trap mass 

spectrometer from Bruker Daltonics (Bremen, Germany). The analyses were conducted with 

the voltage applied at the MS transfer capillary inlet set at -4.5 kV or +4.5 kV when working 
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in the positive and negative-ion mode, respectively. The dry gas flow rate was set to 10 L 

min
-1

. The m/z range was noamally set to 20 – 400. 

 

3.2.5 Data processing 

The MS data were acquired using the DataAnalysis software (version 4.0; Bruker 

Daltonics), then treated and displayed using the Origin Pro software (version 8; Origin Lab 

Corporation, Northampton, USA). 

 

3.3 Results and discussion 
 

3.3.1 Setup of the nanoDESI-MS system 

In our attempt to build a nanoDESI source, we followed the article by Roach et al.
60

 

(see Experimental Section; Figure 3.1). Several points of the ion source design and 

construction should be highlighted: The nanoDESI emitter capillary was tapered in the flame 

of a burner. Sharpening the outlet of the nanoDESI capillary helped to generate small 

microdroplets which are amenable to desolvation. In order to ascertain a high stability of the 

liquid junction between the two capillaries of the nanoDESI setup, and ensure continuity of 

the flow line, the flow rate had to be chosen carefully in a series of preliminary experiments 

(data not shown). The flow rate was also adjusted taking into account the wettability of the 

sample support with nanoDESI solvent. For instance, when analyzing samples adsorbed on 

the glue-coated section of plaster, we used a relatively low flow rate, 3 µL min
-1

. When using 

hydrophilic materials, such as filter paper, we had to use higher flow rates (e.g. 20 µL min
-1

), 

so as to ensure a high stability of the liquid junction. Furthermore, in order to keep the signal 

stable, we also had to make sure that there were no gas bubbles present in the flow line. 
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Owing to the design of the ion trap mass spectrometer, the high voltage -4.5 kV or +4.5 kV 

was applied at the inlet of the instrument. Therefore, in the nanoDESI setup, we connected 

electrical ground with the needle of the syringe used to pump nanoDESI solvent. We found 

that the electrical grounding of the method needle contributed to a higher stability of signal 

(data not shown). 

 

Figure 3.1. NanoDESI-MS setup used in this study. (a) 3D drawing of the setup (b) Photographs showing the 

assembly of the interface. Labels: (A) syringe, (B) grounding, (C) connector, (D) PEEK tubing, (E) 

sample stage, (F) one-axis stage, (G) XYZ-stage, (H) fitting, (I) connector, (J) fitting (K) solvent capillary, 

(L) plastic pipette tip, (M) solvent junction, (N) nanospray capillary, (O) MS inlet.  

 

3.3.2 Testing the interface 

After setting up the nanoDESI-MS interface, we tried to use it to detect standard 

chemicals, which are normally easily detected by common mass spectrometric methods. The 
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first compound analyzed was 9-aminoacridinine: 2 µL of the standard solution (10
-4

 M, in 

acetone) was spotted on the surface of a glass slide, and dried. Thus, the total amount spotted 

was 2 µg. The solvent system used in this nanoDESI experiment was composed of methanol 

and acetonitrile (1:1, v/v) spiked with acetic acid (final concentration, 0.1%). The MS signal 

of protonated 9-aminoacridine was very high (Figure 3.2a).  

 

Figure 3.2. Testing the nanoDESI-MS setup with artificial samples. (a) Analysis of a dry 9-aminoacridine (m/z 

194) deposit on glass by nanoDESI-MS operated in the positive-ion mode. The sample was prepared in 

the following way: 2.0 μL of 10
-4

 M 9-aminoacridine solution in acetone were deposited on the tape, and 

dried. (b) Analysis of a dry creatinine (m/z 113) deposit on glass by nanoDESI-MS operated in the 

positive-ion mode. The sample was prepared in the following way: 2.5 μL of 10
-4

 M creatinine solution in 

water were deposited on the glass, and dried. (c) Analysis of a dry urea (m/z 60) deposit on glass by 

nanoDESI-MS operated in the positive-ion mode. The sample was prepared in the following way: 2.0 μL 

of 10
-4

 M urea solution in water were deposited on the glass, and dried. The solvent mixture used in this 

nano-DESI experiment was composed of methanol and acetonitrile in the volume ratio 1:1, and it was 

spiked with acetic acid (final concentration, ~ 0.1%). 
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Furthermore, using the nanoDESI-MS setup, we could readily detect creatinine and urea 

(Figure 3.2b and 3.2c). In this experiment, we also noticed the problem of possible 

cross-contamination. For example, the spectrum in Figure 3.2c shows urea peak along with 

creatinine peak (which was present in the previously sample, Figure 3.2b). 

 

3.3.3 Recording blank spectra of various solvent systems 

We further evaluated quality of mass spectra recorded with different solvent systems, 

without depositing samples, in the negative-ion mode. We chose four different solvents for 

this study: (1) methanol/acetonitrile (1:1, v/v; with 0.1 % acetic acid); 

(2) methanol/acetonitrile (1:1, v/v); (3) acetonitrile; (4) methanol. Acetonitrile and acetic acid 

were LC-grade solvents, while methanol was LC-MS-grade solvent. The results are shown in 

Figure 3.3. We found that using the mixture of methanol and acetonitrile with acetic acid 

gave rise to a relatively high background feature in the m/z range of 170-300. Baselines 

obtained with other solvent systems were more flat. We think the LC-grade acetonitrile might 

contain more contaminants than other solvents; therefore, it contributes to the noisy 

background. Another source of spectral noise can be the acetic acid. We also found MS 

signals, which resemble those of polymers (peaks at the m/z 171, 196, 221; Figure 3.3.) 

Therefore, polymers may also be extracted from plastic pipette tip, contributing to spectral 

noise in the negative-ion mode. Despite the high noise level – to our surprise – the 

methanol/acetonitrile (1:1, v/v; with 0.1 % acetic acid) system produced the best results with 

metabolite standards and real samples (see section 3.3.5). In the positive-ion mode, a signal 

suppression could be caused by the contaminant, was observed (see section 3.3.4). 
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Figure 3.3. A blank nano-DESI mass spectrum recorded in the negative-ion mode; no sample target was present 

in the solvent junction area.  

 

3.3.4 Comparison of various sampling materials 

The goal of this experiment was to find a suitable material for sampling sweat from skin. 

We have tested five different materials (Table 3.1). The commercial plasters were most 

convenient because they have an adhesive layer and can be applied to human skin without 

safety concerns. Other materials tested (filter paper, Teflon) had other advantages, for 
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example, they have greater sorptive capabilities, or they are more resistant to solvents than the 

adhesive plasters.  

We further carried out analysis of the sample targets (without samples present), which 

were chosen for sampling sweat directly from human skin (Table 3.1). Initially, we recorded 

a nanoDESI spectrum of a commercial plaster (A, cf. Table 3.1). As shown in Figure 3.4, 

spectral background in the positive-ion mode is quite strong. The high peak at the m/z 149 is 

attributed to the common plasticizer: phthalic anhydride (molecular weight: 148.1 g mol
-1

). 

Another high peak, at the m/z 145 can be attributed to polyethylene glycol present in the 

solvent mixture used. The high background is due to the high sensitivity of MS; in other 

words, even little qualities of contaminants cause high background. We also found that the 

plaster A gave high spectral background in the negative-ion mode (see section 3.3.4). 

One important parameter of the sample support is the wettability of the surface by 

solvents. The glue-coated area of the plaster is hydrophobic; therefore, it is more compatible 

with the nanoDESI setup. When using the fabric area of the plaster for analysis, we found that 

the liquid bridge formed between the two capillaries was not stable, and much higher flow 

rates had to be used. In the positive-ion mode, a high spectral background was observed – in 

particular when using filter paper and Teflon tape as blank sample targets (Figure 3.5). In the 

positive-ion mode, most of the signals found in the spectra of plasters A, B and C essentially 

correspond to the solvent blank. However, in the negative-ion mode, we observed significant 

differences in the mass spectra recorded with different materials (Figure 3.6). Plaster A 

shows a spectral profile similar to the solvent spectrum recorded without any sample support 

(i.e. solvent blank). On the other hand, the analysis of plasters B and C yielded signals at the 

m/z 121 and m/z 165. Unfortunately, we could not identify the corresponding substances. 

Since plaster A relatively has a simple spectral background, we chose it for further work. 
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Figure 3.4. A positive-ion mode nano-DESI mass spectrum of plaster A (cf. Table 3.1). No sample has been 

deposited. The solvent mixture used in this nanoDESI experiment was composed of methanol and 

acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). Several signals 

can be observed; for example, the peak at the m/z 149 is most probably related to phthalic anhydride 

(molecular weight: 148.1 g mol
-1

), which is frequently used as plasticizer in consumer products. 

 

The other materials tested appear to be less suitable sample supports for nanoDESI-MS 

operated in the negative-ion mode. Although these materials might have absorbed 

considerable volumes of sweat, they did not accommodate stable operation of the nanoDESI 

setup. In these cases, the liquid junction formed by the nanoDESI solvent was not stable due 

to a higher wettability as compared with the glue-coated plaster area. Therefore, we conclude 

that plaster A is a more compatible sampling material with the nanoDESI-MS system. 
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Figure 3.5. A blank nanoDESI mass spectrum recorded in the positive-ion mode; no sample target was present 

in the solvent junction area. The solvent used in this nanoDESI experiment was pure methanol (LC-MS 

grade). Comparison of different solvent systems used in nanoDESI experiments is presented in Table 3.2. 
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Figure 3.6. Comparison of negative-ion mode nanoDESI mass spectra obtained for various materials tested in 

this study. No samples were spotted. The solvent used in this nanoDESI experiment was pure methanol 

(LC-MS grade).  
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3.3.5 Analysis of a sweat sample 

In the next experiment, we attempted using the nanoDESI-MS platform in the analysis 

of a real sample. A 2-µL aliquot of the liquid sample was spotted on the plaster A, and it was 

dried before analysis. Subsequently, we placed the plaster A beneath the liquid junction of the 

nano-DESI interface. The solvent mixture used in this nanoDESI experiment was composed 

of methanol and acetonitrile in the volume ratio 1:1, and it was spiked with acetic acid (final 

concentration,  0.1%). Figures 3.7 and 3.8 present the results obtained in the positive- and 

negative-ion modes, respectively.  

 

 

Figure 3.7. Analysis of a dry sweat deposit on plaster A by nanoDESI-MS operated in the positive-ion mode. 

Initially, the sweat sample was centrifuged at 8000 rpm for 20 min, and subsequently filtered using a 

0.2-μm syringe filter. The solvent mixture used in this nanoDESI-MS experiment was composed of 

methanol and acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 
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Figure 3.8. Analysis of a dry sweat deposit on plaster A by nanoDESI-MS operated in the negative-ion mode. 

Initially, the sweat sample was centrifuged at 8000 rpm for 20 min, and subsequently filtered using a 

0.2-μm syringe filter. The solvent mixture used in this nanoDESI-MS experiment was composed of 

methanol and acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 

 

The MS signals from contaminants recorded in the positive-ion mode were relatively 

high. Some of the peaks present in these spectra cannot be found in the blank spectrum (cf. 

Figure 3.4), which suggests that these may be metabolites present in sweat. Nevertheless, we 

could not find the peaks corresponding to two metabolites which are normally abundant in 

sweat: urea and creatinine.
69

 Interestingly, in the negative-ion mode, we could see a high peak 

at the m/z 187. In an attempt to identify the corresponding metabolite, we carried out tandem 

MS analysis of this ion; however, we could not observe any significant fragment peaks even 

we amplify the drive level of Ion trap. Based on the a database search (Human Metabolome 

Database, Edmonton, Canada),
70

 we suspect that this peak may correspond to 

N-acetyl-L-glutamine (molecular weight: 188 g mol
-1

), which is normally found in human 
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urine and is the acetylated form of the most abundant amino acid glutamine found in skeletal 

muscle tissue.
71

 The intensities of other MS signals in the negative-ion mode were also higher 

than in the blank. However, due to possible overlap, based on the current data, it is hard to 

judge on the possibility to detect other metabolites. For example, a peak at the m/z 255 

appeared in the blank spectrum of pure methanol (Figure 3.6), and a relatively high peak at 

the same m/z was observed in the real sample. This peak could potentially be assigned to 

palmitic acid (molecular weight: 256 g mol
-1

). Overall, the high signal of 

N-acetyl-L-glutamine may suggest that (i) this compound is highly abundant in sweat, (ii) this 

compound has a high ionization efficiency in nanoDESI, or (iii) a combination of both. 

In summary, we have demonstrated the feasibility of the analysis of sweat deposited 

on plaster by nanoDESI-MS. We have carried out optimization of solvent system, and 

pre-selected the sampling material. We have also analysed a real sample, deposited on 

adhesive plaster by nanoDESI-MS. 

 

3.3.6 Direct sampling of sweat from skin followed by nanoDESI-MS 

The next step in this project was an attempt to analyze metabolites sampled directly 

from skin (i.e. without the intermediate steps of collecting liquid samples, and pretreatment). 

The plaster was attached to skin of a volunteer for  1 h: during this period, the metabolites 

secreted with sweat were supposed to adsorb on the glue-coated surface of the plaster A. The 

plasters were subsequently analyzed by nanoDESI-MS without further treatment. The solvent 

mixture used in this nanoDESI-MS experiment was composed of methanol and acetonitrile in 

the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). The quality of 

positive-ion spectra (Figure 3.9) was comparable to that in the previous experiment with 

sample pretreatment (Figure 3.7). For example, in one test, the volunteer who donated their 
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sweat samples drank a cup of coffee just before the sampling; however, we could not find the 

anticipated peak of caffeine at the m/z 195 (Figure 3.9). On the other hand, in the 

negative-ion mode, a strong signal at the m/z 187 was recorded (Figure 3.10). Other signals – 

which were observed in the blank spectra in the negative-ion mode (cf. Figure 3.6) – had 

lower intensity; most probably due to ion suppression. The signal-to-noise ratios of the peak 

at the m/z 187, in the spectra obtained during the analysis of the liquid sample (Figure 3.8), 

and the “dry” sample collected directly on the plaster, were similar (Figure 3.10). Therefore, 

the basic concept of facile sampling (using passive samplers) used in conjunction with the 

nanoDESI-MS detection has been shown. However, further optimization of the sampling and 

the detection systems is necessary in order to detect not just one ‒ but many ‒ metabolites 

with high sensitivity. 

 

Figure 3.9. Analysis of a dry sweat collected directly on the plaster A by nanoDESI-MS operated in the 

positive-ion mode. The solvent mixture used in this nanoDESI-MS experiment was composed of 

methanol and acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 
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Figure 3.10. Analysis of a dry sweat collected directly on the plaster A by nanoDESI-MS operated in the 

negative-ion mode. The solvent mixture used in this nanoDESI-MS experiment was composed of 

methanol and acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 

 

In an attempt to improve the quality of the mass spectra, we also tested pure methanol 

(LC-MS grade) as the nanoDESI solvent. Although the spectral background became lower, 

the sensitivity (as judged based on m/z 187) also decreased (Figure 3.11). The knowledge – 

regarding spectral quality and sensitivity – gathered in this study – is presented in Table 3.2. 

Based on the current results, we advocate using the solvent mixture composed of methanol 

and acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%), 

as the nanoDESI solvent. We also suggest using high-purity (LC-MS) grade chemicals 

(acetonitrile, acetic acid) in future work. We conclude that the analysis of sweat samples by 

nano-DESI-MS combined with plaster-based sampling is more promising in the negative-ion 

mode than in the positive-ion mode.  
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Figure 3.11. Analysis of a sweat sample on plaster A, following incubation of the plaster with skin of a 

volunteer, using nanoDESI-MS operated in the negative-ion mode. The solvent mixture used in this 

nanoDESI-MS experiment was pure methanol (LC-MS grade). 

 

3.3.7 The influence of sampling time 

In the final experiment, we evaluated the influence of sampling time on the 

signal-to-noise ratio. A series of samples were collected at varied sampling times: from 1 to 

300 s. Interestingly, already after 10 s, a peak at the m/z 187 could be recorded (Figure 3.12). 

The signal-to-noise ratio generally increased with the sampling time. The result confirms that 

sweat is secreted by skin all the time, and plaster patches can readily be used to collect 

samples of sweat from skin prior to the analysis by MS. 
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Figure 3.12. Analysis of a sweat sample on plaster A, following incubation of the plaster with skin of a 

volunteer, using nanoDESI-MS operated in the negative-ion mode. The sampling time was varied (1 – 

300 s). The solvent mixture used in this nanoDESI-MS experiment was composed of methanol and 

acetonitrile in the volume ratio 1:1, spiked with acetic acid (final concentration,  0.1%). 
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Table 3.2. Performance of various solvent systems tested in this study. The quality of baseline and sensitivity 

were judged based on series of experiments with standards/real samples. Methanol was LC-MS grade. Other 

solvents were LC grade.  

 

3.4 Concluding remarks 
 

In this work we have proposed application of adhesive plasters as sampling tools for 

sweat, and analysis of such samples by nano-DESI-MS. We have tested the home-made 

nanoDESI source using artificial samples, and found that the analyte peaks can readily be 

recorded by mass spectrometer. For example, creatine and urea could be detected in the dry 

sample deposits. We further optimized the way of collecting sweat samples as well as the key 

parameters of the nanoDESI-MS method in order to ensure satisfactory quality of mass 

spectra. The optimized parameters included: type of sampling material, nanoDESI solvent 

system, as well as the MS ion mode. It is noteworthy that the presented analytical method 

takes advantage of commercial plasters as simple sampling tools which enable facile 

collection of sweat samples. We have found that such plasters are also compatible with the 

nanoDESI-MS setup used as the main analytical platform. Signal of metabolite 

(N-acetyl-L-glutamine) could be detected by nanoDESI-MS following a very short sampling 

period (a few seconds). In future, one can apply this method to sweat analysis and further 

clinical diagnosis of sweat. The biggest problem observed during the development of this 

Solvent Baseline Sensitivity 

MeOH/Acetonitrile 0.1% acetic acid +++ +++ 

MeOH/ACN ++ + 

MeOH + ++ 

Acetonitrile  ++ + 
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method was a relatively high spectral background due to the contamination signals the solvent 

system or sampling plasters. To mitigrate this problem high quality solvents adoption should 

be used in future work. Although commercial plasters are a convenient facilitating tool, they 

may also contribute to spectral background. To further develop this method, one needs to find 

or develop more reliable materials that would not increase the spectral noise, and could 

concerntrate metabolites at the same time. In addition, one may consider using this simple 

sampling method with another ion source, for example direct analysis in real time (DART)
72

 

and easy ambient sonic-spray ionization EASI
73

. 
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CHAPTER 4:  

 
Conclusions 

 

This reasearch work has led to the development of two methods for the analysis of 

metabolites in different kinds of biological samples by mass spectrometry. In the first study, 

we have developed a protocol for the analysis of small metazoan samples by matrix-assisted 

laser desorption/ionization mass spectrometry. The study has shown the feasibility of isotopic 

labeling of fruit flies with the purpose of pursuing metabolic effects of the circadian clock and 

environmental cues by mass spectrometry. The results also reveal a substantial metabolic 

inertia of the circadian clock: once adapted to the day/night cycle, the incorporation of 
13

C to 

UDP-Glc was not significantly altered by acute perturbation of the illumination cycle. We 

believe the method may also help to explore other biochemical phenomena in fruit fly as well 

as other metazoan species, which are commonly studied as model biological organisms. In the 

second part of this work, we have proposed application of adhesive plasters as sampling tools 

for sweat and subsequent analysis of such samples by nanospray desorption electrospray 

ionization. Following a short contact of plaster with skin (a few seconds), we could record 

one peak corresponding to a metabolite. The development of new sampling materials, which 

could reduce ion supperssion and enhance sensitivity, is needed. If successful, in future, the 

method may find applications in analysis and doping control. Overall, the work shows a broad 

applicability of mass spectrometric platforms in the analysis of metabolites in biological 
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samples. We have successfully used mass spectrometry in the analysis of different kinds of 

samples (microscale biological specimens and sweat). This confirms that, mass spectrometry 

can play an important role in future discoveries in bioscience. 
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