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1.  Introduction 
 

Mass spectrometry (MS) is an analytical technique, which produces ions and measures 

their mass to charge ratio. The development of mass spectrometers and their sensitivity has 

allowed it to become a vital tool in a wide range of fields.  In addition, samples can be 

analyzed in gas, liquid, or solid phase, and the masses of analytes can be studied from the 

atomic to protein range.  Significance of mass spectrometry has been recognized by the Nobel 

Prize, which was awarded to John Fenn and Koichi Tanaka “for their development of soft 

desorption ionization methods for mass spectrometric analysis of biological macromolecules”. 

Popularity of mass spectrometry has increased since its combination with 

chromatographic separation techniques [1,2]. 

Direct ionization methods were introduced in 2004, which established direct, sample 

preparation-free mass spectrometric analysis, therefore, the in vivo mass spectrometric 

techniques became important in clinical and biological research [3].  

The first application of mass spectrometry to biology began in the 1940s, when 

CO2 production in animals was studied. MS has been used in screening newborns for 

metabolic disorders, measuring of protein expression levels in cells, determining of minerals 

in food, and studying metabolism of pharmaceutical drugs. In drug discovery it is an 

important factor that drugs have to cross several pharmacological barriers. Efficiency of drug 

depend on its absorption, distribution, metabolism, excretion, and toxicity (ADME-Tox) [4].  

In the past years the need for including membrane transporter studies in basic drug 

metabolism assays got realized [5].  

Traditionally, most of the laboratory tests are carried out using blood samples, either 

as whole blood or serum/plasma [6]. Since the average number of parameters tested in the 

course of one clinical examination has increased dramatically, the amount of the drawn blood 

samples has also increased. As an alternative, the analysis of sweat and saliva has been 

proposed. It was already demonstrated that these sample types are indeed applicable for drug 

analysis both in the case of forensic applications and therapeutic drug monitoring. Recent 

development of ambient ionization methods (e.g. desorption electrospray ionization, DESI) 

has opened the door to a novel approach to biological sample analysis, including the analysis 

of biological fluids. Although these methods require minimal amounts of samples, the 

underlying sampling technique is still invasive. 
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2. Aims 

 

The pharmacological relevance of ABC transporters has promoted efforts to establish in 

vitro systems for testing drugtransporter or drug-drug interactions. There are several possible 

ways to assess susceptibility to transport and the relevance of the transporter-based effects. 

The function of ABC transporters have been characterized by measuring the cellular uptake, 

efflux, or steady-state distribution of fluorescent substrates and radioactively labeled drugs. A 

more direct measurement of substrate translocation and its modulation can be achieved by 

vesicular transport assays. The interaction of the drug and the ABC transporter is 

characterized by measuring the accumulation of fluorescently or radioactively labeled 

compounds in vesicles separated from the incubation solution by rapid filtration through glass 

fiber filters or nitrocellulose membranes. While the vesicular transport assay is widely used in 

low- or medium-throughput setups, a major limitation is the labeling of the compounds [7].  

One of the aims of the present study was to quantity of the intravesicularly trapped non-

labeled test compounds with high-performance liquid chromatography and mass 

spectrometry (HPLC/MS). The second aim was the development of a desorption electrospray 

ionization -mass spectrometry (DESI-MS) method that makes direct, high-throughput 

investigation of drug-transporter interactions by minimized sample preparation possible.  

Application of DESI to the analysis of biological samples has been successfully demonstrated. 

Although these methods require a minimal amount of sample, the underlying sampling 

technique is still invasive [8]. The DESI method, however, offers an alternative, even less 

invasive approach, namely the analysis of the intact skin [9]. Intact skin DESI analysis has 

been briefly introduced in the first report on DESI technique for therapeutic drug monitoring, 

however, further development has not been reported yet. The other aims were of the present 

study to characterize the intact skin DESI technique and provide further application areas 

including ADME, drugs of abuse detection, and fundamental biochemical research.  
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3.  Methods 

3.1. HPLC-MS method for the quantitative assessment of ABCG2 transporter 
activity 

 
Sf9 insect cells were infected with recombinant baculovirus containing the cDNA of 

human ABCG2 as described [10]. Culturing and infection of  Sf9 cells and the preparation and 

storage of membranes were performed as described [11]. MgATP-dependent uptake of 

methotrexate (MTX) in inside-out membrane vesicles was measured by a modified rapid 

filtration method. Briefly, the MTX uptake reactions were carried out in transport assay buffer 

containing membrane vesicles, ATP and the indicated amounts of MTX. Following 

incubation, the transport reaction was stopped by the addition ice-cold washing buffer. The 

samples were filtered rapidly through FHLC membrane filters with 0.45 m pore size by 

vacuum. The filters were then washed washing buffer, and the samples were eluted with  

methanol/water (95/5) containing folic acid as an internal standard (IS). C18 SPE columns 

were used to remove lipids, and polypropylene tubes were used as collecting tubes to prevent 

non-specific adsorption. The extracts were evaporated to dryness and then reconstituted in 

acetonitrile/water prior to HPLC-MS analysis.  

 

3.2.  DESI-MS method for the quantitative assessment of ABCG2 transporter 

activity 

Following incubation, the vesicles were resuspended in  ul ice-cold washing buffer and 

the solution was filtered on the surface of  a 2 mm diameter FHLC filter mounted on a 

polypropylene male luer part. In order to enhance the mechanical stability of the filter, a 1 

mm thick, 20 m pore size HDPE frit was employed as filter support. The filtered vesicles 

were washed with washing buffer, dried, and analyzed by means of desorption electrospray 

ionization (DESI) mass spectrometry.  

 

 

3.3. Non-invasive skin analysis by desorption elektrospray ionization-mass 
spectrometry  

 
DESI spectra were acquired using a modified OmniSpray ion source mounted on either an 

LCQ Duo quadrupole ion trap mass spectrometer or an LTQ Orbitrap Discovery Fourier 

transform mass spectrometer. 
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Animals and experimental procedures 
 

Male Wistar rats aging 8–10 weeks were used in the pharmacokinetic studies. The 

animal treatments were in compliance with the guidelines established by the Animal Care 

Committee of Semmelweis University and the Hungarian Guide for the Care and Use of 

Laboratory Animals.  

Diabetes was induced by a single intraperitoneal (i.p.) injection of streptozotocin and 

was confirmed 1 week later by the presence of polyuria and glucosuria. Age matched controls 

were injected with an equivalent volume ofcitrate buffer solution. Blood was obtained from 

the tail of the animals and glucose levels were measured with commercially available Accu-

Check meters. Animals with blood glucose levels above 15 mmol/l were involved in the 

study. MS measurements from animals were performed 4 weeks after theinduction of 

diabetes.  

DMTU (50 mg/kg) was administered by a single i.p. injection. Rats were infused with 

angiotensin II (33 g /kg/h) from day 4, via subcutaneously implanted osmotic minipumps. 

The animals were anaesthetized with i.p. injections of 50 mg/kg ketamine, and 10 mg/kg 

xylazine or pentobarbital (35 mg/kg)  in the model experiments of oxidative stress. 

 

 

 

4. Results and discussion 

Transport processes 

 

1.   HPLC-MS method 

a) Positive ion electrospray ionization (ESI) was utilized for all HPLC/MS experiments. 

Protonated molecular ions of analytes were detected in multiple reaction monitoring 

(MRM) mode using the 455–308 fragmentation channel for methotrexate and 442–295 for 

folic acid. 

 

b) The HPLC gradient program was used according to 5% ACN / 95% water → 70% 

ACN / 30% water. The mobile phase was 0.1% acetic acid in water and 0.1% acetic acid 

in acetonitrile. The estimated lower limit of quantification (LLOQ) of the method was 1 

ng/mL for both analytes. 
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2.  Development of modified filter setup 

 

a) Samples were filtered rapidly through polytetrafluoroethylene  (PTFE, teflon) 

membrane filters.  

b) Recovery experiments showed that methotrexate and folic acid is adsorbed on the 

polyethylene filter setup. To ensure 100% recovery we developed a stainless steal 

filter setup with co-workers of Jedion Kft.  

c) We chose to elute the intravesicularly trapped MTX with 3mL 95% methanol since 

methanol dissolves MTX without reacting with the material of the manifold or the 

filter and it can be readily evaporated. 

d) Analysis of the samples showed that complex ionic lipids originating from the 

membrane vesicles were also eluted. Removal of complex lipids from the samples was 

performed by SPE (solid phase extraction) using octadecyl-silica packing. SPE 

cartridge was attached to the filter housing prior to elution. 

 

3.   To assess the reliability of the modified vesicular assay protocol, we determined 

the ATP-dependent uptake of MTX into membrane vesicles prepared from Sf9 cells 

expressing human ABCG2. MTX transport by ABCG2 was found to have an apparent 

Km of 580 M and a Vmax about 2800 pmol/mg/min, in agreement with earlier reports 

obtained with isotopically labeled MTX showing that ABCG2 is a low-affinity, high-

capacity transporter of MTX. 

 

4. DESI-MS method 

 

a) Methanol/water (1:1) was used as spray solvent. 

b) The vesicles was filtered on the surface of a 2mm diameter PTFE filter mounted on a 

polypropylene male Luer part. In order to enhance the mechanical stability of the 

filter, a 1mm thick, 20 m pore size HDPE frit was employed as filter support.  

c) ATP-dependent transport was calculated by subtracting the values obtained in the 

absence of ATP from those in the presence of ATP. To assess the effect of ABCG2-

inhibition on MTX transport, the vesicles were preincubated with inhibitor of ABCG2. 

d) Analysis of time course of MTX transport suggests that the DESI-MS analysis of the 

filtrated vesicles provides quantitative information on transporter activity, similarly to 
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the gold-standard scintillation or the HPLC/MS methods described hereby. Although 

the HPLC/MS and the DESI methods yielded almost identical results, the standard 

deviation of the results obtained by DESI-MS are larger (15– 35%). 

 

 

Intact skin analysis by desorption electrospray ionization mass spectrometry 

 

1. The ion source was modified by using a 4 GΩ ohmic resistor in the HV line and 

also using PTFE spacers to avoid direct contact between the skin and the electrospray 

tip and between the skin and the atmospheric inlet of mass spectrometer. The heated 

capillary was increased with 4 cm to make sampling simple.  

 

2. Skin as a sample holder was examined. Various concentration of bradykinin and 

rhodamine 6G solution was deposited onto the finger of volunteers. The estimated 

limit of detection (LOD) lower limit of quantification (LLOQ) was less than 1 g/mm2 

and  the analytes were quantified within a linear range of 3 orders of magnitude.  

 

3. The DESI-MS data collected from intact skin surface of healthy volunteers show a 

pronounced time dependence regarding both ion population and overall intensity. The 

trasient ion population features overwhelmingly background ions (solvent impurities, 

plasticizers, additives of plastic parts of experimental setup, etc.), with only a few, low 

intensity ions corresponding to molecular species originating from the metabolism of 

the subject. The persistent signal in negative ion mode was associated with the 

excreted species in the case of hydrophilic compounds (e.g. lactic acid) and molecules 

of both internal and external origin in the case of hydrophobic compounds. 

 

 

4. In order to demonstrate the different behavior of molecules with internal or 

external origin, a study was performed using nicotine as a hydrophil model compound. 

One subject (a smoker) smoked a cigarette while the other (a non-smoker) has rubbed 

a single tobacco leaf strip between thumb and index finger. While the overall signal 

intensity reached 3 times higher value in the case of the latter subject, the signal was 

rapidly attenuated and nicotine was not detectable 10 minutes later. The analysis of the 

fingertip of the smoking subject produced lower overall intensity, however, the signal 
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was persistent. The nicotine detected from the skin of a smoker was continuously 

excreted presumably by the sweat glands. 

 

5. Hydrophobic compounds are either excreted through the sebaceous glands or 

originated from external sources. These compounds systems are not removed rapidly 

by the spray, regardless of their origin. An example of the anesthetic Propofol was 

determined from skin surface. Its half life was estimated at 7-8 hours by DESI-MS. 

 

6. Male Wistar rats were anesthetized with i.p. injections of ketamine and xylazine. 

The positive ion DESI-MS spectra collected from the left hind sole of the animals 

featured characteristic signals corresponding to ketamine and xylazine. Besides drug 

molecules, urea and creatinine have also been observed in the spectra. The intensity of 

the molecular ions of ketamine and creatinine was determined in 10 min intervals. 

Dried blood spot samples were collected simultaneously which were used for 

ketamine determination by HPLC-MS. The use of the sodiated creatinine signal as an 

internal standard, the normalized ketamine signal shows acceptable similarity to 

HPLC-MS results. It provides useful information on the pharmacokinetics of the drug 

molecule. 

 

7. Acut and chronic oxidative stress in rats was demonstrated by real time 

quantification of N,N-dimethylthiourea (DMTU) and DMTU-S-oxide. Acute oxidative 

stress was modelled by temporarily coronalligation. The result of coronal ligation is 

highly similar to myocardial infarct, since the circulation is stopped in a large part of 

the myocardium, causing ischemic damage. In our examination the DMTU/DMTU-S-

oxide ratio was unchanged at the beginning of 60 minutes of ischemia, the ratio has 

significantly dropped on the reperfusion event. 
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5. Conclusions  

 

We have studied biological transport processes with mass spectrometric techniques.  

The uptake of methotrexate in inside-out membrane vesicles containing ABCG2 

transporters was determined by a modified rapid filtration method and HPLC-MS technique. 

Measurements of kinetic parameters of methotrexate transport show that developments by our 

group are suitable to test ABC transporter substrates and inhibitors. There is no need for a 

labeled compound, resulting in safer working conditions compared to the scintillation method.  

Results suggest that a high-throughput 96 well plate could be developed to characterize drugs 

as substrate or inhibitor of ABC transporters.  The DESI-MS-based transport assay is faster 

than HPLC-MS and the scintillation method. On the other hand, being semi-quantitavive, the 

DESI-MS-based transport assay is more applicable to high-troughput screening of transport 

candidates.  

The in vivo intact skin DESI-MS analysis has described the potential to provide a non-

invasive testing approaches in forensics, pharmacology and medical diagnostics. The 

presented applications all require detailed systematic validation studies, in order to determine 

the absolute sensitivities in the case of forensic applications, and to establish physiological 

concentration ranges and correlation with the results of alternative testing methods of testing 

for diagnostics. 
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