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1. Introduction 

The explosion-like development of drug research, medical and biological sciences has called 

for the development of analytical chemistry with emphasis on the improvement of instrumental 

analytics. The identification expectations raise such challenges towards analytical 

determinations that can be fulfilled only by using more complex techniques. Therefore, during 

the examination of organic compounds the coupled techniques have become conspicuous and 

the liquid chromatograph coupled to the mass spectrometer has received an outstanding role. 

In my thesis I discuss novel solution related to the quantitative determination of small molecules 

that are matched by the liquid chromatograph coupled to the triple quadrupole mass 

spectrometer (LC-MS/MS) systems the best. Often, for these types of tasks the sensitivity of 

the method represents the challenge. 

In my doctoral dissertation, I look for solutions of such analytical problems where the molecules 

of interest are present in small quantities or can be examined with difficulties in lower quantity. 

Thus, I selected the determination of steroid hormones. The examination of steroid hormones 

originating from blood is critical for various reasons. Due to their non-polar structure they 

ionize only with difficulty, as well as, they have low concentrations. The other analytical 

problem I discussed is the determination of anti-inflammatory drugs in drinking water, surface 

water and waste water. The nonsteroidal anti-inflammatory drugs are among the most 

consumed pharmaceuticals worldwide. Due to the use in great quantities they can be found in 

the environment in the form of active molecules in small quantities. The structures of the 

compounds of various impact mechanisms are versatile therefore, their simultaneous 

determination is difficult. It is verified to elaborate a sensitive method for their simultaneous 

determination.  

The purpose of increasing the sensitivity of the LC-MS/MS system is the determination of low 

concentrations or to simplify sample preparation eliminating the enrichment steps. Reducing 

the number of sample preparation steps results in the decrease of time and cost demand, as well 

as, it may improve the performance characteristics (reliability, repeatability, robustness, etc.) 

of the method. In developing my methods, I focused on these targets and I studied the 

applicability of the processes, accordingly. 



2. Background 

2.1. The role of micro LC in sensitivity enhancement and the effect of sample dilution in 

high volume injection 

The main reason of using micro LC is to gain lower limits of quantitation by preventing sample 

dilution within the chromatographic column. Reducing column internal diameter leads to 

increase analyte concentration in the chromatographic band. Moreover, decreased flow rate 

may result in higher ionization yield and reduced ion suppression/enhancement effects1. On the 

other hand, such reduction of column i.d. decreases kinetic efficiency and injection volume. 

Loading large sample volume onto µLC columns may cause difficulties: wide, distorted bands 

or if sample solvent strength is too high even analyte breakthrough can be observed, especially 

in the case of weakly retained compounds2.  Distorted peaks imply complications in peak 

integration, decrease sensitivity and cause poor resolution. Extremely low analyte concentration 

requires high volume injection sometimes from strong solvents. This is often the case when 

trace analytes should be determined from biological matrices. The aim of this work was to 

optimize a sample solvent system allowing higher volume injection in the analysis of steroid 

hormones from human plasma after protein precipitation with organic solvents. The effect of 

sample solvent strength and the maximum injectable volume on achievable LOQ was studied. 

2.2. Pushing quantitation limits in micro LC methods by on-line SPE system 

Although the improved sensitivity of LC-MS/MS technique in some cases, when trace analytes 

should be determined from biological matrices, the method must include some enrichment steps 

during the sample preparation to gain lower detection limits. Analyte concentration can simply 

be increased by evaporating the sample solvent after liquid/liquid extraction or solid phase 

extraction. LC–MS coupled with on-line SPE system using column switching technique is also 

a possible solution, which has been shown to improve method sensitivity and robustness, reduce 

sample preparation steps and analysis times compared to off-line sample preparation3. 

Advantages of µLC combined with on-line SPE technique can be a state of the art system for 

extremely low component analysis by injecting relatively high sample volume onto narrow-

                                                
1 H. Wang, P. Bennett, Performance assessment of microflow LC combined with high-resolution MS in 

bioanalysis., Bioanalysis. 5 (2013) 1249–67. doi:10.4155/bio.13.93. 
2 D. Vukmanic, M. Chiba, Effect of organic solvents in sample solutions and injection volumes on 

chromatographic peak profiles of analytes in reversed-phase high-performance liquid chromatography, J. 

Chromatogr. A. 483 (1989) 189–196. doi:10.1016/S0021-9673(01)93121-8. 
3 M. Rauh, M. Gröschl, W. Rascher, H.G. Dörr, Automated, fast and sensitive quantification of 17α-hydroxy-

progesterone, androstenedione and testosterone by tandem mass spectrometry with on-line extraction, Steroids. 71 

(2006) 450–458. doi:10.1016/J.STEROIDS.2006.01.015 



bore columns. The aim of this work was to enhance the micro UHPLC-MS/MS system 

sensitivity with on-line SPE and develop a micro UHPLC–MS/MS method for fast and reliable 

quantitation of extremely low steroid hormone concentration in various biological matrices. 

2.3. Increase the sensitivity of mass spectrometry in micro UHPLC-MS/MS methods 

Keeping in mind that sensitivity of LC-MS is priority in ultra-trace analysis, the main benefits 

of using liquid chromatography before the mass spectrometry are the increase of solute 

concentration in the chromatographic band and separate analytes from interfering matrix 

components. The sensitivity of MS depends on the number of ions reaching the detector, which 

can be increased by optimizing the MS parameters and fitting them to the molecules of interest. 

The amount of ions is highly affected by the efficiency of their formation, so the role of the ion 

source is extremely important in sensitivity. Ion formation is related to the matrix components 

and the eluent modifiers that can help or inhibit it. In addition, fragmentation and adduct 

formation in the ion source can result in pseudo-ions, which amount and stability may exceed 

that of the molecular ion. For this reason, choosing and measuring the appropriate ions is the 

key improving sensitivity. The aim of this work was to develop a micro UHPLC-MS/MS 

method combined with on-line SPE technique for fast and reliable quantitation of extremely 

low NSAID concentrations in various environmental matrices.   

2.4. Comparison of micro UHPLC - conventional HPLC and ESI - APCI  

The determination of sex hormones in different biological samples can be challenging, due to 

their extremely low concentration and difficulties of their ionization in the mass spectrometer. 

For this reason, sensitivity of sample preparation, chromatographic separation and mass 

spectrometric analysis need to be enhanced simultaneously. In addition to the techniques 

described in the previous chapters, the sensitivity of the method can be improved by increasing 

the ionization efficiency with component derivatization4 or using other ionization technique as 

APCI5 or APPI. The aim of this work was to compare different LC-MS techniques, focusing 

on the sensitivity of the methods and developing a more sensitive, simpler, faster procedure 

than the published methods. 

                                                
4 Q. Wang, K. Rangiah, C. Mesaros, N.W. Snyder, A. Vachani, H. Song, I.A. Blair, Ultrasensitive quantification 

of serum estrogens in postmenopausal women and older men by liquid chromatography-tandem mass 

spectrometry, Steroids. 96 (2015) 140–152. doi:10.1016/j.steroids.2015.01.014. 
5 T. Fiers, B. Casetta, B. Bernaert, E. Vandersypt, M. Debock, J.M. Kaufman, Development of a highly sensitive 

method for the quantification of estrone and estradiol in serum by liquid chromatography tandem mass 

spectrometry without derivatization, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 893–894 (2012) 57–62. 

doi:10.1016/j.jchromb.2012.02.034. 



3. Methods 

A Perkin Elmer Series 200 HPLC and an Eksigent MicroLC 200 Plus UHPLC (Sciex, MA, 

USA) including PAL System autosampler (CTC Analytics AG, Switzerland) coupled to a 

QTRAP 6500 triple quadrupole – linear ion trap mass spectrometer, equipped with a Turbo V 

Source (Sciex, MA, USA) was used for LC–MS/MS analysis. 

3.1. The role of micro LC in sensitivity enhancement and the effect of sample dilution in 

high volume injection 

Three different micro columns were tested: 3 µm, ChromXP C18CL, 120 Å, 150 × 0.3 mm; 

Eksigent, 2.7 µm, HALO Fused-Core C18, 90 Å, 50 × 0.3 mm; Eksigent, 2.7 µm, HALO Fused-

Core Phenyl Hexyl, 90 Å, 50 × 0.5 mm. Various sample volumes from 50 nl to 5 µl were 

injected from different sample solvents onto the columns. To decide whether an increase in 

injection volume and sample solvent strength leads to peak distortion, changes in peak width at 

half height (W0.5h) were monitored. Samples were eluted under gradient conditions with 0.1% 

formic acid in water and 0.1% formic acid in ACN. 

3.2. Pushing quantitation limits in micro LC methods by on-line SPE system 

Chromatographic separation was performed on Eksigent, 2.7 µm, HALO Fused-Core Phenyl 

Hexyl, 90 Å, 50 × 0.5 mm column following on-line solid phase extraction (SPE). Samples 

were injected onto ProntoSIL 5 µm C18H, 120 Å 10 × 0.5 mm trap column in high volume (90 

µl) by a 6-port switching valve from which the analytes were eluted under gradient condition. 

In the validated method, 440 µl plasma were diluted with 50 µl water and 10 µl deuterated 

internal standard solution. Finally, 1500 µl of ethyl acetate was added to the mixture and the 

solution was vortexed for a minute and extracted for 10 min by continuous agitation. The 

supernatants were separated and evaporated to dryness under nitrogen flow. The residue was 

reconstituted with 100 µl 90/10 (v/v) water/ACN and injected into the LC–MS. 

3.3. Increase the sensitivity of mass spectrometry in micro UHPLC-MS/MS methods 

The optimization of MS parameters (lens voltages, collision energy and identification of Q1 

and Q3 masses) were performed by direct infusion of standard stock solution from water using 

built in syringe. Chromatographic separation was performed on Eksigent, 2.7 µm, Phenomenex 

5 µm Luna C18, 100 Å, 150 × 0.3 mm column following on-line solid phase extraction (SPE). 

95 µl sample was injected onto ProntoSIL 5 µm C18H, 120 Å 10 × 0.5 mm trap column. 

Samples were eluted under gradient conditions with 0.01% formic acid in water and 0.01% 



formic acid in ACN. After the filtration samples were diluted with purified water, drinking 

water without dilution, surface water diluted to 20% and wastewater diluted to 10%. 

3.4. Comparison of micro UHPLC - conventional HPLC and ESI - APCI  

The four hormone components and their dansyl-chloride derivatives were analysed by 

conventional HPLC and micro LC following on-line SPE under ESI and APCI ionization 

conditions. Samples were eluted under gradient conditions with 0.1% formic acid in water and 

0.1% formic acid in ACN. Conventional chromatographic separation was performed on Thermo 

Scientific, 5 µm Beta-Basic C18, 120 Å, 50 × 2.1 mm column and Grace, 5 µm C18, 10 × 1 

mm trap column. Micro LC separation was performed HALO Fused-Core Phenyl Hexyl, 90 Å, 

50 × 0.5 mm and Protonosil 120 C18, 10 × 0.5 mm, 5 µm trap column. 

4. Results 

4.1. The role of micro LC in sensitivity enhancement and the effect of sample dilution in 

high volume injection 

My results clearly show, that column geometry has a strong effect on injection parameters, 

larger column volume is less sensitive for solvent strength and enables higher injection volume. 

Even though core-shell particles might be more sensitive to sample overload, their efficiency 

shows better sensitivity, due to narrower peaks. I declared, on-column focusing with gradient 

time optimization can be a good approach to prevent peak distortion in high volume injection. 

Analytes with greater retention showed less sensitivity to sample volume. Due to differences in 

solvent strength, the use of MeOH as sample solvent enabled the injection of higher volumes 

compared to using ACN. I proved that, sample solvent dilution with water helps to solve peak 

distortion problems. Diluting MeOH with 25% water and ACN with 50% water enabled the 

injection of the full loop volume, that resulted in two-five times lower LOQ, depending on the 

analyte. Applying the results previously described a micro UHPLC–MS/MS method was 

successfully developed with increased sensitivity to measure steroid hormones from human 

plasma. 

4.2. Pushing quantitation limits in micro LC methods by on-line SPE system 

As a result of my study, I reported a fully validated on-line SPE micro UHPLC–MS/MS method 

for the simultaneous determination of 13 different steroid molecules in human plasma. On-line 

SPE coupled to micro LC has firstly been examined from the quantitative analysis side. LOQ 

values achieved the expected levels with 5-10 pg/ml concentration, moreover, in some cases 



the method outperforms published values. This novel method with a short analysis time (3mins) 

and simple sample preparation procedure allows high-throughput steroid analysis, which can 

be interesting to routine clinical laboratories. 

4.3. Increase the sensitivity of mass spectrometry in micro UHPLC-MS/MS methods 

In this study I reported a validated on-line SPE micro UHPLC-MS/MS method for the 

simultaneous determination of 10 different NSAIDs from drinking water, surface water and 

wastewater. Contrary the previously published literature, some of the molecules lost carboxyl 

group following by the proton loss and produced more intense ions in the ion-source. The 

selection of these ion-source fragments in Q1 resulted in sensitivity gain. The effect of the pH 

to the sensitivity was also examined, most of the NSAIDs was found to show ten times higher 

sensitivity in acidic environment. It was found, that dilution of widely used 0.1% formic acid 

eluent pH modifier resulted in 2–4 fold increase in sensitivity. Coupling the selective mass 

spectrometer with on-line SPE micro UHPLC system gained further increased of sensitivity, 1-

10 pg/ml LOQ level was successfully achieved. Main advantages of this method are its small 

sample consumption, ease of sample preparation (simple dilution) and short analysis time. 

4.4. Comparison of micro UHPLC - conventional HPLC and ESI - APCI  

Being the first, I measured sex hormones by micro LC technique and compared the results 

obtained with conventional HPLC. The comparison presents the advantages and disadvantages 

of different chromatographic systems and ionization techniques, and the importance of micro 

LC in method sensitivity. When injecting equal volumes, the micro LC technique can be used 

to develop a 20× more sensitive method. Extending the micro LC method with an online SPE 

system resulted in a further 10× sensitivity increase. The APCI ionization of estrogens gave a 

more intense signal, and by selecting the water-dissociated ions of estriol and estradiol, a 100× 

increase in sensitivity could be achieved. Finally, derivatization of the compounds with dansyl-

chloride and examination of the derivatives further reduced the limit of detection, thus 

achieving very low detection and determination values (5-10 pg/ml) in a short 3 minute method. 

5. New scientific conclusions in the thesis 

• Being the first, I gave a detailed, comparative evaluation of the behaviour of new types 

micro columns with different geometries and particle size under the condition of high volume 

injection from strong sample solvent, with a quantitative approach. I successfully increased the 



acceptable injection volume of the columns by sample solvent strength and gradient time 

optimization and thus the sensitivity of the method with 2-5 factor. /1/ 

• As new approach, using on-line SPE with column switching on a micro UHPLC–

MS/MS system allowed to develop a really sensitive and fast method for the simultaneous 

determination of 13 different steroid molecules in human plasma. Due to the system, it was 

managed to achieve the expected LOQ levels without complicated and time-consuming sample 

preparation, moreover, in some cases the method outperforms published average values. /2/ 

• For the first time, I developed and validated an on-line SPE micro UHPLC–MS/MS 

method for the simultaneous determination of 10 NSAIDs from drinking water, surface water 

and wastewater. Using previously unpublished dissociated molecular ions and proper low pH 

control improved the method sensitivity further. The LOQ values of the method allowed direct 

analysis without sample preparation, opening a new area in the environmental analysis. /3/ 

• For the first time, I developed an on-line SPE micro UHPLC-MS/MS method for 

simultaneous determination of sex hormones. Derivatization of the compounds with dansyl-

chloride further reduced the limit of detection, thus achieving very low detection values (1-10 

pg/ml). 

6. Application 

My results create new opportunities to develop simple, rapid and sensitive methods for the 

analysis of clinical and environmental samples. The procedures and approaches introduced in 

my work may be useful and provide solutions for cases when method sensitivity is of critical 

importance. The validated methods are suitable to fulfil the requirements of routine analytical 

laboratories.  

7. Publications 

7.1. Articles in the topic of the thesis 

/1/Marta Z, Bobaly B, Fekete J, Magda B, Imre T, Meszaros KV, Szabo PT 

Pushing quantitation limits in micro UHPLC-MS/MS analysis of steroid hormones by sample dilution 
using high volume injection. 

JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 129: pp. 135-141. (2016) (IF: 

2,983)  

/2/Zoltán Márta, Balázs Bobály, Jenő Fekete, Balázs Magda, Tímea Imre, Katalin Viola Mészáros, 

Mária Bálint, Pál Tamás Szabó 

Simultaneous determination of thirteen different steroid hormones using micro UHPLC-MS/MS with 
on-line SPE system 



JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 150: pp. 258-267. (2018) (IF: 

2,983) 

/3/Zoltán Márta, Balázs Bobály, Jenő Fekete, Balázs Magda, Tímea Imre, Pál Tamás Szabó 

Simultaneous determination of ten nonsteroidal anti-inflammatorydrugs from drinking water, surface 

water and wastewater using microUHPLC-MS/MS with on-line SPE system 
JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 160: pp. 99-108. (2018) (IF: 

2,983) 

 

7.2. Other articles related to the doctoral work 

Balázs Magda, Zoltán Márta, Tímea Imre, Bernadett Kalapos-Kovács, Imre Klebovich, Jenő Fekete, Pál 
T Szabó 

Unexpected retention behavior of baicalin: Hydrophilic interaction like properties of a reversed-phase 

column 

JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 111: pp. 119-125. (2015) (IF: 

2,983) 

Balázs Magda, Zoltán Dobi, Katalin Mészáros, Éva Szabó, Zoltán Márta, Tímea Imre, Pál T Szabó 

Charged derivatization and on-line solid phase extraction to measure extremely low cortisol and 
cortisone levels in human saliva with liquid chromatography–tandem mass spectrometry 

JOURNAL OF PHARMACEUTICAL AND BIOMEDICAL ANALYSIS 140: pp. 223-231. (2017) (IF: 

2,983) 

Meszaros K, Karvaly G, Marta Z, Magda B, Toke J, Szucs N, Toth M, Racz K, Patocs A 
Diagnostic performance of a newly developed salivary cortisol and cortisone measurement using an 

LC-MS/MS method with simple and rapid sample preparation. 

JOURNAL OF ENDOCRINOLOGICAL INVESTIGATION 41: pp. 315-323. (2018) (IF: 3,439) 

 

7.3. Publications not closely related to the doctoral work 

Bobály Balázs, Mikola Vivien, Sipkó Enikő, Márta Zoltán, Fekete Jenő 

Recovery of Proteins Affected by Mobile Phase Trifluoroacetic Acid Concentration in Reversed-Phase 

Chromatography 

JOURNAL OF CHROMATOGRAPHIC SCIENCE 53:(7) pp. 1078-1083. (2015) (IF: 1,216) 

Balazs Bobaly, Zoltan Marta, Jeno Fekete, Davy Guillarme, Szabolcs Fekete 

Comparative Study on Selectivity and Kinetic Performance of Recent Reversed Phase Liquid 

Chromatography Columns in the Separation of Protein Variants 

CURRENT CHROMATOGRAPHY (ISSN: 2213-2406) 2: (2) pp. 136-144. (2015) 

 

7.4. Presentations 

Márta Zoltán, Magda Balázs, Steindl Kristóf, Imre Tímea, Szabó Pál 

Eltérő LC-MS technikák bemutatása kortizon és kortizol meghatározására különböző biológiai 
mátrixokból 

Elválasztástudományi Vándorgyűlés, Egerszalók (2014) 

Magda Balázs, Márta Zoltán, Imre Tímea, Kalapos-Kovács Bernadett, Klebovich Imre, Szabó Pál  
Amikor a víz az úr – avagy a fordított fázisú folyadékkromatográfia egy különleges esete 

Elválasztástudományi Vándorgyűlés, Egerszalók (2014) 

Szabó Pál, Magda Balázs, Márta Zoltán, Imre Tímea, Steindl Kristóf  
Gyógyszermolekulák meghatározása hajból, nagy érzékenységű LC-MS/MS technikával 

Farmakokinetika és Gyógyszermetabolizmus Szimpózium, Galyatető (2014) 



Márta Zoltán, Magda Balázs, Bobály Balázs, Fekete Jenő, Imre Tímea, Szabó Pál 

Az érzékenység növelés lehetőségei LC-MS/MS mérések során 

MKE Tömegspektrometriai Szakmai Nap, Budapest (2015) 

Magda Balázs, Márta Zoltán, Imre Tímea, Szabó Pál  

Tömegspektrometriás mennyiségi meghatározások korlátai. Meddig növelhető az egyszerre 
meghatározható komponensek száma? 

MKE Tömegspektrometriai Szakmai Nap, Budapest (2015) 

 

7.5. Posters 

Balázs Magda, Zoltán Márta, Tímea Imre, Pál Szabó  
Determination of immunosuppressants and their metabolites in human plasma with on-line sample 

preparation using HPLC-MS/MS 
Balaton Symposium, Siófok (2013) 

Balázs Magda, Zoltán Márta, Tímea Imre, Bernadett Kalapos-Kovács, Imre Klebovich, Jenő Fekete, Pál 
T. Szabó  

Unexpected retention behavior of baicalin: Hydrophilic interaction like properties of a reversed-phase 

column 

X. Balaton Symposium, Siófok (2015) 

Márta Zoltán, Magda Balázs, Bobály Balázs, Fekete Jenő, Imre Tímea, Szabó Pál 

Pushing quantitation limits by sample dilution in microflow UHPLC-MS/MS analysis of steroid 

hormones 

X. Balaton Symposium, Siófok (2015) 

Márta Zoltán, Magda Balázs, Imre Tímea, Szabó Pál 

Kromatográfiás érzékenységnövelés lehetőségei LC-MS/MS mérések során 

Elválasztástudományi Vándorgyűlés, Kecskemét (2016) 

Balázs Magda, Zoltán Márta, Zoltán Dobi, Katalin Mészáros, Éva Szabó, Tímea Imre, Pál T. Szabó 

Charged derivatization and on-line solid phase extraction to measure extremely low cortisol and 
cortisone levels in human saliva with liquid chromatography – tandem mass spectrometry 

XI. Balaton Symposium, Siófok (2017) 

 


