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ABSTRACT
This work is focused on both targeted and comprehensive approaches of proteomic studies.
The targeted proteomics brings information about protein presence and localization in a cell or
tissue using luminescence labels based on quantum dots, while the comprehensive approach
deals with the identification of changes in proteomes of two or more specimens of the same
organism that have grown in various conditions. Since the proteomics requires high sensitive
separation and identification techniques, various methods of sensitivity improvement in capillary
electrophoresis - mass spectrometry were verified in this work. The use of a liquid junction
interface as a hyphenation between these two techniques ensures a higher sensitivity of analyses.
This was verified also by the analysis of ethanol and cocaine metabolites in human urine.
The developed instrumentation and methodology are utilizable for the estimation of the influence
of important environmental factors on living systems at the cellular as well as molecular levels.

ABSTRAKT
Tato práce je zaměřena jak na cílený tak na přehledný přístup ve studiu proteomiky. Cílená
proteomika přináší informace o přítomnosti proteinu a jeho lokalizaci v buňce či tkáni pomocí
luminiscenčních značek na bázi kvantových teček, zatímco přehledná proteomika se zabývá
identifikací změn v proteomu dvou nebo více jedinců stejného druhu vystavených různým
podmínkám. Protože proteomika vyžaduje vysoce citlivé separační a identifikační techniky, byly
v této práci ověřeny různé metody zlepšení citlivosti kapilární elektroforézy s hmotnostní
detekcí. Použití rozhraní s kapalinovým spojem pro spojení těchto dvou technik, které zajišťuje
vyšší citlivost analýz, bylo také ověřeno analýzou metabolitů etanolu a kokainu v lidské moči.
Zavedené techniky instrumentace jsou využitelné při posouzení vlivu významných faktorů
životního prostředí na živé systémy jak na buněčné tak na molekulární úrovni.

KEYWORDS
targeted proteomics, quantum dots, immunoluminescent probes, comprehensive proteomics,
capillary electrophoresis with mass spectrometry, liquid junction interface
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INTRODUCTION

After the genome of many organisms including human was identified, proteome discovery is

now in the focus of attention. The term proteome corresponds to the entire set of proteins

expressed in organisms from DNA. Proteome can vary a lot with time, because of different

changes of external conditions and the actual phase of cell life cycle. Transformation of

proteome is very dynamic and thus the study of organisms´ protein content can show us the

reaction in cells prior to changes in metabolome or apparent physiological modifications.

Proteomics deals not only with the proteins identification and quantification, but also with the

study of protein structures, functions, post translational modifications, metabolic pathways and

biomarkers detection. Not only a proteomic background of human diseases, but also the effect of

various environmental factors like traffic, industry or agriculture on organisms is nowadays

studied by environmental science.

Extremely complex effect of environment is displayed in microorganisms. The environment is a

source of nutrients for microorganisms and also forms space for their growth. On the other hand,

microbial cells are continuously exposed to a myriad of changes in environmental conditions.

These conditions determine their metabolic activity, growth and survival. Basic knowledge of the

influence of environmental factors on microorganisms on proteome level is important for

understanding the ecology and biodiversity of microbial populations as well as for control of

microbial physiology in order to enhance the utilization of microorganisms or to inhibit or stop

their harmful activity.

Two approaches for study of proteome are nowadays available, targeted and comprehensive.

Targeted proteomics deals with selective identification and localization of a protein of interest

within the cell or tissue using specific luminescence probes. The comprehensive proteomics is

focused on systematic protein analysis, their identification and determination of their functions

using high sensitive separation techniques. By combination of both approaches, the proteome of

microorganisms or other part of biota can be studied in details. This leads to the understanding of

the dependence of microbial metabolism on the changes in the environment.
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OBJECTIVES OF THE STUDY

There are three objectives of this doctoral thesis:

The development of selective fluorescent molecular probes synthesized via conjugation of

quantum dots with antibodies or other specific ligands. The probes will be designed for high

sensitivity analyses of chosen analytes by capillary electrophoresis with laser-induced

fluorescence detection or fluorescence microscopy imaging of individual cells and tissues

potentially exposed to external stress.

The optimization of laboratory procedures for the identification of protein changes in

carotenogenic yeast Rhodotorula glutinis cultivated under normal conditions and under

environmental stress. The instrumentation methods will comprise two-dimensional gel

electrophoresis followed by liquid chromatography or capillary electrophoresis with mass

spectrometry identifications.

The design and testing of a new interface between capillary electrophoresis and mass

spectrometry; the interface will ensure high sensitivity analyses of proteins and their peptides as

well as small molecules of clinically important metabolites in complex matrices of human urine

samples.
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1. THEORETICAL PART

1.1 Semiconductor nanoparticles: quantum dots

Semiconductor properties arise from the periodic arrangements of atoms in crystalline lattice.

The spatial overlapping of the atomic orbitals leads to the formation of conduction and valence

bands, where electron and hole states are separated by a forbidden band gap. Band gap energy is

a main factor determining the conductivity of solids. The band gap with high energy belongs to

the insulators, band gap with medium energy corresponds to semiconductors and very low

energy or no band gap refers to conductive materials [1]. The major consequence of the quantum

confinement effect in semiconductor is that their properties are size dependent, although this

variable occurs at the size lower than 10 nm. As the particle size decreases, the band gap energy

increases, which can be observed as a blue shift to lower wavelengths in luminescence spectra

[2]. Quantum dots (QDs) are semiconductor nanocrystals, whose size is usually in range from

1 nm to 10 nm. They can be made from different semiconductor materials from the elements of

II - VI groups of periodical table like various sulphide, telluride, selenide or phosphide of

cadmium, lead, zinc, indium or gallium.

The main advantages of QDs, in comparison with traditional fluorophores, are their unique

optical properties. Their excitation spectra have much broader range than spectra of organic

dyes; on the other hand, emission spectra are narrow and symmetrical; do not display the long-

wavelength tail common to low molecular mass fluorophores [3, 4]. The advantage of broad

excitation spectra is the possibility to use almost any available excitation light source. This is

quite favorable in cell or tissue imaging, because several target proteins or organelles stained by

different colors can be visualized using just a single excitation light source. Maximum emission

wavelength tunable by particle size is a very important property as well. The maximum emission

wavelength increases with the nanoparticle size. The CdTe QDs with the diameter of 2 nm emit

in blue, 4 nm particles emit in red [5]. In this work, the CdTe QDs was prepared by using

reaction between cadmium chloride and sodium hydrogen telluride in the presence of 3-

mercaptopropionic acid (MPA) with the molar ratio CdCl2 : NaHTe : HS - CH2 - CH2 - COOH =
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2 : 1 : 4.8 according to procedure described by Li et al. [6]. The scheme of single CdTe QD with

all the dimensions is shown in Figure 1.

Figure 1: Scheme of CdTe quantum dot with face centered cubic crystal lattice in detail

QDs display much longer luminescence lifetime than traditional fluorophores. The lifetimes of

organic dyes are typically 1 – 10 ns and for QDs the lifetime increases up to 100 ns [4]. The

longer luminescent lifetime ensures their use in time-resolved fluorescence as a detection

method. Good chemical stability and photostability is another advantage of using QDs in various

applications, especially in fluorescence imaging microscopy. It was reported that QDs remain

stable for at least 4 h, while the organic dyes bleach faster (from 20 s to 10 min) [3, 7]. CdTe

QDs of different sizes dissolved in water under UV light are depicted in Figure 2.

Figure 2: CdTe quantum dots of different sizes under UV light.
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QDs bioconjugates were used in single-molecule/cell tracking [8] and deep-tissue imaging [9].

They are also widely applied in study of tumor and monitoring cancer cells during metastasis.

In vivo studies in diseased mice showed that QD linked with specific antibodies were

accumulated at the tumor sites [10]. Not only microscopy as a detection method used for the

most of the previously mentioned assays, but also capillary electrophoresis with laser induced

fluorescence detection (CE-LIF) was used in QD based immunoassays [11].

Two conjugation techniques between an antibody and QDs were used in this work; conjugation

via zero-length cross-linkers 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride

(EDC) and N-Hydroxysulfosuccinimide (sulfo-NHS) that form a peptide bond between

carboxylic group of QDs and amine group of antibody and conjugation via oxidized glycans,

where modified QDs form hydrazone linkages with oxidized glycans on Fc fragment of antibody

molecule [12].

1.2 Capillary electrophoresis and mass spectrometry hyphenation

In spite of capillary electrophoresis and mass spectrometry (CE-MS) advantages, two problems

have to be solved to successfully establish coupling of these two techniques. Firstly, it is

necessary to keep the liquid flow coming from the capillary at optimum values for the stable

spray formation (tens of nl/min). Secondly, high volatility of the compounds in background

electrolyte is required to achieve good ionization. To solve these problems, some different

CE-MS interfaces combined with electrospray ionization have been developed: i.e. sheath flow

interface, sheathless interface and liquid junction interface [11].

Liquid junction interface

Liquid junction interface is based on the use of an additional liquid reservoir that provides the

electrical connection. In our laboratory, the pressurized nanoelectrospray liquid junction

interface, which was successfully used for peptide separation, was constructed [13]. It was

demonstrated that this interface does not significantly dilute the analytes under optimum

conditions [14]. This type of interface provides an independent control of both the CE separation

and electrospray.
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1.2.1 Development of liquid junction interface for combination of CE-MS

A laboratory-made liquid junction interface, which integrates CE separation and electrospray,

was fixed on a microposition table in front of the mass spectrometer Esquire (Bruker Daltonics)

with high-capacity ion trap. The interface consists of two parts made of polysulfone. One part

includes an electrode chamber for the injection end of the separation capillary, the second part

forms a liquid junction chamber with four inlets for the separation and spray capillaries,

electrode and spray liquid reservoir. Both spray and separation capillaries have been placed in

the liquid junction facing opposite each other. The gap between them, permanently flooded by a

spray liquid, has been set approximately to 70 µm. As a spray tip, 6 cm long uncoated capillary

with an inner diameter of 10 μm was used. The flow of the spray liquid through the spray

capillary has been induced by pressurized nitrogen. Thus the pressure, which had to be the same

in the whole system, has been controlled by a compact electropneumatic regulator, ITV 0050-

3N-Q SMC (Tokyo, Japan), to an optimum value in the range from 2 to 2.5 atm. The photo of

the interface is presented in Figure 3.

Figure 3: Photograph of laboratory-made liquid junction interface: A - entire device, B - detail

of the liquid junction gap in sheath liquid reservoir.
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2. RESULTS AND DISCUSSION

2.1 Targeted proteomics

The molecular interactions of proteins and their durability determine the functions of proteins in

cells. Targeted proteomics is the method of choice to study proteins in their natural environment.

In this work, CdTe QDs were prepared, characterized and conjugated with various biomolecules

by different methods and their usage in luminescence imaging of proteins in cells were verified.

2.1.1 Single quantum dot mass determination

The determination of CdTe individual particle mass was one of the most important parameter for

following conjugation reaction of quantum dots with biomolecules. I determined the nanoparticle

mass from the crystal structure that was visualized by High Resolution Transmission Electron

Microscopy (HRTEM). The microphotograph is depicted in Figure 4.

Figure 4: The HRTEM image of CdTe quantum dots.

The HRTEM image shows several quantum dots with distinguishable atomic clusters. By

comparing the scale of 5 nm, the size CdTe QDs was determined to be 3.5 nm, which confirms

the size obtained from spectroscopic data. Another parameter confirmed by transmission

QD - 3.5 nm

5 nm
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microscopy was the lattice type - cubic face-centered crystal lattice with a lattice parameter of

0.648 nm and 8 atoms in every cube. From the single quantum dot size and lattice parameter I

was able to calculate the number of atoms that create quantum dot. There are 330 atoms of Cd

and the same number of Te in sphere. By multiplying the number of atoms by their molecular

masses, I obtained the single QD mass to be approximately 79 kDa. This value was used for the

calculation of molar concentration of QDs in all following experiments. The number of MPA

molecules attached to the QD surface was evaluated from the ζ-potential that was calculated

from the electrophoretic mobilities of QDs in different buffer pH and concentrations. It was

established that 12 molecules of MPA are covalently bound to the QD with diameter of 3.5 nm.

2.1.2 Synthesis of immunoluminescent probes

Extraordinary optical properties together with tunable size distribution make quantum dots

perfect candidates for the synthesis of immunoluminescent probes. Also the high sensitivity of

immunochemical reactions and the possibility of detect trace amounts of targeted molecule

makes this combination of techniques attractive for analytical chemistry.

2.1.2.1 Conjugation of QDs with antibodies using EDC/sulfo-NHS

Conjugation using zero-length cross-linkers EDC and sulfo-NHS is the most popular method for

biomolecules labeling with QDs. These linkers are able to form a covalent bond between

carboxylic group on the QD surface and amino group of a protein. This method is non-selective;

for example, when conjugating antibody with QD, it can be linked to each part of its molecule,

even to the antigen binding site. Thus following immunochemical interaction with an appropriate

antigen is disabled. The conjugation efficiency is then just a question of probability. After the

conjugation reaction optimization, anti-ovalbumin was linked to QDs and the successful

conjugation was verified by CE-LIF. The same method was also used for the immunocomplex

formation verification. The anti-ovalbumin was conjugated to and afterwards, ovalbumin as an

antigen was added to the labeled antibody and the formation of labeled immunocomplex was

detected. The records of labeled anti-ovalbumin in black, immunocomplex formation after

ovalbumin addition in red and the same record after free QDs addition in blue are presented in

Figure 5.
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Figure 5: CE-LIF separation of labeled anti-ovalbumin using EDC/sulfo-NHS method (black

line), its immunocomplex with ovalbumin (red line) and immunocomplex after addition of free

QDs (blue line). Analysis conditions: uncoated capillary 15/25 cm, BGE: 0.1 mol/l TRIS/TAPS

pH = 8.3, separation voltage 6 kV, injection 5 s.

Figure 5 shows the clear resolution of three zones. A broad peak presented in all

electropherograms belongs to labeled antiovalbumin, narrow peak in red and blue records belong

to peak of immunocomplex and a broad peak in blue electropherogram is the peak of free QDs.

The absence of the third peak of free QDs in the first black electropherogram of labeled antibody

signifies that the conjugation was complete. The peak of immunocomplex is much narrower than

the one of labeled antibody. This phenomenon has already been described in literature [15]. The

peak narrowing can be caused by the fact, that only a limited number of labeled antiovalbumin is

able to create the immunocomplex with antigen. Some antigen binding sites of labeled antibodies

should be occupied by QD.

2.1.2.2 Oriented conjugation via oxidized glycans

The best method to avoid the possibility of blocking the antigen binding site on antibody

molecule is using an oriented conjugation technique. This technique is advantageous, because of
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the presence of glycans on antibody heavy chain in Fc region that are placed far away from the

antigen binding sites. The hydroxyl groups of these glycans are oxidized to form aldehyde

groups. The originated aldehyde groups are highly reactive towards the hydrazides at QD surface

modified previously with adipic acid dihydrazide. The successful conjugation of anti-ovalbumin

with QDs using the oriented method was proved by separation by CE-LIF.

Although I added ovalbumin to labeled anti-ovalbumin mixture, I was not able to detect the

immunocomplex by CE-LIF as in EDC/sulfo-NHS method presented in Figure 5. Thus, I made

another experiment, where both magnetic and luminescence properties of immunocomplex were

verified. I conjugated anti-ovalbumin with magnetic particles using oriented conjugation method.

SiMAG magnetic particles (Chemicell, Germany) were made from ferric oxide core and silica

matrix with hydrazide ligands on the particle surface. Antibody conjugated with magnetic

particles was mixed with ovalbumin conjugated to QDs using EDC/sulfo-NHS method. After the

incubation, the suspension of immunocomplex labeled with both quantum dots and magnetic

particles was formed and transferred to a sealed glass capillary. Immunocomplex was observed

in white light and under epifluorescence microscope as can be seen in Figure 6. The magnetized

pin-tip position was changed and the magnetic particles moved in capillary according to the

induced movement.

Figure 6: Immunocomplex of anti-ovalbumin conjugated with magnetic particles and ovalbumin

conjugated with QDs follows magnetized pin-tip. Illumination in white light - A, under

epifluorescence microscope with emission filter 590 nm - B. Magnification 25 x.
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As it is obvious from Figure 6 not only magnetic particles alone, but whole immunocomplex

moved according to the magnetized pin-tip movement. To avoid the possibility, whether only

free quantum dots were adsorbed on the magnetic particles, the sealed capillary was rinsed with

distilled water to wash out nonspecifically bound quantum dots. Even when the flow rate reached

relatively high value of 1 ml/min, the immunocomplex was held by magnetized pin-tip and its

luminescence was preserved.

2.1.3 Specific cell imaging

Specific protein imaging in cells and tissues was proved using two experiments. At first, anti-

CD3 protein was conjugated with QDs to using EDC/sulfo-NHS method. CD3 protein complex

is presented only at T-lymphocytes, while B-lymphocytes do not contain any CD3 protein. Thus,

the suspension of human lymphocytes was separated to T- and B- types in density gradient and a

solution of conjugated antibodies were added to both portions. The luminescence microscope

images of both types of lymphocytes types are shown in Figure 7.

Figure 7: Selective imaging of human lymphocytes labeled with QDs conjugated to CD3 -

antibody; T-lymphocyte (A), B-lymphocyte at longer exposition time (B). Magnification 1000 x.

A T-lymphocyte shows red luminescence immediately after the mixing with QDs conjugate as it

is shown in Figure 7 A, while B - lymphocytes remain unlabeled although the exposition time

was increased 10 – 100 times (Figure 7 B). Thus, the B-lymphocyte is visualized as a black cell

in the red field due to the collection of the background luminescence.

.

A B
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QDs were conjugated also to annexin V using EDC/sulfo-NHS method. Annexin V, protein

consisted of 320 amino acids with molecular mass of 33 kDa [16], was selected due to its

possible application in apoptotic cell detection. Annexin V is able to form a complex with

phosphatidylserine translocated from the interior to the exterior part of cell membrane during

apoptosis [17]. I mixed the labeled annexin V with mouse duodenum tissue previously treated

with enzyme biotase to induce apoptosis. Labeled tissue is shown in Figure 8.

Figure 8: Mouse duodenum tissue in white light - A, labeled with QDs conjugated to annexin V

and excited by laser light at 532 nm, emission 590 nm - B. Magnification 1000 x.

In Figure 8 A mouse duodenum tissue is depicted in white light, while Figure 8 B shows the

same tissue under epifluorescence microscope, where some areas are highlighted by labeled

annexin V conjugate. To avoid the nonspecific labeling, I mixed the mouse duodenum tissue also

with free QDs. No luminescence was apparent in this mixture, although the camera exposition

time was prolonged from 2 s to 13.5 s.

2.2 Comprehensive proteomics

The aim of proteomics is the characterization and explanation of the protein role in organisms,

protein interactions with other compounds and the characterization of qualitative and quantitative

changes during biological processes. The comparison of proteomes from two or more specimen

of the same organism that have grown in different conditions together with searching and

identifying of different proteins is the aim of comprehensive proteomics. Proteome is constantly

A B
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modified as a response to environmental changes and drug treatment together with growth or

disease processes.

Environmental proteomics is relatively new field that studies the response of organisms to the

changes in the environment. The study of organism´s proteome allows the detection of changes

of proteins amounts and functions. This new proteomic topic is still limited by the low number of

microorganisms presented in the DNA sequence databases and high genetic variability of

organisms participated in the degradation process in the environment.

Comprehensive proteomic approach was applied to the carotenogenic yeast system that was

exposed to environmental salt stress in this thesis. The aim was the verification of application of

new instrumentation techniques for studying the influences of the stress exposition to the living

systems. Similar methodologies should be applied also in other fields of environmental and

clinical proteomics.

2.2.1 Analysis of proteins by 2D electrophoresis followed by LC - MS/MS

(Identification of proteins from carotenogenic yeast Rhodotorula glutinis)

Rhodotorula glutinis (RG) is well studied representative of carotenogenic yeast [18]. It produces

mainly β-carotene that is generated in long secondary phase of well studied growth curve. To

increase the β-carotene production, the salt stress was applied to the Rhodotorula glutinis culture

by addition of 2 % NaCl to the production media. After the cultivation, proteins were extracted

by glass beads and IPG buffer and than they were separated by 2D gel electrophoresis. In Figures

9 and 10 the pictures of 2D gels of the separation of both unstressed and stressed samples are

presented. The gel photos were analyzed by Image Analysis Software after the separation and

spots, which intensity differs by a factor of 5 or higher were highlighted. In this case, 79

proteins, which production was down-regulated and 89 proteins, which production was

up-regulated after the stress application were found. Figure 9 shows the protein separation of

control sample.
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Figure 9: 2D electropherogram of RG control sample, identified proteins down-regulated after

stress application are highlighted in green.

There are spots of the proteins highlighted in green of the control sample of Rhodotorula glutinis

culture, to which no stress has been applied. Those 19 highlighted proteins correspond to

proteins down-regulated after the stress application that were finally identified in the

identification process. In Figure 10, the separation of proteins on 2D gel electrophoresis of yeast

culture after application of salt stress is shown.

Figure 10: 2D electropherogram of RG sample stressed with 2 % of NaCl, identified proteins

up-regulated after stress application are highlighted in red.
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Identified up-regulated proteins highlighted in red are depicted in Figure 10. Only 9 of 89

proteins that have higher intensity after stress application were identified.

19 down-regulated and 9 up-regulated proteins were identified according to the homology with

proteins of different organisms. Unfortunately, the genome of yeast Rhodotorula glutinis has not

been identified yet. Many of the proteins have been identified according to the homology with

other Fungi in phylum Basidiomycota, like Coprinopsis cinerea or Cryptococcus neoformans.

Other proteins belonged to the phylum Ascomycotina like Schizosaccharomyces pombe or

Neurospora crassa. Some of the proteins have also been identified because of the homology with

Bacteria like Escherichia coli or Paracoccus denitrificans. Many of the identified proteins have

been established according to only one peptide in whole protein sequence. Low sequence

coverage (usually 1 – 10 %) does not provide precious identification. However, there is no

possibility of increasing the percentage of the sequence coverage in the case of this

microorganism with unknown genome.

Further experiments focused on the comprehensive proteomic analysis of yeasts were not

accomplished due to the previously mentioned problems with proteins identification of such

poorly characterized strain. Another issue, when working with carotenogenic yeasts, cause

extremely rigid cell walls complicating their lyses. The set of identified proteins were not

probably fully representative and many of the important proteins were not isolated from the cells

at all or were isolated only at insufficient amounts.

2.2.2 Analysis of proteins by 2D gel electrophoresis followed by CE-MS using sheath flow

interface

Sheath flow interface is the most commonly used interface for capillary electrophoresis and mass

spectrometry hyphenation. In principle, in this interface type, the sheath liquid flows around the

separation capillary and serves to close the electrical circuit and to make background electrolyte

compatible for electrospray ionization. Nebulization gas helps to decrease the droplet size, and

thus enable better ionization. Cytochrome C was used as a model protein in following

optimization of CE-MS. Cytochrome C plays the role as an electron-transporter in cellular

respiration. Its main function is to transport electrons from Cytochrome C reductase to

Cytochrome oxidase in crucial part of respiratory chain, where reactive oxygen species (ROS)
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are frequently formed. Cytochrome C tryptic digest has been chosen as a standard sample for the

optimization of CE-MS method.

I have determined the limit of detection (LOD) from extracted ion electropherogram of the most

intensive peak of peptide with m/z = 589.4. The limit of detection, recounted to the previous

amount of protein, was (3.21 ± 0.65) · 10-7 mol/l. The LOD was calculated as a triplicate of

relative standard deviations (RSD) of the noise. The electropherogram of separated peptides with

the most intensive peak highlighted is in Figure 11.

Figure 11: Base peak electropherogram of Cytochrome C tryptic digest with highlighted peak

used for limit of detection calculation.

Although sheath liquid interface is the most popular one, because it was the only one

commercially available until recent year, it does not ensure high sensitivity, because sheath

liquid dilutes the analytes before they enter the mass spectrometer.

Thus, in the next experiments I dealt with CE-MS optimization and sensitivity improvement of

this method.

2.2.3 Methods for sensitivity improvement in CE-MS

2.2.3.1 Sensitivity improvement by Solid Phase Microextraction

Sensitivity can be improved also by sample desalting and concentration via reversed stationary

phase prior to CE-MS analysis. For this procedure C 18 stationary phase immobilized inside the

small pipette tips was used. These tips are commercially available as ZipTips. The peptides from
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tryptic-digested protein were bound to the stationary phase and after washing, they were eluted

by appropriate volume of elution solvent.

Cytochrome C tryptic digest was dissolved twenty times in 0.1 % trifluoracetic acid (to 0.05

mg/ml recounted to the original concentration of protein before digestion). When the sample

volume was reduced 4 times from 20 to 5 µl during the ZipTip treatment, the sensitivity

increased 20 times. The reason of this improvement is both sample desalting, volume reduction

and the change of solvent from ammonium bicarbonate to 70 % acetonitrile with 0.1 % formic

acid. This solvent ensures lower conductivity and thus sample stacking principle can take place

at the beginning of the separation as well. In Figure 12, the base peak electropherograms of

sample before and after ZipTip treatment is shown. The LOD values were evaluated from the

extracted ion electropherogram of the peptide with m/z = 723.4.

Figure 12: Base peak electropherogram of 20 times diluted Cytochrome C tryptic digest; before

(red) and after (black) ZipTip treatment.

As it is evident from LOD values and from Figure 12, the Solid Phase Microextraction procedure

is able to increase the limit of detection twenty times. Thus, other samples from the 2D gels were

analyzed after their treatment with ZipTips.

Several samples from 2D gel electrophoresis of Rhodotorula glutinis were analyzed by CE-MS

both before and after ZipZip treatment. The injection time was increase to 100 s and even 300 s

in some cases. Although I was able to detect several peptides in some of the samples, I

fragmented them and compared the data with database, I was not able to identify any protein.
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2.2.3.2 Simulation of transient isotachophoresis (tITP) in Simul 5.0

Sample concentration by isotachophoresis in capillary format occurs, when the sample is injected

as a long plug between a leading electrolyte (LE) with higher and a terminating electrolyte (TE)

with lower effective electrophoretic mobility. When transient isotachophoresis is to precede zone

electrophoresis, LE and TE must be injected as relatively short zones in front and behind the

sample zone, respectively. As an alternative, they can be mixed with the sample. I simulated this

stacking phenomenon in software Simul 5.0 [19]. Since the selection of electrolytes compatible

with electrospray ionization is limited, 10 mmol/l ammonium acetate at pH = 7 was used as a LE

and 10 mmol/l acetic acid at pH = 4 served as a BGE and TE as well. The mixture of two amino

acids (agrinine and histidine) at very low concentration - 0.001 mmol/l was then injected as a

long sample plug (blue line in Figure 13). Amino acids were used instead of peptides, because

the pK and ionic mobility values of peptides are not available in the Simul database. Very short

capillary (5 mm) and low voltage (260 V) was used for the simulation to decrease the calculation

time. The whole procedure of simulation is presented in Figure 13.

Figure 13: Injection of two amino acids (A), their concentration after stacking (250x) (B)

destacking and separation (concentration 20x)(C) simulated by software Simul 5.0.
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In this simulation experiment, the concentration of the samples increased during the stacking

procedure 250 times. Two amino acids were separated successfully, but their concentration

decreased in the separation part of the process a lot. Finally, the concentration was twenty times

higher than the initial one. Although I optimized the simulation process and reached the higher

concentration, this concentration was not maintain for longer time. Thus, the final concentration

passing the detector was much lower. Additionally, this system worked only for basic amino

acids, neutral or acidic amino acids were not concentrated in the stacking process at all.

Although the choice of leading and terminating electrolytes is limited, there is still a chance to

find a system in which the breadths of stacked zones will be preserved till their complete

separation.

2.3 Development of Liquid Junction Interface for combination of CE-MS

The laboratory-made liquid junction interface works in the nanoelectropray operation mode. For

the nanoelectrospray mode, the spray tip diameter is fundamental. Generally, the lower the spray

tip diameter, the better limit of detection should be reached. This could be limited by the

maximal pressure necessary for spray stabilization. I have tested 4 spray capillary diameters 5,

10, 25, 50 m. As a test mixture, 3 peptides (Angiotensin, Bradykinin and Neurotensin)

dissolved in 50 % of isopropanol and 1 % of acetic acid in concentration 1.10-5 mol/l were used.

By using the capillary of 10 µm in diameter, the best limits of detection were achieved, since the

flow rate through the 5 µm capillary, limited by 6 atmospheres, was not sufficient for a stable

spray. Therefore, for all the following analyses, the 10 µm spray capillaries were used.

2.3.1 Peptide separation by CE-MS using Liquid Junction Interface

The system was tested, similarly as sheath flow interface by the tryptic digest of Cytochrome C.

By analyzing the sample using laboratory made liquid junction interface, I have determined the

limit of detection from the extracted ion electropherogram of the most intensive peptide that has

m/z = 478.1 to be (3.87 ± 0.75) · 10-9 mol/l recounted to the original amount of protein. The

separation record with the most intensive peak highlighted is in Figure 14. The value of achieved
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limit of detection is approximately 80 times lower than the limit of detection that was evaluated

for the sheath flow interface.

Figure 14: Base peak electropherogram of Cytochrome C tryptic digest with highlighted peak

used for limit of detection calculation.

2.4 Analysis of metabolites in human urine by CE-MS

2.4.1 Application of developed instrumentation to separation of ethanol metabolites

The determination of recent alcohol consumption is an important task in clinical and forensic

applications. Ethanol itself can be detected in breath, blood or urine several hours after the

alcohol intake. Ethylglucuronide (EtG) and ethylsulphate (EtS) reach the maximum level in

serum or urine approximately 3 hours after alcohol consumption and can be detected after

several hours or even days [20].

Capillary electrophoresis usually with indirect UV detection was used for detection of both

metabolites in serum, where limits of detection 0.1 µg/ml were achieved [20, 21]. In urine, LOD

0.4 µg/ml was reached for EtS using CE with indirect detection. Recently, Thormann et al.

published separation of EtG and EtS using CE-MS. Their method ensured the limit of detection

200 ng/ml in serum and urine for both metabolites. The reproducibility for detection times had

very good RSD values, 3.38 and 4.94 % for EtG and EtS, respectively, but for peak heights they

declared poor RSD values 21.05 and 64.41 %, respectively [22].
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Thus the aim of this work was to develop and optimize high sensitivity method for simultaneous

analysis of two ethanol metabolites, EtS and EtG, in urine. CE-MS with laboratory-made liquid

junction interface was used for the analysis. Negative ion mode on MS used for the detection

enabled the analysis of urine without previous sample treatment.

The separation conditions were optimized using standards of EtG and EtS. The separation took

place in coated capillary (15 cm long, 50 µm i.d., Alcor Bioseparation, USA) filled with BGE

(30 mmol/l ammonium acetate at pH = 9). Both metabolites were fully separated in less than

three minutes. For the experiments with spiked urine, standards of EtS and EtG (5 µg/ml) were

added to 50 times dilute urine. Following Figure 15 shows the base peak electropherogram of

urine together with extracted ion electropherograms of both analytes of interest.

Figure 15: Base Peak Electropherogram of EtS and EtG standard samples (5 µg/ml) added to

human urine 50 times diluted in water, injection 5 s - A. Extracted Ion Electropherograms of EtS

- B and EtG - C

No peaks from the urine disturb the extracted ion electropherograms as it is presented in Figure

15 B and C. In Table 1, variations of limits of detection, migration times and peak areas are

expressed as standard deviations evaluated from analyses of spiked complex biological matrices.
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Table 1: Repeatability of EtS and EtG separation
EtS EtG

Limit of detection (µg/ml) 0.15 ± 0.07 (53%) 0.50 ± 0.24 (48%)
Migration time (min) 1.47 ± 0.03 (2%) 2.56 ± 0.04 (1.4%)

Peak Area 35620 ± 7133 (20%) 67690 ± 14713 (22%)

The limits of detection evaluated from the spiked urine analysis differ a lot from LODs evaluated

from the analysis standard samples. In comparison with the LOD value for EtS for separation of

standard samples (6.4 ng/ml), the LOD for EtS from spiked urine is much higher (150 ng/ml).

The same situation is with EtG, the LOD for the standards was 65 ng/ml and now it is 500 ng/ml.

Although these values of LOD in complex biological matrixes are very high, they are

comparable with the limits of detection published in the literature using CE with indirect UV

detection, where the selection of BGE is not limited by MS compatibility. High relative standard

deviations of LODs represent another problem, caused by high RSD values of peak heights.

Therefore, in such a case, the quantization of analytes is usually made with the internal standard

migrating with the analytes in the same separation.

2.4.2 Application of developed instrumentation to separation of cocaine metabolites

Cocaine (C) is metabolized by three metabolic pathways in human body into several metabolites,

the main from these metabolites were analyzed in this work (ecgonine methyl ester – E,

benzoylecgonine – BE, norcocaine – N, cocaethylene – CE).

Recently, CE-MS became the method of choice in forensic toxicology. Only a few papers,

concerning the separation of cocaine and metabolites by using electrophoretic techniques, have

been reported. Cocaine and benzoylecgonine were analyzed together with other illicit drugs by

means of CE and CEC coupled to MS in different biological samples (hair, urine, and blood)

[23-25]. To my knowledge, only one application of CE-MS concerning the analysis of cocaine

and its metabolites has been published. This study was performed in acidic conditions, where the

analyzed drugs were discriminated only with the MS detection. Indeed, at pH 3, all the

compounds migrated more or less at the same analysis time. The limits of detection in the range

between 100 ng/ml and 250 ng/ml were achieved. [26]. The aim of this work is the simultaneous
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determination of cocaine and its four metabolites in urine sample using CE hyphenated with MS

detector via pressurized liquid junction interface.

2.4.2.1 Sensitivity improvement by stacking

Prior to experiments the separation was simulated in PeakMaster 5.2 [27]. The simulation

program showed that the optimum pH value for complete resolution of all five analytes is pH = 9

of 30 mmol/l ammonium formate that serves as a BGE. Further experiment shows that pH = 9.5

provide better separation. This was probably caused, because the pKa and ionic mobilities values

found in the literature and set to the Peak Master simulation program differ from the real values.

The separation was realized in PVA coated capillaries on a different instrument that enables the

application of forward pressure to the analysis. Without the applied inlet pressure the separation

of cocaine and its metabolites at pH 9.5 cannot be reached in a single run in coated capillaries,

because of the neutral or negative character of benzoylecgonine. The CE instrument was

connected to MS using a different type of laboratory-made liquid junction interface with

hydrostatic pressure control. The full separation was achieved within 15 minutes.

Sample stacking procedure was applied to decrease the limits of detection obtained for the

analysis in coated capillaries. Sample stacking is based on the difference of conductivities

between the sample solvent and BGE. When sample with low conductivity is injected to the

capillary filled with high conductive BGE as a long plug, the strong electric field is established

in the sample zone after the voltage application. The analytes migrates quickly to the BGE

boundary and creates a narrow zone. When the conductivity in whole capillary is adjusted,

analytes are separated normally according to their electrophoretic mobilities. Samples were

dissolved in methanol or acetonitrile in various concentrations. The best LODs were achieved

with 50% acetonitrile solution. The limits of detection of all samples are listed in Table 2.

Table 2: Limits of detection of standard compounds dissolved in 50 % acetonitrile.
ecgonine cocaethylene cocaine norcocaine benzoylecgonine

LOD (ng/ml) 3.19 ± 0.55 0.44 ± 0.09 0.90 ± 0.30 0.56 ± 0.13 1.28 ± 0.36
RSD (%) 17.21 20.65 32.92 23.69 28.40

With the lower injection time and different sample solvent, an improvement of LODs was

achieved. In all cases, better limits of detection that have already been published were evaluated
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[26]. Thus, the optimized sample solvent (50% acetonitrile with 0.1% of formic acid) together

with an optimized electrokinetic injection (10 kV for 60 s) were used for the method validation

and for the analysis of fortified urine.

2.4.2.2 Human urine extraction and analysis

The developed CE-MS method was applied to the quantitative analysis of all five compounds in

human urine. In order to reduce or eliminate matrix effects, urine samples were subjected to solid

phase extraction procedure using Supelclean LC-SCX SPE cartridges from Supelco. After the

extraction procedure was optimized, blank as well as spiked urine was injected. The results of

these experiments are shown in Figure 16.

Figure 16: Extracted ion electropherograms of blank and spiked human urine.

The intensity of electropherogram of blank urine was set to the same intensity as spiked urine

electropherogram in Figure 16. No matrix interferences have been detected and the separation

efficiency of the compounds was similar to that achieved with the standard mixture.

The presented CE-MS method for the separation of cocaine and its four main metabolites

provides high sensitivity, selectivity, precision and accuracy. The combination of pressurized

liquid junction interface, nanoelectrospray ionization and online stacking increased the method

sensitivity allowing the applicability to the analysis of cocaine and its metabolites in complex

biological matrices as human urine.
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3. CONCLUSIONS

Selective luminescent molecular probes for localization of targeted proteins including membrane

proteins and specific molecules were developed and synthesized via conjugation of quantum dots

with antibodies or other specific ligands. First, water soluble CdTe quantum dots with

mercaptopropionic acid attached to their surface were prepared in the size range from 2.5 nm to

5 nm and characterized. Their size-dependent luminescent properties, broad excitation spectra

from 300 to 550 nm, emission spectra in the range from 500 nm to 750 nm as narrow as 58 nm at

the half height of the maximum intensity proved to be convenient for high-sensitivity analyses.

The size of the QDs and their crystal structure were confirmed by HRTEM and emission spectra.

Thus, the mass of individual QDs with 3.5 nm in diameter was evaluated to be approximately

79 kDa with average of 12 negative charges of mercaptopropionic acid molecules on the surface.

The highly luminescent QDs were functionalized by conjugation to antibodies or other specific

ligands using zero-length cross-linkers, EDC and sulfo-NHS. The successful conjugation

between QDs and anti-ovalbumin was proved by analysis of reaction products by CE-LIF. After

the addition of ovalbumin to the labeled anti-ovalbumin, three zones were detected: broad zone

of free QDs, wide peak of labeled anti-ovalbumin and narrow zone of immunocomplex.

Another type of conjugation reaction via oxidized glycans was optimized to avoid the linkage of

QD directly to the antigen binding site of antibody. This oriented conjugation method was

proved by the following experiment. Anti-ovalbumin conjugated with magnetic particles via

oxidized glycans was mixed with ovalbumin conjugated to QDs using EDC/sulfo-NHS method.

Then, the movement of luminescent immunocomplex in magnetic field was observed under

microscope. Imaging of cellular proteins by synthesized luminescence probes based on QDs was

tested on human lymphocytes. The specific antibodies to membrane proteins, anti-FAS, anti-

FADD and anti-CD3 were conjugated to QDs via EDC/sulfo-NHS method. All of these proteins,

involved in the process of cellular apoptosis were detected on membranes of human

lymphocytes. Another example of the successful application of molecular probes based on QDs

is the imaging of externalized molecules of phosphatidylserine on membranes of apoptotic cells

in mouse duodenum tissue. In this case, annexin V conjugated to QDs played the role of a

specific ligand.
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The combination of off-line 2D electrophoresis with on-line LC-ESI-MS or CE-ESI-MS for the

identification of protein changes in carotenogenic yeast Rhodotorula glutinis cultivated under

normal or stressed conditions induced by 2 % NaCl was tested. As a result, 19 proteins from 79

down-regulated and 9 proteins from 89 up-regulated were identified according to the homology

with proteins of different organisms.

Since the substitution of LC by CE did not provide a sufficient sensitivity for the identification of

any proteins, following processes were investigated: sample preparation, transient

isotachophoretic stacking before CE and instrumentation of CE-MS interface. The 20 times

improvement in limits of detection in standard sample of Cytochrome C tryptic peptides was

achieved with solid phase microextraction of samples prior to the analyses using commercially

available ZipTips with C-18 as a stationary phase. Simulation software Simul 5.0 was used for

searching optimum conditions for transient isotachophoresis as an online concentration method

before CE. Although a 20 fold increase in concentration of model amino acids was achieved in

simulated analysis, this result was not confirmed in real systems. A remarkable improvement of

LOD was reached by the implementation of a miniaturized liquid junction interface for

combination of CE and ESI-MS. With the spray tip of a diameter of 10 µm the LOD of the

tryptic peptides from Cytochome C was evaluated to be 3.87 × 10-9 mol/l, which represents

approximately 80 fold improvement, in comparison with sheath flow interface. In summary, the

sensitivity of CE-MS could be improved by 4 orders of magnitude by the combination of all

these items for the analysis of the model sample. These improvements in the methodology and

instrumentation, however, have not been tested with yeast proteins anymore.

The newly developed instrumentation of liquid junction interface was tested also for CE-MS

analysis of clinically important metabolites. Ethanol as well as cocaine metabolites were

analyzed in complex matrices of human urine. The analysis method of specific markers of

ethanol users, ethylglucuronide and ethylsulphate was optimized. Although the reproducibility of

analysis in coated capillaries was not perfect, the limits of detection achieved in diluted human

urine were 0.15 and 0.5 µg/ml for EtS and EtG, respectively. Four cocaine metabolites together

with cocaine itself were analyzed by CE-MS using two types of liquid junction interfaces. The

CE-MS separation provided very good limits of detection in the range from 0.4 to 3.2 ng/ml. The

validated method was applied to the analysis of spiked human urine after extraction.
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