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INTRODUCTION 
More than two million people are being kept alive by renal replacement therapy 

worldwide [1, 2]. Renal replacement therapy is applied to treat chronic kidney 
disease (CKD), which is a key determinant of the poor health outcomes of major 
noncommunicable diseases, such as cardiovascular disease and diabetes [2, 3]. 
Most common for life-sustaining renal replacement for patients with an end-stage 
kidney disease is dialytic therapy [4]. Dialysis adequacy is a major factor 
contributing to the morbitity and mortality of the patients with end-stage kidney 
disease on hemodialysis therapy [5, 6]. Therefore, defining a suitable therapy has 
been of the crucial interest. For this reason, dialysis dose has been proposed as a 
parameter to quantify the therapy [5]. Several solutions have been proposed to 
estimate the dialysis adequacy [7-11], including a method based on UV-light 
absorbance by the uremic chromophores [12]. Although the chromophoric solutes 
in the blood serum and urine have been extensively studied [13-22], to our 
knowledge, no publications have reported the composition of chromophores in the 
spent dialysate. 

For decades, dialysis adequacy has been estimated mainly based on one marker 
molecule – urea, a non toxic molecule that is easy to remove by dialysis. However, 
the status of uremia is more complex, involving hundreds of different molecules 
with different removal properties [23, 24], among these there are toxins that 
contribute to the patient’s morbidity and mortality [25-27]. Although the dialysis 
adequacy assessment by a classical marker of urea represents the removal of a 
group of easily dialyzed uremic solutes, it does not cover the removal of a number 
of uremic toxins with different removal properties, such as protein-bound uremic 
solutes or middle molecules [23]. Therefore, there is a need for new markers 
covering the removal of uremic toxins that have different removal patterns from 
urea [23, 28]. Indoxyl sulfate is one of the most investigated uremic toxins in the 
last decade, which is proposed as a marker for the group of slowly dialyzed 
protein-bound uremic solutes (PBS) [25]. As a strong fluorophore, it offers an 
approach to estimate the removal of indoxyl sulfate via fluorescence at the selected 
wavelengths of spent dialysate [29]. 

The strong majority of the uremic solutes in spent dialysate are chromophores 
and several protein-bound solutes are fluorophores (e.g indoxyl sulfate and p-cresyl 
sulfate). Proper knowledge about the signal content, i.e. the composition of 
chromophores and fluorophores in the spent dialysate, serve as a cornerstone for a 
technique of optical monitoring of dialysis adequacy. Thus, understanding of the 
contributors to the optical signals of spent dialysate provides a key to the 
interpretion of the optical signal. Different studies have associated the UV-
absorbance and fluorescence in spent dialysate with several uremic solutes by 
spectrophotometric approach [29-38]. However, more elaborated and precise 
methods were necessary to identify the composition of major chromophores and 
fluorophores in spent dialysate, which has led to the studies presented in this thesis. 

The general aim of the thesis work was to identify the composition of the main 
chromophores and fluorophores in the spent dialysate by using chromatographic 
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separation methods to interpret of the UV-absorbance and fluorescence of spent 
dialysate, optical approaches proposed for monitoring the dialysis adequacy. Futher 
aim was to investigate, whether the UV-absorbance can be applied to monitor the 
removal of easily dialyzed uremic solutes and whether the fluorescence is suitable 
to assess the removal of slowly dialyzed uremic solutes. 

The purpose of the first study (Publication I) was to investigate proportions of 
main chromophores in the spent dialysate combined with their removal ratio by 
using chromatographic separation. Publication I confirmed that the UV-
absorbance is suitable to monitor the removal of easily dialyzed uremic solutes. 
The aim of Publication II was to estimate the composition of the main 
fluorophores in spent dialysate combined with their removal ratios via 
chromatographic separation. Since a predominant part of the fluorescence signal 
originates from protein-bound indole derivates, fluorescence monitoring is a 
promising method to assess the removal of slowly dialyzed uremic toxin of indoxyl 
sulfate. 

The behavior of the UV-absorbance monitoring as compared to different 
dialyzer membranes (high flux vs low-flux) was studied in Publication III, where 
no statistical differences were found in chromophores contribution to the optical 
signal. A high contribution to the UV-absorbance by a drug was noticed in 
Publication I, which raised the question whether drugs may have effect on the 
optical monitoring of dialysis adequacy, leading to Publication IV. The study 
revealed that a drug of paracetamol may have an effect on the optical monitoring of 
dialysis adequacy. Thus, caution should be taken on the interpretation of an UV-
absorbance signal when paracetamol is administered to a patient during dialysis. 
Publication V introduces an optical method to assess the removal of slowly 
dialyzed protein-bound toxin indoxyl sulfate by fluorescence measurement at 
selected wavelengths of spent dialysate. 
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1 THE KIDNEY, KIDNEY FAILURE AND DIALYSIS 

1.1 Kidneys and kidney failure 

Kidneys perform excretory, regulatory and metabolic functions in our body. The 
kidneys are responsible for the regulation of body water volume and osmolality, 
electrolyte, and acid-base balance, excreating all redundant material. Their 
endocrine function is the production and secretion of hormones, such as rennin and 
erythropoietin and activation of vitamin D [39]. 

Renal (or kidney) failure is characterized by the progressive decline in the 
capacity of the kidneys to eliminate excessive water and toxic solutes and can be 
distinguished as acute or chronic failure [39]. While acute kidney failure may be 
reversible, chronic failure usually is followed by progressive decrease of its 
performance to remove water and waste. Chronic kidney disease (CKD) is 
classified into stages 1–5, where stage 1 is a mild loss of kidney function and stage 
5 CKD is end-stage renal disease (ESRD) and is identified by glomerular filtration 
rate less than 15 ml/min or the need for dialysis [2, 40]. CKD is associated with 
extremely high morbidity and mortality even in its earlier stages [2, 41]. The 
ultimate goal of treatment for patients with CKD stage 5 is improvement in the 
quality of life and prolongation of life[42]. 

1.2 Kidney replacement therapy 

Kidney replacement therapy can be provided by three different possibilities: 
hemodialysis, peritoneal dialysis and transplantation. While the transplantation 
would be the best solution out of others, this is not always possible due to the 
absence of a matching donor organ, or due to the condition of the patient. 
Peritoneal dialysis is done via patients own peritoneum, a thin membrane inside the 
abdomen. In hemodialysis, the patient’s blood is cleaned by using an artificial 
kidney, a special membrane, allowing the solutes to pass from the blood to the 
dialysate by a diffusive and/or convective process. Filtered blood is returned to the 
patient and the spent dialysate with waste material from the body is directed to the 
drain. 
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2 DIALYSIS ADEQUACY 
In general, adequacy of hemodialysis is referred to as the suitability of kidney 

replacement treatment which would keep the patient alive and as healthy as 
possible. Despite the term of dialysis adequacy is widely used in nephrology, there 
is no consensus in community, which of the criteria or parameters define the 
adequacy [43]. From the beginning of hemodialysis, various criteria and/or 
parameters have been proposed to assess the adequacy, such as the blood urea 
nitrogen (BUN), urea reduction ratio (URR), Kt/V, serum creatinine, serum 
potassium, serum albumin, calcium and phosphorus, haematocrit level, dialysis 
time and frequency, blood pressure etc. [5, 44-46]. As urea is the most abundant 
metabolic end product in uremic sera, it has become the main marker for dialysis 
adequacy estimation [47, 48]. Today, the adequacy of dialysis is mainly referring 
to the dialysis dose of Kt/V, based on the urea values of blood sampled before and 
after the dialysis [5, 42, 48].  

To estimate the removal adequacy, the dialysis dose of Kt/V, two possible 
approaches are common: one is referred to as a “blood-side” approach (called the 
indirect method), and the other is referred to as a “dialysate-side” approach (called 
the direct method) [49]. 

Indirect method, such as BUN concentration measurement, has been commonly 
accepted as the reference method. It excels in the cost efficiency of laboratory 
expenses due to easy performance of standard urea measurement methods; 
however the disadvantages are that the blood sampling is error-prone [50], frequent 
blood sampling may contribute to anemia, and there is always a variable time gap 
between the blood-draw until achieving the results from the clinical laboratory. 
Clinical practice guidelines for hemodialysis adequacy recommend measuring 
delivered dialysis dose of Kt/V at least monthly [40], while hemodialysis is done 
more than ten times per month. According to a study published in 2009, more than 
a third of included dialysis centers disregard this recommendation [51]. The 
authors of the study indicate that out of 1023 European dialysis centers the study 
comprised 255 who responded to the questionnaire, raising a doubt that the results 
of that study may suffer from a positive selection bias [51]. The uncertainty of the 
delivered dialysis dose may result in inadequate dialysis, in turn, resulting in 
decreased life quality or even worse - in increased mortality of the CKD patients 
[52]. 

Direct methods based on the measurements of the spent dialysate are less 
common as these methods can be cumbersome due to collection of all spent 
dialysate for the calculation of the total solute waste, or the lack of accurate, cost-
effective, robust and versatile on-line measurement technologies. During one 
hemodialysis session more than 100L of spent dialysate is normally generated, 
therefore it is difficult to utilize tank collection routinely for the estimation of the 
adequacy as the space in dialysis centers is usually limited. On-line methods 
estimating the removal of water soluble non-bound solutes have been correlated to 
the removal of a classical marker of urea [12, 53] or measures directly urea in spent 
dialysate [54], all without the need for frequent blood sampling. As the on-line 
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methods are designed to be robust, automatic, in-situ and online, these methods 
benefit from lack of the disadvantages of the blood-side approach and therefore can 
be easily routinely used to monitor the adequacy of every hemodialysis treatment 
without extra expenses. 

During evolution of hemodialysis adequacy parameters, attention has 
concentrated on three methods based on blood urea values: BUN, URR and Kt/V. 
Hemodialysis prescription based on BUN values developed into two blood sample 
based Kt/V, introduced in 1985 [5]. Later, a simplified treatment prescription of 
URR was proposed [55]. Kt/V is a dimensionless parameter where K stands for 
dialyser clearance (mL/min), t stands for time (min) and V is the estimation of the 
volume of patient’s body fluid (mL) and it can be calculated from blood samples 
taken before (C0) and after (Ct ) the dialysis [5]: 

Kt/V = - ln(Ct/C0) (1) 

Later, advanced formulas for single-pool Kt/V (spKt/V) [56] and more accurate 
equilibrated Kt/V (eKt/V) were proposed [57]. URR indicates the decrease of urea 
concentrations in the blood samples taken before and after the dialysis [55]: 

URR (%) = 100 *(1- Ct/C0) (2) 

However, the removal kinetics of different uremic molecules, such as protein-
bound uremic solutes or middle molecules, has been reported to differ from the 
classical marker of urea [58-61]. This has raised the question of whether a single 
marker for the dialysis adequacy is sufficient enough to estimate the quality of the 
kidney replacement therapy or else multi-marker-based dialysis adequacy 
parameters should be used [23, 25, 28, 43, 62-64]. 
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3 THE UREMIC SOLUTES AND THEIR MEASUREMENT  
Molecular milieu of uremic sera is complex, containing a wide variety of 

retained uremic solutes. The list of uremic solutes is continuously updated and 
today there are more than 270 identified compounds [24], which could be classified 
into three major molecular groups depending on their size or protein-binding [65-
67]. If these uremic solutes indicate biological or biochemical negative activity, 
they are called uremic toxins [68]. 

The three major groups of uremic solutes can be identified as [66]: 

1) free, water soluble, no known protein binding, low MW < 500 Da; 
2) uremic solutes, with known or probable protein binding, MW < 500 Da; 
3) middle molecules, 500 Da < MW < 60 kDa. 

Table 1: Comparison of dialyser clearances (K, mL/min) for groups of uremic solutes 
  K (mL/min) 

1) Small, non-protein-bound [69] 
N = 7; low-flux dialyser; Kt/V = 1.77 ± 0.17. 

Urea* 261 ± 17 

Creatinine* 264 ± 14 

Min 235 ± 29 (GSA) 

Max 278 ± 15 (MG) 

2) Small, protein-bound [61] 
N = 10; high-flux dialyzers; Kt/V = 1.7 ± 0.3 

Urea* 224 ± 20 

Min 21 ± 4 (pCS) 

Max 152 ± 28 (pCG) 

Small, protein-bound [70] 
N = 9; high-flux dialyzers; URR = 84 ± 4 % 

Urea* 204 ± 20 

Min 
14 ± 5 (IS) 

14 ± 6 (pCS) 
Max 121 ± 14 (HA) 

*urea and creatinine as a reference 
 GSA - guanidinosuccinic acid; MG - methylguanidine; pCS – p-cresyl sulfate; pCG 
– p-cresyl glucuronide; IS – indoxyl sulfate; HA – hippuric acid. 

Low molecular weight, non-protein-bound uremic solutes 

This group consists of uremic solutes, which are easily removed by any dialysis 
strategy [68]. These have low molecular weight (MW < 500 Da) and are free water 
soluble with no known protein binding. Examples are urea (MW = 60 Da), uric 
acid (UA, MW = 168 Da), and creatinine (CREA, MW = 113 Da). Compounds in 
this group do not necessarily have a marked toxic activity [68]. Although urea is 
the most investigated representative of this group of uremic solutes in terms of 
clinical outcomes, there is lack of indications of its toxicity [23]. The same is true 
about CREA, as lower rather than higher concentrations have been associated with 
high death risk [71]. UA is a unique representative in this group because of its 
limited solubility in water, thus prone to producing urate crystals at high 
physiologic concentrations [72]. It is a metabolic endproduct of purines and has 
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been linked with possible toxicity [73-78], though the toxicity is still under a 
debate [79, 80]. However, the dialyzer clearances K for the different solutes in this 
class are fairly comparable (Table 1), they can differ from each other in their 
kinetic behavior during hemodialysis, indicating that urea kinetics does not 
represent the removal of the other free low MW uremic solutes [69]. 

The most popular uremic solutes, i.e. urea, CREA and UA, can be measured by 
simple and robust clinical laboratory methods based on colorimetric detection with 
or without specific enzymatic reactions (see Section 3.2). The other solutes are 
mostly measured by chromatographic methods [65]; however, methods based on 
immunochemistry [81-85] and nuclear magnetic resonance spectroscopy (NMR) 
[86] have been used. 

Protein-bound uremic solutes 

Most of the solutes in this group have a low MW with known or probable 
protein binding, and some may have middle molecule characteristics (e.g. leptin, 
the cytokines) [68]. The most investigated representatives are the derivatives of 
phenols (e.g. p-cresyl sulfate – pCS, MW = 188 Da) and indoles (e.g. indoxyl 
sulfate - IS, MW = 213 Da) [87]. These solutes are difficult to remove by most of 
the currently available dialysis strategies [19, 61, 68]. For example, the dialyzer 
clearances for the protein-bound uremic toxin of pCS can be up to tenfold smaller 
than urea, the representative from the group of free low MW uremic solutes (Table 
1) [61, 69, 70]. Low dialyzer clearances of protein-bound solutes occur, as only 
free, unbound fraction of these solutes is available to the diffusion through the 
dialysis membrane [70]. To improve the removal of protein-bound uremic solutes, 
it has been suggested to increase the frequency of the dialysis and/or making the 
dialysis longer [18, 61], to increase the dialyzer size and dialysate flow [70], or by 
using online hemodiafiltration (HDF) [88]. 

Many of the compounds in this group have been reported to contain toxic 
activity [68]. For example, reviews on toxicity of the most extensively evaluated 
protein-bound uremic solutes of IS and pCS conclude the IS and/or pCS induced 
factors contributing to the cardiovascular damage, increased propensity for 
mortality and cardiovascular events in CKD, and to the progression of CKD [25, 
89].  

The main methods for the measurement of protein-bound uremic solutes are 
based on chromatographic separation [65], while few solutes are measured with 
methods based on immunochemistry [90-94]. 

Middle molecules 

These molecules can only be removed by the dialysis strategies that employ 
dialyzer membranes containing pores large enough (high flux dialyzers) to allow 
these molecules to cross the membrane [68]. The most investigated prototype is β2-
microglobulin (MW = 11,818 Da), as its concentration has the highest increase in 
this group of solutes for end-stage kidney disease patients compared to normal 
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levels [65, 66]. As middle molecules are out of scope of this work, these are not 
covered in detail. 

3.1 Online optical method for uremic solutes assessment 

Light and matter 

Direct dialysis adequacy is assessed by analyzing the spent dialysate, which can 
be considered as weakly scattering media [95]. The interactions between light and 
biofluid involve absorption, scattering and reflection. As the optical path length 
used in colorimetric detection in the measurements of spent dialysis is typically 10 
mm or less, concentration of solutes is relatively low and the solutes have MW less 
than 50,000 Da (diameter of particles d < 5 nm), then the scattering can be ignored 
[96]. When the angle of incidence for a ray of light and surface normal of the 
cuvette is 0-degrees, then the absorption of the light becomes the most important 
interaction between light and biofluid. 

Absorbance and Bouguer-Lambert-Beer law 

Absorption is annihilation of photonic energy via interaction with electrons, 
atoms or molecules and transformation into internal energy of the absorber (e.g. 
heat) [97]. Fluorescence is the result of the process that occurs in certain 
molecules, where photonic energy is absorbed by a molecule, which releases a 
photon while returning to the ground energetic state [98]. Due to energy 
dissipation, the energy of that photon is lower, thus with higher wavelength. 
Molecules that absorb light are called chromophores, and molecules that emit light 
are called fluorophores [99]. 

Absorbance of a media quantifies how much of the incident light it absorbs and 
is generally expressed through the Bouguer-Lambert-Beer law (also known as the 
Lambert-Beer law). The law’s derivative form gives absorbance A [arbitrary units] 
by: 

A = log10 (I0 / I) , (3) 

where I0 is the intensity of received radiation and I is the intensity of transmitted 
radiation by the media. The relation between absorbance, molar extinction 
coefficient ε [m-1 (mol/L)-1], concentration of the absorbing compound C [mol/L] 
and optical path length d [m] can be written: 

A = εCd (4) 

In practical spectroscopy, equations (3) and (4) are combined as 

A = log10 (I0 / I)= εCd, (5) 

allowing calculation of the concentration C of a solute by measuring the change of 
transmitting light intensities between solutions where the chromophore of interest 
is present (I) and absent (I0). If the extinction coefficient ε and the optical path 
length d are known: 
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C = log10 (I0 / I) / εd, (6) 

The extinction coefficient ε is determined by measuring the reference solutions at 
different concentrations of a given compound. As the optical path length is 
constant, the resulting calibration formula includes both ε and d. 

Optical monitoring of uremic solutes in the spent dialysate 

Based on the UV-light absorption of the spent dialysate, an optical monitoring 
method for estimating the dialysis efficiency was first proposed by Gal et al. in 
1980 [38]. At that time, no specific parametric targets for the dialysis adequacy 
existed and the method was not adopted in clinical practice. In 1998 the slope of 
the UV-absorbance online signal of the spent dialysate was related to the dialysate 
adequacy parameter of Kt/V, which gave to the UV-absorbance signal the value in 
common clinical practice [100, 101]. Later, the technique was described in detail 
[12] and a clinical study demonstrated that the UV-absorbance monitor can be a 
valid tool to estimate the adequacy of the dialysis [102]. The use of light emitting 
diodes (LEDs) enabled creation of miniature and robust UV-absorbance-based 
dialysis adequacy assessment monitors [103]. Today, this technology has been 
taken into routine use in clinical practice [104, 105]. In addition, this online 
monitoring technology has been proposed to indicate the disturbances in the 
hemodialysis treatment [106, 107]. Furthermore, it was suggested as a possible 
method for monitoring the delivered dose in the latest clinical practice guidelines 
for hemodialysis care [42]. Despite the UV-absorbance online monitoring has 
become a relevant tool for estimating the dialysis adequacy in clinical practice, 
there was still lack of knowledge about the contributions and possible interferences 
to the optical signal of the chromophoric solutes [106]. As a result, the 
contributions and the relative change during hemodialysis of different 
chromophores were estimated (Publication I) [108]. A possible intereference to the 
UV-monitoring by a common medication of paracetamol (acetaminophen) was 
noticed, leading to the results presented in Publication III [109]. 

Recently, a novel method for estimating the removal of protein-bound uremic 
toxin of indoxyl sulfate was proposed, utilizing fluorescence monitoring of spent 
dialysate (Publication IV) [29, 110]. The prevalent protein-bound uremic solutes of 
indoles and phenols in biofluids are commonly measured by LC coupled with 
fluorescence detection [18, 60, 61, 70, 111-114], therefore utilizing fluorescence as 
a tool for monitoring the removal of protein-bound uremic solutes in the spent 
dialysate seemed feasible. To prove this hypothesis, the following research 
estimated the contributions and relative change during the hemodialysis of main 
fluorophores and the results were concluded in Publication II [115]. 

3.2 Biochemical methods for uremic toxins analyses 

In clinical laboratories, the methods for estimating levels of major uremic 
solutes are expected to be fast, easy, robust, cost-effective and efficient in terms of 
analysis quality. The methods have developed from simple chemical reaction based 



20 

colorimetric to multi-step enzymatic or immunological selective methods. As the 
colorimetric and enzymatic methods are or have been the main reference methods 
in the analysis of uremic fluids, these methods are described below. 

Colorimetric methods 

Colorimetric methods were the first analytical methods which allowed the 
determination of the uremic solute levels in biofluids. Though the Jaffe’s method is 
the oldest in the medical laboratories for determining the levels of blood and urine 
creatinine [116], it is still in common use. Jaffe’s reaction is between creatinine and 
picrate in an alkaline medium, forming a red-orange complex that absorbs light in 
the range of 480 to 520 nm [117]: 

Creatinine + picric acid (Yellow)                      Creatinine picrate (Orange) (7) 

It is nonspecific and tends to overestimate the creatinine levels, therefore it is 
recommended to replace this method by more specific measurements, such as 
methods based on chromatography or enzymatic reactions [118, 119]. An 
alternative colorimetric method for creatinine is based on the reaction with 3,5- 
dinitrobenzoic acid [120]. The levels of urea can be colorimetrically determined 
after the reaction with O-phthalaldehyde [121] or diacetyl monoxime [122]. 
Methods for determining uric acid involve reaction with phosphotungstate acid 
[123, 124]. As all these methods lack on the specificity to the compound of interest 
and suffer from interference of other compounds while there are highly selective 
and robust methods available, these methods are not recommended in the use of 
medical diagnosics [125]. 

Enzymatic determination method 

Enzymatic reactions offer highly selective determination of the concentrations 
of the major uremic solutes, such as urea, creatinine and uric acid. Enzymatic 
measurements of urea are based on urease, where a reaction product ammonium 
can be measured by various methods involving conductivity [126, 127], 
potentiometry [128, 129] or colorimetry [130-132]. 

Urea + 2H2O                      NH3 + CO2 (8) 

Uric acid is measured via allantoin, a reaction product with uricase, with 
colorimetric or fluorometric detecion [125, 133, 134]. 

Uric acid + O2+ 2H2O                 Allantoin + CO2+ H2O (9) 

Enzymatic determination of creatinine can be done via creatinine deiminase [135]: 

Creatinine + 2H2O + H+                               N-Methylhydantoin + NH4+ (10) 

Uricase 

(alkaline medium) 

NaOH 

Urease

Creatinine deiminase 
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NH4+ + α-Ketoglutarate + NADPH+                    Glutamate + 2H2O NADP+ (11) 
 
or creatininase [136-138]. 

Creatinine + H2O                     Creatine (12) 
 
Creatine + H2O                       Sarcosine + Urea (13) 
 
Sarcosine + O2+ H2O                                   Clycine + Formaldehyde+ H2O2 (14) 
 
H2O2 + 4-aminoantipyrine/HTIB                   H2O+ dye (15) 

3.3. Analytical laboratory techniques for uremic solutes analyses 

Chromatographic methods  

To accurately quantify the solute of interest in the complex matrixes of the 
uremic biofluid samples, highly selective analytical methods are assumed. Some 
approaches utilize specific immunologic assays, but most commonly, the analytical 
quantification is done via chromatographic separation [65]. Chromatographic 
separation is based on the analyte’s different moving velocity in the given 
separative media, which consists of two phases, mobile and stationary phase. The 
mobile phase, called eluent, consists of a flow of a gas (gas chromatography),  a 
liquid (liquid chromatography) or a gas in supercritical liquid state. Stationary 
phase depends on the type of chromatography - for gas chromatography, it is 
typically a layer of a liquid film on the inner walls of long capillary; for liquid 
chromatography, it is a column filled with specific adsorber material. In the 
separation process, the continuously flowing mobile phase carries the sample 
through the stationary phase, where the solutes interact with the stationary phase. 
As the strength of interaction differs for different compounds, the compounds have 
different moving velocities, thus resulting in the separation of the solutes. After the 
separation, a wide variety of detection methods, including optical (Figure 1), 
electrochemical, mass spectrometrical, etc. can be applied. An effective separation 
usually results in normally distributed molecules of a compound in the eluent, 
generating a Gaussian-shape detection signal in a time axis, which is called a peak. 
The height and area of a peak depends on the concentration of the compound. The 
time a solute spents to travel through the separating system is called a retention 
time. While the conditions of the separation remain stable and constant, the 
retention time of any compound is a constant, thus it is an important factor for the 
identification of a peak as a certain compound. 
 

GIDH 

Creatininase 

Creatinase 

Sarcosine oxidase 

POD 
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Figure 1 An example of a HPLC chromatogram of a spent dialysate sample monitored by 
fluorescence detection at Ex: 280 nm and Em: 360 nm. 

Gas chromatography 

Gas chromatography (GC) is a highly sensitive, accurate, fast and reproduceable 
method with high separative power for analyzing uremic solutes, which are 
volatile, thermally stable and not highly polar. As in the native form, the list of 
suitable uremic solutes for GC separation is rather short, derivatization techniques 
are used, where a compound suitable for GC is generated [139, 140]. In the 
research of uremia, the gas chromatography is usually coupled with mass 
spectrometric detection (GC/MS), which enables very selective detection and 
quantification. For example, in uremic serum and plasma samples, GC/MS has 
been used to measure of amino acids [141], alkanals, alkenals [142], polyols [143, 
144], phenols [145, 146], and indoles [147, 148]. 

Liquid chromatography 

Liquid chromatography (LC) offers the most flexible separation methods with 
high accuracy, high sensitive and reproducibility as it can be used to separate a 
large number of compounds often without preliminary derivatization. Contrary to 
GC, the separation by LC is slower, as the compounds in the liquid phase at 
moderate temperatures have lower speeds of interaction than the compounds in a 
gas phase at high temperatures. This results also in decreased separation efficiency 
of LC, since compared to GC, a higher level of peak band-broadening occurs. The 
latest improvements in column particle technology have significantly increased the 
performance of HPLC separation, as core-shell adsorber particles have been taken 
into use [149]. 

The most common detection methods coupled with LC are optical and/or mass 
spectrometrical [87, 150-153]. Optical detectors are the least expensive detectors 
for LC, utilizing UV light-absorbance or fluorescence. Concerning uremic toxins, 
UV-detectors have been used, for example, to measure ribonucleosides [154], 
purines [108, 155, 156], guanidines [157]; and fluorescence detectors for indoles 
[18, 60, 61, 70, 111-115], phenols [60, 61, 70, 88, 111-113], with derivatization 
also for guanidines [158-160] etc. The UV-absorbance detectors are the most 
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universal, as most of uremic solutes absorb somewhat UV-light, which is also a 
drawback in detection selectivity. For selective measurement via LC UV-
absorbance, orthogonal multidimensional separation techniques or preprocessing of 
the sample can be applied, e.g. with solid-phase extraction or by using a 
derivatization method. Fluorescence detection offers high selectivity, however the 
list of natural fluorophores in the biofluid is limited, therefore often the 
derivatization with fluorophoric reagent is applied. As optical detectors in LC are 
not destructive, multiple detectors can be used in a row, by this kind of approach, a 
variety of compounds can be measured simultaneously [61, 161-163]. In a few 
cases, methods based on electrochemical detection have been proposed, however 
these are not common [164-166]. LC coupled with mass spectrometry (LC/MS) 
offers the most selective detection and is therefore the most valued tool in the 
research of uremia [150]. However, LC/MS is limited to the compounds that can be 
ionized and is often less sensitive than LC coupled with fluorometric or 
electrochemical detection. The higher costs of MS devices and sophisticated data 
analysis of MS can be listed to the downsides of LC/MS as a tool in large-scale 
studies. 

In modern liquid chromatography studies, high performance analytical solutions 
are used, named accordingly high performance/pressure liquid chromatography 
(HPLC) or ultra performance liquid chromatography (UPLC). These methods 
involve specific columns filled with fine adsorbent particles (≤ 5 µm) where high 
eluent pressures are applied, in HPLC up to 40 MPa, in UPLC up to 120 MPa). 

Capillary electrophoresis 

Besides chromatographic separation, capillary electrophoresis (CE) offers an 
alternative approach to the separation of uremic solutes [167, 168]. As it is a 
relatively inexpensive system in comparison to LC or GC, it offers an affordable 
analytical solution for fast, reliable and sensitive separation of small quantities of 
samples. CE can be coupled with a variety of detectors, including optical and mass 
spectrometric detectors. However, as the separation is based on the movement of 
charged compounds in the applied electrical field, the CE suits for compounds that 
have at least one charged functional group that can form complexes with 
background electrolytes or can form covalent bond with an additive with charge 
[169]. CE excels in the separation of proteins, peptides and chiral molecules, 
however CE is not as universal as LC. Consequently, it is not a main tool in the 
research of uremia for low MW uremic molecules. 
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4 EXPERIMENTAL STUDIES: METHODS, RESULTS 
AND DISCUSSION  

4.1 Methods 

Clinical studies 

All the studies were performed after approval of the protocol by the Regional 
Ethical Review Board, Linköping, Sweden decision on application no. M153-07 
(10.10.2007) and by the Tallinn Medical Research Ethics Committee at the 
National Institute for Health Development, Estonia decision no. 2349 (15.03.2011). 
A written informed consent was obtained from all participating patients. The 
summary on included patients, dialysis parameters and dilaysate  sampling times is 
presented in Table 2: 

Table 2. Patients, dialysis parameters and sampling times in accordance with DOQI [42] 

Publication I II III IV V 

Total number of 
patients 

8 28 10 17 18 

- From Tallinn 
(male/female), 
mean age ± SD 

- 
20 (10/10), 

59 ± 12 
10, 

62.6±18.6 

Test: 7 (2/5),
65 ± 13; 

Ref: 10 (8/2),
63 ± 19 

10 (6/4), 
58 ± 8 

- From 
Linköping, 
male/female, 
mean age ± SD 

8 (7/1), 
73 ± 14 

8 (7/1), 
73 ± 14 

- - 
8 (7/1), 
73 ± 14 

Number of 
sessions (type) 

48 (24 HD 
/ 24 HDF) 

99 (57 HD 
/ 42 HDF) 

30 (15 LF-
HDF / 15 
HF-HDF) 

17 (17 HD) 
78 (33 HD / 

45 HDF) 

Dialysis 
machine 

Fresenius 
5008H 

Fresenius 
5008 

4008H 
Fresenius 

4008H 
Fresenius 

5008 

Blood flow, 
mL/min 

280…350 250…350 245…350 245...350 250…350 

Dialysate flow, 
mL/min 

500 500 500 500 500 

Session’s 
length, min 

180...270 180…270 210 or 240 180 or 240 180…270 

Sampling time, 
min 

10, end of 
dialysis 

10, end of 
dialysis 

Before and 
at the end 
of dialysis 

10, end of 
dialysis 

10, end of 
dialysis, 

tank 
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Chromophores detection by HPLC (Publications I and IV) 

All dialysate samples were acidified down to pH 4.0 with formic acid before the 
high performance liquid chromatography (HPLC) analysis for conformation with 
the pH of the chromatographic eluent used. The HPLC system consisted of a 
quaternary gradient pump unit, a column oven, and a diode array 
spectrophotometric detector (all Ultimate 3000 Series instruments from Dionex 
(Sunnyvale, CA, USA), and Zorbax C18 4.6 × 250 mm column from Agilent 
Instruments (Wilmington, DE, USA) with a security guard KJO-4282 from 
Phenomenex (Torrance, CA, USA). For mass spectrum analysis, the micrOTOF-Q 
II with ESI source by Bruker Corporation was used (Billerica, USA). The eluent 
was mixed with 0.05 M formic acid adjusted to pH 4.0 with ammonium hydroxide 
(A), HPLC grade methanol (B) and HPLC-S grade acetonitrile (C), both from 
Rathburn (Walkerburn, Scotland). The three-step curve-type gradient elution 
program was used, as specified in Table 3. 

Table 3. HPLC gradient program for Publication I and IV 
Step Time (min) Buffer (A), % Methanol (B), % Acetonitrile (C), % 

0 0 100 0 0 
1 30 60 36 4 
2 5 10 81 9 
3 4 10 81 9 

The total flow rate of 1 mL/min was used continuously at the column temperature 
of 30 °C. The UV absorbance was monitored at 210, 254 and 280 nm with a 
measurement interval of 500 ms. Spectra were registered between 200 and 400 nm 
with a time interval of 0.50 s, data were processed by Chromeleon 6.8 software 
(Dionex, USA). Mass spectra were acquired between 100 and 700 Da with a time 
interval of 1 s, data were processed by DataAnalysis (Bruker Corporation, 
Billerica, USA). 

Every peak in the HPLC chromatograms was characterized by the characteristic 
absorption spectrum and by the retention time. Peaks were identified by comparing 
the retention time, absorption spectrum and mass spectrum data of a compound 
found in the sample with a pure authentic compound. 

Chromophores detection by HPLC (Publication III) 

Before the HPLC analysis, the serum samples were purified of proteins by 
centrifuging with the Microcon centrifugal filters (Millipore, USA) at room 
temperature. The HPLC system consisted of a quaternary gradient pump unit, a 
column oven, and a diode array spectrophotometric detector (DAD, all Series 200 
instruments from Perkin Elmer, Norwalk, CT, USA), a manual injector from 
Rheodyne (Rohnert Park, CA, USA), and a Zorbax C8 4.6 × 250 mm column from 
Du Pont Instruments (Wilmington, DE, USA) with a security guard KJO-4282 
from Phenomenex (Torrance, CA, USA). The eluent was mixed with 0.05 M 
formic acid adjusted to pH 4.0 with ammonium hydroxide (A), HPLC grade 
methanol (B) and HPLC-S grade acetonitrile (C), both from Rathburn 
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(Walkerburn, Scotland), with a six step gradient program as specified in Table 4. 
The total flow rate of 1 mL/min was used continuously and the column temperature 
was adjusted to 30°C. The UV-absorbance was monitored at 280 nm with a 
measurement interval of 880 ms, spectra registered between 200–400 nm with a 
time interval of 1.76 s, and data processed respectively by means of Turbochrom 
WS and Turboscan 200 software from Perkin Elmer. The chromatographic peaks 
were detected by the UV detector at wavelengths of 254 and 280 nm. 

Table 4. HPLC gradient program for Publication III 

Step Time, min 
Buffer (A), 

% 
Methanol (B), 

% 
Acetonitrile (C), 

% 
Gradient 

0 0 100 0 0 - 
1 30 60 36 4 Linear 
2 5 10 81 9 Linear 
3 4 10 81 9 No grad 
4 1 10 0 90 Linear 
5 6 10 0 90 No grad 

Fluorophores detection by HPLC (Publications II and V) 

All dialysate samples were acidified down to pH 4.25 with formic acid before 
the HPLC analysis for the sake of stable chromatographic retention times. The 
HPLC system consisted of a quaternary gradient pump unit, a thermostated 
autosampler, a column oven, a diode array spectrophotometric detector (DAD), a 
fluorescence detector (FLD), all Ultimate 3000 Series instruments from Dionex 
(Sunnyvale, CA, USA), and two continuous columns of Poroshell 120 C18 4.6 x 
150 mm from Agilent Instruments (Wilmington, DE, USA) with a security guard 
KJO-4282 from Phenomenex (Torrance, CA, USA). The samples were kept at 6 °C 
in the autosampler. The eluent was mixed with 0.05 M formic acid adjusted to pH 
4.25 with ammonium hydroxide (A), and organic solvent mixture of HPLC grade 
methanol and HPLC-S grade acetonitrile, both from Rathburn (Walkerburn, 
Scotland) in the ratio of 9:1 with 0.05 M ammonium formiate salt (B). The three-
step linear gradient elution program was used, as specified in Table 5. 

Table 5. HPLC gradient program for Publication II and V 
Step Time (min) Buffer (A), % Organic solvent (B), % Gradient 

0 0 99 1  
1 6 99 1 Linear 
2 39 10 90 Non-linear 
3 15 10 90 No gradient 

The total flow rate of 0.6 mL/min was used at the column temperature of 40 °C. 
All the spent dialysate samples were analyzed by recording 2-dimensional (2D) 
fluorescence acquisition chromatogram at the Ex: 280 nm and Em: 360 nm with a 
measurement interval of 0.5 s. For all 2D chromatograms, a blank run was 
subtracted from the signal. The 3-dimensional (3D) fluorescence acquisition 
chromatograms were recorded for 10 selected spent dialysate samples taken at the 
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start of the dialysis, which had the highest common characteristic peak intensities 
in 2D chromatograms. For 3D chromatograms, each sample was chromatographed 
two times: one for fluorescence excitation scan and the other for fluorescence Em 
scan. The fluorescence scanning parameters are given in Table 6 at the 
measurement interval of 0.5 s. The chromatographic data was processed by 
Chromeleon 7.1 software by Thermo Scientific (Waltham, USA). 

Table 6. Chromatogram recording program 
  Excitation Emission Samples 
2D acquisition  280 nm 360 nm All 
3D acquisition Excitation scan 220…340 nm 360 nm 10 selected 
 Emission scan 280 nm 300…500 nm 10 selected 

For mass spectrum analysis, a quadrupole time-of-flight mass spectrometer 
micrOTOF-Q II with an ESI source was used (Bruker, Billerica, USA). For both 
negative and positive ion mode, the parameters for sample analysis were as 
follows: mass range of m/z 50–700; ion source temperature of 200 °C, ESI voltage 
of 4.5 kV, ESI nebulization gas flow of 8.0 L/min, drying gas flow of 1.2 bar, 
detector voltage of 2.03 kV, acquisition rate of 1 Hz. Mass calibration was carried 
out using a sodium formate solution (10 mmol/L) from m/z 50 to 700. Data 
acquisition was performed using software Compass HyStar version 3.2, and 
processing of the data was carried out with Compass DataAnalysis version 4.0 SP1 
(both Bruker, Billerica, USA). 

Every peak in the HPLC chromatograms was characterized by the retention 
time and the mass spectrum. The chromatographic peaks were identified by 
comparing the retention time and the mass spectrum of the spent dialysate with the 
reference compound. 

In the analysis of the 3D fluorescence chromatograms in Publication II, the 
fluorescence Em and Ex spectra of the peaks were calculated by summing all the 
spectra over the respective chromatographic peak. In addition, to simulate Ex and 
Em spectra of nonfractionated spent dialysate, total fluorescence Ex and Em 
spectra were calculated on the basis of a typical 3D fluorescence chromatogram as 
the sum of all time-point spectra over the whole chromatogram up to the 
chromatographic retention time when the column washing peaks started to elute, 
the latter system peaks were excluded. 

Relative contribution and removal ratio (Publications I, II and III) 

The relative contribution (RC) for the i-th chromatographic peak (presumably 
solute) to the sum of UV absorbances of all peaks for a chromatogram was 
calculated as a ratio of the area of the i-th peak (Apeak i) to the total area of all peaks 
appeared on the chromatogram (Atotal): 

RCi (%) = 100 *( Apeak i / Atotal) (16) 
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The contribution values of peaks with similar retention time were averaged 
separately and depending on the sampling time for all spent dialysate samples from 
the start and end, also for all of the samples in total. Relative contribution (RC) for 
a specific solute group “j” was calculated similar to RCi: 

RCj (%) = 100 *( Agroup j / Atotal) (17) 

The removal ratio (RR) of a specific i-th peak (uremic solute) for a dialysis 
session was defined as a function of the start and end HPLC peak areas (Astart i and 
Aend i) of the samples from the dialysis session: 

RRi (%) = 100 *(Astart i - Aend i) / Astart i (18) 

In Publications I, III and IV, Student’s t-test was used to compare the means of 
RCi and RRi, and p ≤ 0.05 was considered significant. Correlation analysis 
(Pearsons R) was used to estimate the degree of linear association between the 
variable groups of RCi and RRi in Publication II and variable groups of total 
removed (TR) IS estimated by HPLC and the optical method in Publication V, R > 
0.8 was considered as a strong correlation. Coefficient of determination (R²) was 
calculated to assess goodness of fit between parameters. 

4.2 Chromophores in the spent dialysate (Publication I) 

The UV-absorbance measurement of chromophores, whether their native or as a 
product of derivative reaction in various biofluids is one of the most feasible 
methods today to measure a wide variety of compounds. It is considered cost-
effective and easy to perform with or without separation of the target chromophore 
from the sample matrix (see Sections 3.2 and 3.3). Although several studies 
covering the potential use of UV-absorbance-based technology for dialysis 
adequacy monitoring have been published [30, 33, 35, 36, 100, 170, 171], to our 
knowledge, no publications has reported the contributions of the main 
chromophores combined with their removal dynamics. In the research of 
Publication I, the major chromophores in 96 spent dialysate samples from 48 
dialysis sessions for 8 patients were separated and characterized by HPLC UV-
absorbance detection. 

It was found that chromophores with RR > 60 % contribute more than 90% to 
the UV absorption at the wavelength of 280 nm, utilized in UV-absorbance-based 
dialysis adequacy monitoring devices [172, 173]. Among these chromophores there 
are widely investigated uremic solutes of UA, CREA and HA, while UA was the 
major contributor to the UV-absorbance. The study also indicated to a possible 
interference by the chromophoric drug of acetaminophen (paracetamol), which had 
median contribution of 7% at the wavelength 280nm. Among the group of the 
chromophores with RR < 60%, the RC to the UV-absorbance was found to be 
negligible. 

The results of Publication I complied with earlier publications where UA was 
found to be the main chromophore in the spent dialysate [17, 32, 174], also in 
uremic serum [64, 175, 176]. In earlier publications, the UV-absorbance has been 
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successfully proven to estimate the removal of easily dialyzed uremic solutes with 
a high RR [12, 33, 107]. Findings presented in Publication I also agree with earlier 
publications, where strong relationship between UV-absorbance and UA was 
reported [34, 36]. This study revealed that the UV-absorbance monitoring method 
lacks a potential to estimate the removal of slowly dialyzed solutes e.g. PBS, as the 
compounds with RR less than 60 %, contribute less than 10% to the signal. PBS 
have low RR values, as only free fraction of the blood serum is available to diffuse 
through the dialysis membrane [58, 61, 70, 177]. Nevertheless, the results in 
Publication I confirm that UV-absorbance can be utilized to monitor the removal of 
easily dialyzed uremic solutes, such as UA or as a surrogate method for urea. 

4.3 Fluorophores in the spent dialysate (Publication II) 

In the last decade, the research focus of uremic toxicity has been on protein-
bound uremic toxins. Some of these, in particular IS and pCS, are known to be 
linked directly with renal and vascular disease progression and therefore with an 
increased risk of mortality [25]. Although these solutes are extensively 
investigated, as yet there are no commonly accepted therapeutic target parameters 
in use to assess removal adequacy, nor easy, robust and cost-effective methods for 
measuring markers of PBS in everyday clinical practice. In the publication by 
Holmar et al., the total removed IS was linked with fluorescence of spent dialysate 
[29]. To validate the approach based on fluorescence, a HPLC study with a 
fluorescence detector was carried out and the results were summarized in 
Publication II. The study included 28 patients from hemodialysis centers from 
Tallinn, Estonia and Linköping, Sweden, in total, 198 dialysate samples from 99 
dialysis sessions. The main fluorophores were separated and characterized by 
HPLC with a fluorescence detector. 

The results revealed that the main fluorophores in the spent dialysate were 
identified as IS, tryptophan, indole acetic acid, indoleacetyl glutamine, indoxyl 
glucuronide, and 5-hydroxyindoleacetic acid, whereas one major contributor 
remained unidentified. More than half of the fluorescence signal at Ex: 280 nm and 
Em: 360 nm is caused by indolic compounds, while indoxyl sulfate is the most 
prevalent fluorophore in the spent dialysate. There was no statistical difference 
between RR of IS and total fluorescence as the sum of peaks at selected 
wavelengths. Furthermore, there was a strong correlation between these values. 
The fluorescence Ex and Em spectrogram acquired over the chromatographic 
separation of 10 selected spent dialysate samples gave additional confirmation that 
at given wavelengths, the main fluorophores are compounds with indole-like 
fluorescence spectra. In parallel to dialysate sampling, on-line fluorescence 
measurements were carried out to illustrate technological possibility for real-time 
dialysis fluorescence monitoring reflecting removal of the main fluorophores from 
blood into spent dialysate. 

The findings that IS is a main fluorophore in spent dialysate are in agreement 
with earlier fluorescence studies with HPLC [114, 178]. Also, similar fluorescence 
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Em spectrum acquired in the spectrogram study has been reported [178, 179]. The 
strong correlation between the RR of IS and total fluorescence found in this 
research add supplement confirmation to the conclusion of a study published by 
Holmar et al., suggesting fluorescence monitoring as a possible method for 
quantifying the elimination of protein-bound uremic toxins during the dialysis 
procedure [29]. The findings in Publication II clearly realize the idea to utilize the 
fluorescence signal at this wavelength region for monitoring the removal of slowly 
dialyzed uremic toxin IS. 

4.4 Effect of different dialyzers on the accuracy of optical monitoring 
(Publication III) 

In kidney replacement therapy by hemodialysis, the dialysis efficiency can be 
controlled by the type of treatment by choosing between the hemodialysis (HD) or 
hemodiafiltration (HDF), by the choice of the dialyzer membrane, or by several 
parameters, such as the flow speed of blood and dialysate. When choosing a 
dialysis membrane to fit the treatment targets, there are several variables that can 
be altered, such as the material, size of membrane area, and the dialyzer membrane 
pore size. As different uremic solutes, chromophores may have different removal 
by altering the dialysis strategies [14, 19, 70, 88], it raised a question of whether 
this has an effect on the optical monitoring of dialysis adequacy by UV-
absorbance. In the study of Publication III, the removal ratio of 11 different 
parameters for low flux (LF, pore size 1.8 nm) and high flux (HF, pore size 3.3 nm) 
dialyzer membranes were compared [17]. The comparison included concentrations 
of 6 uremic solutes and 2 unknown chromophores in serum samples; the total UV-
absorbance of serum as the total area of HPLC peaks; and also the UV-absorbance 
of the spent dialysate measured by spectrophotometer. 30 dialysis sessions of 10 
patients were included to this study. 

The most important findings of this study were that as compared to LF and HF 
dialyzers, the removal efficiencies estimated by the total area of HPLC peaks at 
254 and 280 nm in the serum and online UV absorbance at 280 nm in the spent 
dialysate were statistically not different. This indicates to the similar removal of 
chromophores with a major contribution to the UV-absorbance as compared to 
different dialyzer membrane pore sizes. Thus, this study reveals that the dialyzer 
membrane pore size has an insignificant effect on the dialysis adequacy monitoring 
by UV-absorbance. 

4.5 Effect of drugs on the accuracy of optical monitoring (Publication IV) 

The UV-absorbance dialysis adequacy monitor has been accepted by the clinical 
community to estimate the dialysis dose of Kt/V [42]. It is a rather new method, 
measuring the sum of a broad variety of different chromophores, therefore the 
number of studies focused on possible interferences is limited [108, 180, 181]. An 
earlier publication covering the contributions of the main chromophores revealed 
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that some drugs, in this case, acetaminophen (paracetamol), may interfere the 
monitoring of removal of small uremic solutes [108]. To investigate this 
phenomenon, a study including 17 patients on hemodialysis was carried out with 
HPLC UV-absorbance detection. 

The results showed that acetaminophen and its metabolites are strong 
chromophores at wavelengths 254 and 280 nm. Surprisingly, when given shortly 
before or after the start of dialysis, acetaminophen was found to increase the levels 
of UA in spent dialysate samples. In the reference group of 10 patients on 
hemodialysis receiving no acetaminophen, the average RR of UA was 78 ± 14% 
during the dialysis. However, when acetaminophen was consumed during dialysis, 
the apparent average RR of UA calculated as difference between concentrations in 
the start and end dialysate samples decreased to 52 ± 9%, with the lowest of 43%. 
The relationship between the rise of UA level and administration of acetaminophen 
is unknown. The first notice of such kind of relationship was published already in 
1975 [182], however after later re-examination of this phenomenon published in 
1979 [183], no known publications have followed. This has raised the question of – 
whether a patient on hemodialysis benefits from acetaminophen-related increase of 
UA or it should be avoided. Regardless of that debate, acetaminophen, its 
metabolites and related increase of UA are strong chromophores and this may 
affect the accuracy of the UV-absorbance monitoring of dialysis adequacy. 

4.6 Possible application: fluorescence study of spent dialysate 
(Publication V) 

Protein-bound uremic toxin IS is mostly measured by HPLC coupled with 
fluorescence of MS detection [18, 60, 61, 70, 111, 112], which requires specialized 
laboratory, sophisticated and expensive apparatus and skilled personnel. 
Fluorescence at the Ex: 280 nm and Em: 360 nm offers selective measurement of 
indoles [115]. As the HPLC method coupled with fluorescence detection is the 
most sensitive and selective method employed to measure IS, it raised an interest 
whether fluorescence at selected wavelengths of spent dialysate can be utilized to 
estimate total removed IS. For this reason, spent dialysate samples from the tank 
collection; start and end in total 234 samples of 78 dialysis sessions of 18 patients 
from Tallinn, Estonia and Linköping, Sweden, were included to the study. To 
create a regression model, input data included the fluorescence spectra of the spent 
dialysate and IS concentrations measured by HPLC, while HPLC was handled as 
reference. 

The results showed a strong correlation between the amplitude of fluorescence 
of the spent dialysate and concentration of IS measured by HPLC. Still more, there 
is strong relation between the optically estimated total removed (TR) IS and TR IS 
assessed by HPLC; all estimated from tank collection samples. The mean TR IS in 
this study was 151.4±87.3 mg per treatment session. This value is relatively close 
to those reported previously, ranging from 114 ± 50 mg [14] to 240 ± 54 mg [60]. 
From the past publications, the main parameters for quantifying the removal of 
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PBS solutes have been RR and TR [14, 15, 19, 20, 58, 60, 70, 88, 113, 184, 185]. 
The optical monitor utilizing the fluorescence of spent dialysate can provide both 
of these parameters for IS. Based on these results, it is possible to estimate TR IS 
using only spectrafluorimetric values of the spent dialysate and the main 
parameters for quantifying the elimination of IS by the hemodialysis procedure can 
be used. 
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CONCLUSIONS 
The results of Publications I – V can be divided into two sections, covering 
separately the chromophores and the fluorophores. 

Chromophores (Publications I, III and IV) 

o Easily dialyzed chromophores with a removal ratio RR > 60 % (e.g. uric acid) 
contribute more than 90% to the UV absorbance of the spent dialysate. 

o The main identified chromophores in the spent dialysate at wavelengths of 
210, 254 and 280 nm are uremic solutes of uric acid, hippuric acid and 
creatinine. 

o The pore size of dialysis membrane (low flux vs high flux) has no effect on 
dialysis adequacy monitoring by UV-absorbance. 

o Interference by a drug of acetaminophen (paracetamol) to the UV-absorbance 
based dialysis adequacy assessment was determined. 

o UV absorbance cannot be utilized to monitor the removal of slowly dialyzed 
uremic solutes (e.g. indoxyl sulfate). 

o UV-absorbance can be utilized for monitoring the removal of easily dialyzed 
uremic solutes. 

Fluorophores (Publications II and V) 

o More than 60% of the fluorescence signal of the spent dialysate at 
wavelengths Ex: 280 nm, Em: 360 nm originates from 5 indolic solutes 
(indoxyl glucuronide, indoxyl sulfate, 5-hydroxyindoleacetic acid, 
indoleacetyl glutamine, and indolacetic acid). 

o The main contributor to the fluorescence signal at excitation 280 nm and 
emission 360 nm in the spent dialysate is uremic toxin of indoxyl sulfate. 

o The removal ratio of indoxyl sulfate is very close to the removal ratio from the 
fluorescence at selected wavelengths of spent dialysate (sum of all peaks). 

o Fluorescsence signal at a certain wavelength region (e.g. Ex: 280 nm and Em: 
360 nm) can be utilized for monitoring the removal of protein-bound solute 
indoxyl sulfate. 
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KOKKUVÕTE 

Dialüüsi adekvaatsuse hindamine põhineb tänapäeval ühel markerainel – 
uureal. Uurea on mittetoksiline ainevahetuse jääkprodukt, mis esindab kergesti 
eemaldatavate ureemiliste soluutide ainetegruppi. Uurea eemaldamist saab hinnata 
optiliselt, mõõtes dialüsaadi UV-valguse neelduvust. Uurea aga ei võimalda saada 
informatsiooni teiste ureemiliste soluutide, näiteks verest raskesti eemaldatavate 
valkudega seotud ainete, eemaldamise kohta. Seetõttu on välja pakutud uus 
markeraine, toksiliste omadustega indoksüülsulfaat, valkudega seotud ainete 
eemaldamise hindamiseks. Indoksüülsulfaadi eemaldamise hindamiseks on välja 
pakutud fluorestsentsil põhinev meetod. 

Kasutades ainete lahutamist vedelikkromatograafiaga, uuriti käesolevasse 
väitekirja kaasatud uurimistöödes peamiste kromofooride ja fluorofooride 
osatähtsusi dialüsaadi UV-neelduvuses ja fluorestsentsis. Töö tulemusel avastati 
dialüsaadi UV-neelduvuse ja fluorestsentsisignaalide interpreteerimiseks uudsed 
võimalused, mis on kahe erineva eemaldamiskiirusega ainegrupi uue jälgimis-
meetodi aluseks neeruasendusravil. 

Esimeses osas antakse lühike ülevaade neerude rollist inimese kehas, 
neerufunktsiooni häiretest ning neeruasendusravist. Töö teises osas kirjeldatakse 
dialüüsi adekvaatsuse tausta ja selle arenemist. Kajastatud on ureemiliste soluutide 
eemaldamise effektiivsust kirjeldavad võimalikud parameetrid. Töö kolmas osa 
vaatleb ureemiliste ühendite sisalduse määramise meetodeid. Kolm alateemat 
käsitlevad peamisi tavapäraseid ainete kontsentratsioonide määramise viise: 
kolorimeetrial ja ensümaatilistel reaktsioonidel põhinevad kliinilised meetodid; 
optilised online meetodid; ning tavapärasemad analüütilised meetodid, peamiselt 
kromatograafial põhinevad. Töö neljas osa esitab autori tehtud eksperimentaalse 
töö tulemused. Töö hõlmab endas kokkuvõtteid kliinilistest uuringutest Tallinnas, 
Eestis ja Linköpingis, Rootsis. Kasutati kolme erinevat kromatografeerimis-
meetodit koos UV-absorptsiooni- ja fluorestsentsdetektoriga. 
Töö peamised tulemused on: 

 Kergesti dialüüsitavad kromofoorid RR > 60% (näiteks kusihape) moodus-
tavad rohkem kui 90% kogu UV-absorptsiooni signaalist, seetõttu saab 
UV-neelduvust kasutada kergesti dialüüsitavate ureemiliste soluutide 
eemaldamise jälgimiseks. 

 Dialüüsravis kasutatava membraani poori suurus ei mõjuta dialüüsravi 
optilist monitoorimist. 

 UV-absorbtsiooni ei saa kasutada aeglaselt dialüüsitavate ureemiliste ühen-
dite eemaldamise jälgimiseks. 

 Tuvastati ühe ravitoimeaine, paratsetamooli, tekitatud mõju dialüüsi adek-
vaatsuse hindamises. 

 Peamine osa heitdialüsaadi fluorestsentsi signaalist ergastusel 280 nm ja 
emissioonil 360 nm pärineb valkudega seotud indooli derivaatidelt, millest 
peamine on indoksüül sulfaat. Seetõttu saab fluorestsentsi kasutada valkudega 
seotud ureemilise toksiini indoksüülsulfaadi eemaldamise jälgimiseks. 
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ABSTRACT 
The dialysis adequacy is assessed by a single marker molecule of urea, a non-

toxic metabolic waste which represents the removal of easily dialyzed uremic 
solutes. Removal of urea can be optically estimated by UV-absorbance. However, 
urea does not provide any indication about the removal of other uremic solutes, 
such as toxic protein-bound solutes, which are slowly dialyzed during 
hemodialysis. Therefore, a new marker for slowly dialyzed protein-bound uremic 
solutes, a toxin of indoxyl sulfate, has been proposed. To estimate the removal of a 
indoxyl sulfate, a novel optical method based on fluorescence has been proposed. 

The aim of the thesis work was to study the composition of the main 
chromophores and fluorophores in the spent dialysate by using chromatographic 
separation methods for the interpretation of the UV-absorbance and fluorescence of 
spent dialysate, optical approaches proposed for monitoring the dialysis adequacy 
for groups of solutes with different removal. 

Section I summarizes the role of kidneys, kidney failure and kidney 
replacement therapy. 

Section II describes the dialysis adequacy and its background. Different 
parameters are in use to quantify the removal of uremic solutes. 

Section III reviews the methods used in the assessment of uremic solutes 
concentrations. Three subtopics cover the main analytical solutions that are commonly 
used in the quantification of uremic solutes: clinical methods based on colorimetry 
and enzymatic reactions; online optical methods; and common analytical laboratory 
techniques, covering mainly the principles and solutions of chromatography. 

Section IV presents the results of the author’s experimental studies and 
describes the clinical studies carried out in Tallinn, Estonia and Linköping, 
Sweden. Three chromatographic methods were used, based on UV-absorbance and 
fluorescence detection. 
The main results of the thesis are: 

 Easily dialyzed chromophores with the removal ratio RR > 60 % (e.g. uric 
acid) contribute more than 90% to the UV absorbance in the spent 
dialysate, and therefore UV-absorbance can be utilized for monitoring the 
removal of easily dialyzed uremic solutes. 

 Pore size of the dialyzer membrane has no effect on the optical monitoring 
of dialysis therapy. 

 UV absorbance cannot be utilized to monitor the removal of protein-bound 
uremic solutes (e.g., indoxyl sulfate) due to their negligible contribution. 

 Interference by a drug of acetaminophen (paracetamol) to the UV-
absorbance based dialysis adequacy assessment was determined. 

 Predominant part of the fluorescence signal at excitation 280 nm and 
emission 360 nm in the spent dialysate originates from protein-bound 
derivatives of indoles while the uremic toxin of indoxyl sulfate is the main 
contributor, and for this reason fluorescence could be feasible for 
monitoring the removal of protein-bound uremic solute of indoxyl sulfate. 
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acid levels in uremic patients revealed by monitoring spent dialysate”, ISRN 
nephrology, vol 2013, Article ID 515292 (DOI: 10.5402/2013/515292). 
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Hemodialysis by Using Optical Data of the Spent Dialysate”. In: Proceedings of 
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APPENDIX 2 

ELULOOKIRJELDUS  

1. Isikuandmed 

Ees- ja perekonnanimi Jürgen Arund 
Sünniaeg ja -koht  11.07.1984, Põlva, Eesti 
Kodakondsus  eestlane 

2. Kontaktandmed 

Aadress  Redise 9-15, Laagri, Harjumaa, Eesti 
Telefon  +372 620 22 09 
E-posti aadress jurgen.arund@ttu.ee 

3. Hariduskäik 

4. Keelteoskus (alg-, kesk- või kõrgtase) 

Keel Tase 

Eesti Emakeel, kõrgtase 

Inglise Kõrgtase 

Vene Algtase 

5. Täiendusõpe 

Õppimise aeg Täiendusõppe läbiviija nimetus 

11.2011-04.2012 2 Rahvusvahelise doktorikooli  iBioMEP täiendkursust 

 
  

Õppeasutus 

(nimetus lõpetamise ajal) 
Lõpetamise aeg

Haridus 

(eriala/kraad) 

Tallinna Tehnikaülikool 2008 
Materjalitehnoloogia, 

bakalaureusekraad 

Tallinna Tehnikaülikool 2010 
Biomeditsiinitehnoloogia, 

magistrikraad 
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APPENDIX 2 Continued 
6. Teenistuskäik 

Töötamise aeg Tööandja nimetus Ametikoht

2007-2010 Tallinna Tehinkaülikool Tehnik 

2010-k.a. Tallinna Tehinkaülikool Teadur 

7. Teadustegevus 

Ureemiliste toksiinide ja kardiovaskulaarsete markerite uurimine ning nende 

dialüüsiravi käigus eemaldamise hindamine reaalajas optiliste meetoditega. 

8. Teadustöö põhisuunad 

2014- 2019 
Biooptilised ja bioelektrilised signaalid 

meditsiinitehnikas 
IUT19-2 

2008-2015 
Integreeritud elektroonikaüsteemide ja 

biomeditsiinitehnika tippkeskus – CEBE 
TAR8077DB 

2011-2014 
Uudne optiline meetod ureemiliste toksiinide - 

alatoitumuse ja kroonilise põletiku ning SVH riski 
potentsiaalsete markerite, monitooringuks 

ETF8621 

2007-2010 
Uudne optiline multikomponent monitor 

neerupuudulikkusega patsientide ravi kvaliteedi 
hindamiseks 

ETF6936 

2007-2012 Biosignaalide interpreteerimine meditsiinitehnikas SF0140027s07 

Juhendatud lõputööd 

I. Elena Vaarmets, magistrikraad, 2012, (juh) Risto Tanner; Jürgen Arund, 
Dialüsaadi vedelikkromatograafilise analüüsi metoodika optimeerimine seoses 
optilise monitori väljatöötamisega neeruasendusravi jälgimiseks, Tallinna 
Tehnikaülikool, TTÜ Tehnomeedikum, Biomeditsiinitehnika Insituut. 

II. Ürgo Saaliste, magistrikraad, 2013, (juh) Jürgen Arund, Pöörd-faas 
kõrgsurve vedelikkromatograafia kromatogrammi baasjoone eemaldamise 
meetodite võrdlus diood-rivi detektsiooniga saadud kromatogrammide puhul 
metaboloomikas, Tallinna Tehnikaülikool, TTÜ Tehnomeedikum, 
Biomeditsiinitehnika Insituut. 

III. Mari-Ann Pajusoo, magistrikraad, 2013, (juh) Jürgen Arund, Peamiste 
kromofoorsete piikide puhtuse hindamine 2D-kromatograafilise meetodiga 
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kulunud dialüsaadi proovides, Tallinna Tehnikaülikool, TTÜ Tehnomeedikum, 
Biomeditsiinitehnika Insituut. 

IV. Sandra Viira, magistrikraad (teaduskraad), 2016, (juh) Jürgen Arund, Proovi 
ettevalmistamise metoodika optimeerimine ureemilise toksiini 
indoksüülsulfaadi määramiseks vereseerumis, Tallinna Tehnikaülikool, TTÜ 
Tehnomeedikum, Biomeditsiinitehnika Insituut. 
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APPENDIX 3 
 

CURRICULUM VITAE 

1. Personal data 

Name   Jürgen Arund 
Date and place of birth  11.07.1984, Põlva, Estonia 

2. Contact information 

Address Redise 9-15, Laagri, Harjumaa, Estonia 
Phone +372 620 22 09 
E-mail jurgen.arund@ttu.ee 

3. Education 

4. Language competence/skills (fluent; average, basic skills) 

Language Level 

Estonian fluent, mother-tongue 

English fluent 

Russian  basic skills 

5. Special Courses 

Period Educational or other organization 

11.2011-04.2012 2 graduate courses in International Doctoral Programme – 
iBioMEP 

  

Educational institution 
Graduation 

year 
Education 

(field of study/degree) 

Tallinn University of 
Technology 

2008 Technology of Materials, Bachelor degree 

Tallinn University of 
Technology 

2010 Biomedical technology, Master degree 
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APPENDIX 3 Continued 

6. Professional Employment 

Period Organization Position 

2007-2010 Tallinn University of Technology Technician 

2010 -   Tallinn University of Technology Research scientist 

7. Scientific work 

Research of uremic toxins and cardiovascular markers and optical on-line 

estimation of their elimination during dialysis 

8. Main areas of scientific work/Current research topics 

2014- 2019 
Biooptical and bioelectrical signals in Biomedical 

Engineering 
IUT19-2 

2008-2015 
Centre for Integrated Electronic Systems and 

Biomedical Engineering – CEBE, Estonian centre 
of excellence in research 

TAR8077DB 

2011-2014 

A novel optical technology for monitoring of 
uremic toxins - potential markers for 

malnutrition–inflammation syndrome and CVD 
risk 

ETF8621 

2007-2010 
A novel optical multicomponent monitor 

estimating ESRD patients’ treatment quality 
ETF6936 

2007-2012 
Interpretation of Biosignals in Biomedical 

Engineering 
SF0140027s07 

Theses supervised 

I. Elena Vaarmets, Master's Degree, 2012, (sup) Risto Tanner; Jürgen Arund, 
Optimization of liquid chromatographic method for analysis of spent dialysate 
in connection with development of optical dialysis adequacy monitor, Tallinn 
University of Technology, Technomedicum of TUT, Department of Biomedical 
Engineering, Chair of Biomedical Engineering. 

II. Ürgo Saaliste, Master's Degree, 2013, (sup) Jürgen Arund, Comparison of 
baseline subtraction methods for reversed-phase high-performance liquid 
chromatography chromatograms acquired by diode array detection for use in 



114 

metabolomics, Tallinn University of Technology, Technomedicum of TUT, 
Department of Biomedical Engineering. 

III. Mari-Ann Pajusoo, Master's Degree, 2013, (sup) Jürgen Arund, Estimation 
of purity of main chromophoric peaks in spent dialysate sample 
chromatograms by two-dimensional chromatographic method, Tallinn 
University of Technology, Technomedicum of TUT, Department of Biomedical 
Engineering. 

IV. Sandra Viira, Master's Degree, 2016, (sup) Jürgen Arund, Optimization of a 
method for sample preparation to assess the uremic toxin of indoxyl sulfate in 
blood serum, Tallinn University of Technology, Technomedicum of TUT, 
Department of Biomedical Engineering. 
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DISSERTATIONS DEFENDED AT  
TALLINN UNIVERSITY OF TECHNOLOGY ON  

NATURAL AND EXACT SCIENCES 
 
1. Olav Kongas. Nonlinear Dynamics in Modeling Cardiac Arrhytmias. 1998. 
2. Kalju Vanatalu. Optimization of Processes of Microbial Biosynthesis of 
Isotopically Labeled Biomolecules and Their Complexes. 1999. 
3. Ahto Buldas. An Algebraic Approach to the Structure of Graphs. 1999. 
4. Monika Drews. A Metabolic Study of Insect Cells in Batch and Continuous 
Culture: Application of Chemostat and Turbidostat to the Production of Recombinant 
Proteins. 1999. 
5. Eola Valdre. Endothelial-Specific Regulation of Vessel Formation: Role of 
Receptor Tyrosine Kinases. 2000. 
6. Kalju Lott. Doping and Defect Thermodynamic Equilibrium in ZnS. 2000. 
7. Reet Koljak. Novel Fatty Acid Dioxygenases from the Corals Plexaura homomalla 
and Gersemia fruticosa. 2001. 
8. Anne Paju. Asymmetric oxidation of Prochiral and Racemic Ketones by Using 
Sharpless Catalyst. 2001. 
9. Marko Vendelin. Cardiac Mechanoenergetics in silico. 2001. 
10. Pearu Peterson. Multi-Soliton Interactions and the Inverse Problem of Wave 
Crest. 2001. 
11. Anne Menert. Microcalorimetry of Anaerobic Digestion. 2001. 
12. Toomas Tiivel. The Role of the Mitochondrial Outer Membrane in in vivo 
Regulation of Respiration in Normal Heart and Skeletal Muscle Cell. 2002. 
13. Olle Hints. Ordovician Scolecodonts of Estonia and Neighbouring Areas: 
Taxonomy, Distribution, Palaeoecology, and Application. 2002. 
14. Jaak Nõlvak. Chitinozoan Biostratigrapy in the Ordovician of Baltoscandia. 2002. 
15. Liivi Kluge. On Algebraic Structure of Pre-Operad. 2002. 
16. Jaanus Lass. Biosignal Interpretation: Study of Cardiac Arrhytmias and 
Electromagnetic Field Effects on Human Nervous System. 2002. 
17. Janek Peterson. Synthesis, Structural Characterization and Modification of 
PAMAM Dendrimers. 2002. 
18. Merike Vaher. Room Temperature Ionic Liquids as Background Electrolyte 
Additives in Capillary Electrophoresis. 2002. 
19. Valdek Mikli. Electron Microscopy and Image Analysis Study of Powdered 
Hardmetal Materials and Optoelectronic Thin Films. 2003. 
20. Mart Viljus. The Microstructure and Properties of Fine-Grained Cermets. 2003. 
21. Signe Kask. Identification and Characterization of Dairy-Related Lactobacillus. 
2003. 
22. Tiiu-Mai Laht. Influence of Microstructure of the Curd on Enzymatic and 
Microbiological Processes in Swiss-Type Cheese. 2003. 
23. Anne Kuusksalu. 2–5A Synthetase in the Marine Sponge Geodia cydonium. 2003. 
24. Sergei Bereznev. Solar Cells Based on Polycristalline Copper-Indium 
Chalcogenides and Conductive Polymers. 2003. 
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25. Kadri Kriis. Asymmetric Synthesis of C2-Symmetric Bimorpholines and Their 
Application as Chiral Ligands in the Transfer Hydrogenation of Aromatic Ketones. 
2004. 
26. Jekaterina Reut. Polypyrrole Coatings on Conducting and Insulating Substracts. 
2004. 
27. Sven Nõmm. Realization and Identification of Discrete-Time Nonlinear Systems. 
2004. 
28. Olga Kijatkina. Deposition of Copper Indium Disulphide Films by Chemical 
Spray Pyrolysis. 2004. 
29. Gert Tamberg. On Sampling Operators Defined by Rogosinski, Hann and 
Blackman Windows. 2004. 
30. Monika Übner. Interaction of Humic Substances with Metal Cations. 2004. 
31. Kaarel Adamberg. Growth Characteristics of Non-Starter Lactic Acid Bacteria 
from Cheese. 2004. 
32. Imre Vallikivi. Lipase-Catalysed Reactions of Prostaglandins. 2004. 
33. Merike Peld. Substituted Apatites as Sorbents for Heavy Metals. 2005. 
34. Vitali Syritski. Study of Synthesis and Redox Switching of Polypyrrole and 
Poly(3,4-ethylenedioxythiophene) by Using in-situ Techniques. 2004.  
35. Lee Põllumaa. Evaluation of Ecotoxicological Effects Related to Oil Shale 
Industry. 2004. 
36. Riina Aav. Synthesis of 9,11-Secosterols Intermediates. 2005. 
37. Andres Braunbrück. Wave Interaction in Weakly Inhomogeneous Materials. 
2005. 
38. Robert Kitt. Generalised Scale-Invariance in Financial Time Series. 2005. 
39. Juss Pavelson. Mesoscale Physical Processes and the Related Impact on the 
Summer Nutrient Fields and Phytoplankton Blooms in the Western Gulf of Finland. 
2005. 
40. Olari Ilison. Solitons and Solitary Waves in Media with Higher Order Dispersive 
and Nonlinear Effects. 2005. 
41. Maksim Säkki. Intermittency and Long-Range Structurization of Heart Rate. 
2005. 
42. Enli Kiipli. Modelling Seawater Chemistry of the East Baltic Basin in the Late 
Ordovician–Early Silurian. 2005. 
43. Igor Golovtsov. Modification of Conductive Properties and Processability of 
Polyparaphenylene, Polypyrrole and polyaniline. 2005. 
44. Katrin Laos. Interaction Between Furcellaran and the Globular Proteins (Bovine 
Serum Albumin -Lactoglobulin). 2005. 
45. Arvo Mere. Structural and Electrical Properties of Spray Deposited Copper Indium 
Disulphide Films for Solar Cells. 2006. 
46. Sille Ehala. Development and Application of Various On- and Off-Line Analytical 
Methods for the Analysis of Bioactive Compounds. 2006. 
47. Maria Kulp. Capillary Electrophoretic Monitoring of Biochemical Reaction 
Kinetics. 2006. 
48. Anu Aaspõllu. Proteinases from Vipera lebetina Snake Venom Affecting 
Hemostasis. 2006. 
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49. Lyudmila Chekulayeva. Photosensitized Inactivation of Tumor Cells by 
Porphyrins and Chlorins. 2006. 
50. Merle Uudsemaa. Quantum-Chemical Modeling of Solvated First Row Transition 
Metal Ions. 2006. 
51. Tagli Pitsi. Nutrition Situation of Pre-School Children in Estonia from 1995 to 
2004. 2006. 
52. Angela Ivask. Luminescent Recombinant Sensor Bacteria for the Analysis of 
Bioavailable Heavy Metals. 2006. 
53. Tiina Lõugas. Study on Physico-Chemical Properties and Some Bioactive 
Compounds of Sea Buckthorn (Hippophae rhamnoides L.). 2006. 
54. Kaja Kasemets. Effect of Changing Environmental Conditions on the 
Fermentative Growth of Saccharomyces cerevisae S288C: Auxo-accelerostat Study. 
2006. 
55. Ildar Nisamedtinov. Application of 13C and Fluorescence Labeling in Metabolic 
Studies of Saccharomyces spp. 2006. 
56. Alar Leibak. On Additive Generalisation of Voronoï’s Theory of Perfect Forms 
over Algebraic Number Fields. 2006. 
57. Andri Jagomägi. Photoluminescence of Chalcopyrite Tellurides. 2006. 
58. Tõnu Martma. Application of Carbon Isotopes to the Study of the Ordovician and 
Silurian of the Baltic. 2006. 
59. Marit Kauk. Chemical Composition of CuInSe2 Monograin Powders for Solar 
Cell Application. 2006.  
60. Julia Kois. Electrochemical Deposition of CuInSe2 Thin Films for Photovoltaic 
Applications. 2006. 
61. Ilona Oja Açik. Sol-Gel Deposition of Titanium Dioxide Films. 2007. 
62. Tiia Anmann. Integrated and Organized Cellular Bioenergetic Systems in Heart 
and Brain. 2007. 
63. Katrin Trummal. Purification, Characterization and Specificity Studies of 
Metalloproteinases from Vipera lebetina Snake Venom. 2007. 
64. Gennadi Lessin. Biochemical Definition of Coastal Zone Using Numerical 
Modeling and Measurement Data. 2007. 
65. Enno Pais. Inverse problems to determine non-homogeneous degenerate memory 
kernels in heat flow. 2007. 
66. Maria Borissova. Capillary Electrophoresis on Alkylimidazolium Salts. 2007. 
67. Karin Valmsen. Prostaglandin Synthesis in the Coral Plexaura homomalla: 
Control of Prostaglandin Stereochemistry at Carbon 15 by Cyclooxygenases. 2007. 
68. Kristjan Piirimäe. Long-Term Changes of Nutrient Fluxes in the Drainage Basin 
of the Gulf of Finland – Application of the PolFlow Model. 2007. 
69. Tatjana Dedova. Chemical Spray Pyrolysis Deposition of Zinc Sulfide Thin Films 
and Zinc Oxide Nanostructured Layers. 2007. 
70. Katrin Tomson. Production of Labelled Recombinant Proteins in Fed-Batch 
Systems in Escherichia coli. 2007. 
71. Cecilia Sarmiento. Suppressors of RNA Silencing in Plants. 2008. 
72. Vilja Mardla. Inhibition of Platelet Aggregation with Combination of Antiplatelet 
Agents. 2008. 
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73. Maie Bachmann. Effect of Modulated Microwave Radiation on Human Resting 
Electroencephalographic Signal. 2008. 
74. Dan Hüvonen. Terahertz Spectroscopy of Low-Dimensional Spin Systems. 2008. 
75. Ly Villo. Stereoselective Chemoenzymatic Synthesis of Deoxy Sugar Esters 
Involving Candida antarctica Lipase B. 2008. 
76. Johan Anton. Technology of Integrated Photoelasticity for Residual Stress 
Measurement in Glass Articles of Axisymmetric Shape. 2008. 
77. Olga Volobujeva. SEM Study of Selenization of Different Thin Metallic Films. 
2008. 
78. Artur Jõgi. Synthesis of 4’-Substituted 2,3’-dideoxynucleoside Analogues. 2008.  
79. Mario Kadastik. Doubly Charged Higgs Boson Decays and Implications on 
Neutrino Physics. 2008. 
80. Fernando Pérez-Caballero. Carbon Aerogels from 5-Methylresorcinol-
Formaldehyde Gels. 2008. 
81. Sirje Vaask. The Comparability, Reproducibility and Validity of Estonian Food 
Consumption Surveys. 2008. 
82. Anna Menaker. Electrosynthesized Conducting Polymers, Polypyrrole and 
Poly(3,4-ethylenedioxythiophene), for Molecular Imprinting. 2009. 
83. Lauri Ilison. Solitons and Solitary Waves in Hierarchical Korteweg-de Vries Type 
Systems. 2009. 
84. Kaia Ernits. Study of In2S3 and ZnS Thin Films Deposited by Ultrasonic Spray 
Pyrolysis and Chemical Deposition. 2009. 
85. Veljo Sinivee. Portable Spectrometer for Ionizing Radiation “Gammamapper”. 
2009. 
86. Jüri Virkepu. On Lagrange Formalism for Lie Theory and Operadic Harmonic 
Oscillator in Low Dimensions. 2009. 
87. Marko Piirsoo. Deciphering Molecular Basis of Schwann Cell Development. 
2009. 
88. Kati Helmja. Determination of Phenolic Compounds and Their Antioxidative 
Capability in Plant Extracts. 2010. 
89. Merike Sõmera. Sobemoviruses: Genomic Organization, Potential for 
Recombination and Necessity of P1 in Systemic Infection. 2010. 
90. Kristjan Laes. Preparation and Impedance Spectroscopy of Hybrid Structures 
Based on CuIn3Se5 Photoabsorber. 2010. 
91. Kristin Lippur. Asymmetric Synthesis of 2,2’-Bimorpholine and its 5,5’-
Substituted Derivatives. 2010. 
92. Merike Luman. Dialysis Dose and Nutrition Assessment by an Optical Method. 
2010. 
93. Mihhail Berezovski. Numerical Simulation of Wave Propagation in 
Heterogeneous and Microstructured Materials. 2010. 
94. Tamara Aid-Pavlidis. Structure and Regulation of BDNF Gene. 2010. 
95. Olga Bragina. The Role of Sonic Hedgehog Pathway in Neuro- and 
Tumorigenesis. 2010. 
96. Merle Randrüüt. Wave Propagation in Microstructured Solids: Solitary and 
Periodic Waves. 2010. 



119 

97. Marju Laars. Asymmetric Organocatalytic Michael and Aldol Reactions Mediated 
by Cyclic Amines. 2010. 
98. Maarja Grossberg. Optical Properties of Multinary Semiconductor Compounds 
for Photovoltaic Applications. 2010. 
99. Alla Maloverjan. Vertebrate Homologues of Drosophila Fused Kinase and Their 
Role in Sonic Hedgehog Signalling Pathway. 2010. 
100. Priit Pruunsild. Neuronal Activity-Dependent Transcription Factors and 
Regulation of Human BDNF Gene. 2010. 
101. Tatjana Knjazeva. New Approaches in Capillary Electrophoresis for Separation 
and Study of Proteins. 2011. 
102. Atanas Katerski. Chemical Composition of Sprayed Copper Indium Disulfide 
Films for Nanostructured Solar Cells. 2011. 
103. Kristi Timmo. Formation of Properties of CuInSe2 and Cu2ZnSn(S,Se)4 
Monograin Powders Synthesized in Molten KI. 2011. 
104. Kert Tamm. Wave Propagation and Interaction in Mindlin-Type Microstructured 
Solids: Numerical Simulation. 2011. 
105. Adrian Popp. Ordovician Proetid Trilobites in Baltoscandia and Germany. 2011. 
106. Ove Pärn. Sea Ice Deformation Events in the Gulf of Finland and This Impact on 
Shipping. 2011. 
107. Germo Väli. Numerical Experiments on Matter Transport in the Baltic Sea. 2011. 
108. Andrus Seiman. Point-of-Care Analyser Based on Capillary Electrophoresis. 
2011. 
109. Olga Katargina. Tick-Borne Pathogens Circulating in Estonia (Tick-Borne 
Encephalitis Virus, Anaplasma phagocytophilum, Babesia Species): Their Prevalence 
and Genetic Characterization. 2011. 
110. Ingrid Sumeri. The Study of Probiotic Bacteria in Human Gastrointestinal Tract 
Simulator. 2011. 
111. Kairit Zovo. Functional Characterization of Cellular Copper Proteome. 2011. 
112. Natalja Makarytsheva. Analysis of Organic Species in Sediments and Soil by 
High Performance Separation Methods. 2011. 
113. Monika Mortimer. Evaluation of the Biological Effects of Engineered 
Nanoparticles on Unicellular Pro- and Eukaryotic Organisms. 2011. 
114. Kersti Tepp. Molecular System Bioenergetics of Cardiac Cells: Quantitative 
Analysis of Structure-Function Relationship. 2011. 
115. Anna-Liisa Peikolainen. Organic Aerogels Based on 5-Methylresorcinol. 2011. 
116. Leeli Amon. Palaeoecological Reconstruction of Late-Glacial Vegetation 
Dynamics in Eastern Baltic Area: A View Based on Plant Macrofossil Analysis. 2011. 
117. Tanel Peets. Dispersion Analysis of Wave Motion in Microstructured Solids. 
2011. 
118. Liina Kaupmees. Selenization of Molybdenum as Contact Material in Solar 
Cells. 2011. 
119. Allan Olspert. Properties of VPg and Coat Protein of Sobemoviruses. 2011. 
120. Kadri Koppel. Food Category Appraisal Using Sensory Methods. 2011. 
121. Jelena Gorbatšova. Development of Methods for CE Analysis of Plant Phenolics 
and Vitamins. 2011. 
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122. Karin Viipsi. Impact of EDTA and Humic Substances on the Removal of Cd and 
Zn from Aqueous Solutions by Apatite. 2012. 
123. David Schryer. Metabolic Flux Analysis of Compartmentalized Systems Using 
Dynamic Isotopologue Modeling. 2012. 
124. Ardo Illaste. Analysis of Molecular Movements in Cardiac Myocytes. 2012. 
125. Indrek Reile. 3-Alkylcyclopentane-1,2-Diones in Asymmetric Oxidation and 
Alkylation Reactions. 2012. 
126. Tatjana Tamberg. Some Classes of Finite 2-Groups and Their Endomorphism 
Semigroups. 2012. 
127. Taavi Liblik. Variability of Thermohaline Structure in the Gulf of Finland in 
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128. Priidik Lagemaa. Operational Forecasting in Estonian Marine Waters. 2012. 
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Approximation. 2012. 
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Mucopolysaccharidoses in Estonia. 2012. 
131. Kristel Kaseleht. Identification of Aroma Compounds in Food using SPME-
GC/MS and GC-Olfactometry. 2012. 
132. Kristel Kodar. Immunoglobulin G Glycosylation Profiling in Patients with 
Gastric Cancer. 2012. 
133. Kai Rosin. Solar Radiation and Wind as Agents of the Formation of the Radiation 
Regime in Water Bodies. 2012.  
134. Ann Tiiman. Interactions of Alzheimer’s Amyloid-Beta Peptides with Zn(II) and 
Cu(II) Ions. 2012. 
135. Olga Gavrilova. Application and Elaboration of Accounting Approaches for 
Sustainable Development. 2012. 
136. Olesja Bondarenko. Development of Bacterial Biosensors and Human Stem 
Cell-Based In Vitro Assays for the Toxicological Profiling of Synthetic Nanoparticles. 
2012. 
137. Katri Muska. Study of Composition and Thermal Treatments of Quaternary 
Compounds for Monograin Layer Solar Cells. 2012. 
138. Ranno Nahku. Validation of Critical Factors for the Quantitative 
Characterization of Bacterial Physiology in Accelerostat Cultures. 2012. 
139. Petri-Jaan Lahtvee. Quantitative Omics-level Analysis of Growth Rate 
Dependent Energy Metabolism in Lactococcus lactis. 2012. 
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