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Abstract 

The concentration of bile acids is an important parameter in hepatobiliary tract 

diseases. This work deals with the electrochemical oxidation of the chenodeoxycholic 

(CDCA) and cholic acid (CA) at boron dopped diamond (BDD) electrode in comparison 

with the oxidation at glassy carbon (GCE) and platinum electrode (PtE), in a mixed 

environment of acetonitrile and water (0.26 % from 0.1 molĿl-1 HClO4, supporting 

electrolyte). The measurement was carried out in an electrochemical cell with salt bridge 

containing 0.5 molĿl-1 NaClO4 separating the working and the PleskovËs reference 

electrode (0.01 molĿl-1 AgNO3 and 1 molĿl-1 NaClO4 in acetonitrile). Cyclic voltammetry 

(CV) characterization of BDD electrode by a redox pair [Fe(CN)6]
4- /3- (c = 0.1 mmolĿl-

1) in 1 molĿl-1 KCl was performed. Quasi-reversible behaviour was observed and the 

difference of the anodic and the cathodic peak potential ranged from 80 to 200 mV, 

depending on the scan rate. Alumina polishing (4 min) of the BDD electrode was 

identified as the most appropriate method of activating the surface and it was applied 

between consecutive voltammetric scans in the presence of CA and CDCA. Irreversible 

anodic peaks of CDCA and CA in acetonitrile-water (0.26 %) were observed at the 

relatively high potentials of about +1100 Ñ 100 mV, depending on the scan rate and used 

voltammetric technique. This observation was noted only in CA and CDCA, both of 

which contain 7-a-hydroxy group, not for the other teste bile acids (deoxycholic, 

lithocholic acid). According to the linear dependency of peak current to square root of the 

scan rate, it can be seen that the oxidation process is controlled by diffusion. The 

calibration dependences were measured at a concentrations range of 1 - 900 mmolĿlï1 

CDCA and CA 1 - 90 mmolĿlï1, they are linear and reach higher sensitivity at BDD in 

comparison to GC and Pt electrodes. Further studies will be devoted to the oxidation 

mechanism and the possibility of its use for selective detection of these bile acids. 

Key words 

cyclic voltammetry, differential pulse voltammetry, electrochemical oxidation, boron 

doped diamond electrode, glassy carbon electrode, platinum electrode, chenodeoxycholic 

acid, cholic acid 



Abstrakt  

Koncentrace ģluļovĨch kyselin je dŢleģitĨm parametrem v onemocnŊn²ch hepatobili§rn²ho 

traktu. Tato pr§ce se zabĨv§ elektrochemickou oxidac² kyseliny chenodeoxycholov® (CDCA) a 

cholov® (CA) na borem dopovan® diamantov® elektrodŊ (BDD) v porovn§n² s oxidac² na skeln®m 

uhl²ku (GCE) a platinŊ (PtE), ve smŊsn®m prostŚed² acetonitrilu a vody (0.26 % z HClO4, z§kladnĨ 

elektrolyt). MŊŚen² bylo provedeno v elektrochemick®m ļl§nku se solnĨm mŢstkem obsahuj²c²m 

0.5 molĿl-1 NaClO4, kterĨ oddŊlil pracovn² a Pleskovovu referenļn² elektrodu (0.01 molĿl-1 AgNO3 

a 1 molĿl-1 NaClO4 v acetonitrilu). Charakterizac² BDD elektrody (nejġirġ² potenci§lovĨ okno 

v anodick® oblasti) pomoc² cyklick® voltametrie a redoxn²ho markeru [Fe(CN)6]
4- /3- (c = 

0.1 mmolĿl-1) v 1 molĿl-1 KCl, bylo zjiġtŊno kvasi-reverzibiln² chov§n² a rozd²l anodick®ho a 

katodick®ho potenci§lu byl v rozmez² od 80 do 200 mV (v z§vislosti na rychlosti polarizace). 

LeġtŊn² BDD elektrody na aluminŊ (4 minuty) bylo identifikov§no jako nejvhodnŊjġ² metoda 

aktivace jej²ho povrchu a byla aplikov§na mezi voltametrickĨmi skenmi v pŚ²tomnosti CA a 

CDCA. Ireverzibiln² anodick® p²ky oxidace CDCA a CA v prostŚed² acetonitril-voda (0.26 %) byly 

pozorov§ny pŚi pomŊrnŊ vysok®m potenci§lu pŚibliģnŊ +1100 Ñ 100 mV, v z§vislosti na rychlosti 

polarizace a pouģit® voltametrick® technice. Toto pozorov§n² bylo zaznamen§no pouze u CA a 

CDCA, kter® obŊ obsahovaly 7-Ŭ-hydroxy skupinu, ostatn² studovan® ģluļov® kyseliny 

(deoxycholov§, litocholov§ kyselina) voltametrickou odezvu neposkytuj². Podle z§vislosti proudu 

p²kŢ na odmocninŊ z rychlosti polarizace lze vidŊt, ģe oxidaļn² proces je Ś²zen dif¼z². Kalibraļn² 

z§vislosti, kter® byly mŊŚeny v rozmez² koncentrac² 1 ï 90 mmolĿlï1 CA a CDCA, jsou line§rn² a 

nejvyġġ² citlivosti bylo dos§hnuto u BDD (mŊla nejvyġġ² pomŊr sign§lu k pozad²) ve srovn§n² s 

elektrodami GCE a PtE. Dalġ² studie budou vŊnov§ny oxidaļn²mu mechanismu a moģnosti jeho 

pouģit² pro selektivn² detekci tŊchto ģluļovĨch kyselin. 

Kl²ļov§ slova 

cyklick§ voltametrie, diferenļn² pulzn² voltametrie, elektrochemick§ oxidace, borem dopovan§ 

diamantov§ elektroda, elektroda ze skeln®ho uhl²ku, platinov§ elektroda, kyselina 

chenodeoxycholov§, kyselina cholov§ 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgement 

I am deeply grateful to my supervisor RNDr. Karolina Schwarzov§, Ph.D. for her invaluable 

support throughout this work, willingness and responsiveness and for her detailed and constructive 

advice and comments.  

I wish to extend my warmest thanks to Mgr. Jan Klouda and all who have helped me with my 

work. Big thanks belongs to all colleagues from the laboratory for their advice and creation of 

excellent working environment, especially Ing. J§n Tar§bek, Ph. D.  

I owe my thanks to my parents, my partner and my closest friends for their loving support during 

my study, their encouragement and appreciation. 



Abbreviations 

BDD Boron doped diamond  

c Concentration 

CA  Cholic acid 

cAMP Cyclic adenosine monophosphate 

CDCA Chenodeoxycholic acid 

CEC Capillary electrochomatography 

CMC Critical micellization concentration 

CMpH Critical micellization pH 

CV Cyclic voltammetry 

CZE Capillary zone electrophoresis 

DPV Differential pulse voltammetry 

ED Electrochemical detection 

Ep Peak potential 

FXR Farnesoid X receptor 

GCE Glassy carbon electrode 

HPLC High-performance liquid chromatography 

Ip Peak current 

LOD Limit of detection 

LOQ Limit of quantification 

MS Mass spectrometry 

pKa The negative decadic logarithm of the ionization constant (Ka) of an acid 

PtE Platinum electrode 

RSD Relative standard deviation 

t time 

UDCA Ursodeoxycholic acid 
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Introduction  

Bile acids were for a long time mysterious substances used in Chinese medicine to treat various 

biliary and gall bladder conditions. In recent years scientist revealed many new facts linked to their 

function in an organism, and also their therapeutic and diagnostic uses. High performance liquid 

chromatography is the most used method for determination of bile acids. However, UV detection 

is problematic because of absent double bond and therefore low absorbance.  Fluorescent detection 

is possible just after derivatization. Mass spectrometric (MS) detection is used, which is financially, 

instrumentally and personally demanding. That is the reason why necessity of studying diverse 

easier and faster new methods for their identification and quantitation in biological matrices arose. 

This bachelor thesis is part of a larger project, which aims to study the electrochemical behavior 

of natural steroid compounds without or with isolated double bonds at the steroid nucleus. Among 

them, cholesterol, phytosterols or bile acids are investigated to gain better insight into their 

supramolecular and conjugate interactions. The project main objective is using electrochemical 

oxidation and reduction of steroid compounds in electroanalysis. 

The aim of this bachelor thesis was to compare the electrochemical oxidation of 

chenodeoxycholic acid (CDCA) and cholic acid (CA) on boron doped diamond (BDD), glassy 

carbon (GCE), and platinum electrodes (PtE), in context with cited literature. Cyclic voltammetry 

(CV) was used to study the electrochemical processes ongoing at the electrodes and an 

electroanalytical methods based on differential pulse voltammetry (DPV) were developed for 

quantitation of CDCA and CA.  

 

 

 

 

 

 

 

 

 



2 Theoretical part 

In this chapter, all important background knowledge covering the topic is going to be introduced. 

The first part is devoted to the general characteristics of studied chemicals, from their structure, 

through functions, to their physico-chemical properties. Secondly, a small insight into history and 

possibilities of their chemical and more specifically electrochemical analysis is given. 

2.1 Studied analytes ï the bile acids 

2.1.1 Brief history 

The journey of bile acid research started very early in the 20th century when Heinrich Wieland, 

then professor in Munich, persuaded his cousinËs pharmaceutical company to begin the isolation 

and marketing of CA from ox bile and for the first time it became easily available to the scientific 

community1. From then on, the research on bile acids had many ups and downs, because of gaining 

and losing popularity of therapeutical use. Nonetheless, it led to several Nobel prizes, specifically 

Wieland alone was awarded the 1927 Nobel Prize for his vision of CA structure1,2. In 1932 

Desmond Bernal decided to use X-ray diffraction for studying ergosterols1,3, his discoveries 

initiated wide structure related research and it later lead to confirmation of bile acid structure1,4.  

After the Second World War, the development of liquid scintillation and chromatography made 

biochemistry of bile acids measurable. Thanks to that, Swedish Karolinska institutet, Bengt 

BorgstrºmËs group of scientist revealed some of the metabolic pathway of bile acids1,5 and 

distinguished primary bile acids (made in the liver from cholesterol) from secondary bile acids 

(made from primary bile acids by intestinal bacteria)1,6. They also elucidated kinetics of their 

metabolism in human1,7. After these identifications, there were several attempts of using bile acids 

therapeutically (gallstone dissolution1,8), but after the development of laparoscopic 

cholecystectomy in the 1990s, bile acids were again thought to have little medical value. Nowadays 

they again started to gain popularity, when they appeared in a completely new light representing 

signal molecules, which opens a whole new chapter of molecular biology1.  



2.1.2 Chemistry and biology of bile acids and salts 

Bile acids are soluble catabolites derived from cholesterol (Fig. 2.1). They are amphipatic 

molecules, with four steroid rings, marked A to D, from left to right9. They contain end carboxyl 

group on their side chain and have one to three hydroxyl groups, situated on the third, and then on 

the seventh, and/or twelfth carbon. These hydroxyl groups lie below concave plane of rings in alpha 

orientation and attached methyl groups lie above the convex plane in beta orientation. This 

orientation means that the acid molecules have a polar and non-polar face, which leads to formation 

of micelles and facilitates the digestion and absorption of dietary lipids and fat-soluble vitamins 

from the small intestine. Furthermore, their arrangement can differ by stereochemistry of A/B ring 

juncture or presence of unsaturation, or the site of ending carboxyl group, which can be amidated 

with taurine or glycine. The structure of chenodeoxycholic acid can be found in the Figure 2.2 and 

structure of cholic acid in the Figure 2.3, together with hydroxyls of other bile acids. 

 
Fig. 2.1 Structure of cholesterol with original numbering system from 1930s when it was first published and 

with labelled steroid rings as described above10,11. 

Two major groups of bile acids are distinguished by their five or eight carbon side chain on 

steroid rings at C17
10,11. Those with 24-carbon atoms in the skeleton, termed cholanoic acids and 

those with 27-carbon atoms, termed cholestanoic acids. Common bile acid names are considered 

ñgrandfatheredò and are used as building blocks for other trivial names, usually composed of the 

term ñcholicò, that also refers to 3a, 7a, 12a -trihydroxy-5-cholan-24-oic acid, following the 1930s 

numbering system (Fig. 2.2), but also 24 carbon cholanoic acid skeleton and a prefix referring to 



the pattern of hydroxyl substituents, named after the animal species from which it was originally 

isolated, for example urso- (Ursus ï bear from latin), muri- (Mus ï mouse from latin), hyo- 

(HuoeidǛs ï pig from ancient greek), cheno- (KhǛn ï goose from ancient greek) etc.  

 
Fig. 2.2 Frontal view of CDCA with stereochemistry 

Synthesis (Fig. 2.3) of normal cholanoic acid takes place in the liver, where this process has 17 

steps, proceeding in multiple organelles10. The pathway involves insertion of hydroxyl groups at 

C7 and C27 on cholesterol that leads to oxidation of cholesterolËs B ring, followed by further 

reduction of side chain by three carbons occurs and finally carboxyl group is added9,10. The most 

common resulting bile acids are CA and CDCA that depends on 12-hydroxylation of the steroid 

ring, which by its classification belong to primary bile acids11. Secondary bile acids are then formed 

by bacterial modification. These include for example deoxycholic, lithocholic, and 

ursodeoxycholic acid. 

When talking about bile acids, it is important to mention bile salts that are their glycine or taurine 

conjugates found in the liver excreted bile9. Just before the acids leave the liver, they are conjugated 

via bond between the carboxyl group of bile acid and amino group of glycine or taurine. Three 

times more glycine than taurine conjugated bile salts are formed. This conjugation reduces pKa of 

carboxyl group in glycine, and sulphonate group in taurine, what fully ionises the molecule and it 

becomes more effective detergents with more enhanced amphipathic function.  
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Fig. 2.3: The conversion of the 27-carbon cholesterol to primary and secondary 24-carbon bile acids by 

liver enzymes and the microbiome is shown. Representative primary and secondary bile acids together with 

the orientation of the hydroxyls are indicated10. 

It was shown that bile acids are very interesting and important substances in our body with 

multiple functions: Firstly, they solubilise dietary lipids and thus enhance their digestion, and 

absorption of fat-soluble vitamins, by formation of mixed micelles; secondly the gall bladder 

micelles serve to solubilize cholesterol in bile, keeping it from crystallization and gallstone 

formation10. The flow of bile is induced by bile salts and it also has bacteriostatic function. Equally 

importantly the bile salts participate on sterol homeostasis, by conversion of cholesterol to bile 

acids and the subsequent excretion. Any disruption or failure of these functions can lead to 

cholestasis, gallstones, inflammation, malabsorption of lipids and fat-soluble vitamins, bacterial 

overgrowth in the small intestine, atherosclerosis, neurological diseases and various inborn defects 

such as Progressive Familial Intrahepatic Cholestasis. However, the latest discoveries shown that 

specific bile acids differentially activate three nuclear receptors, namely farnesoid X receptor 

(FXR, belongs to a superfamily of transcription factors, regulates the metabolism of plasma 

lipoproteins, glucose, steatosis, inflammation, bacterial growth and liver regeneration, in addition 

to the regulation of bile acid homeostasis), pregnane X receptor (PXR, provides protection against 

inflammatory bowel disease by reducing expression of inflammatory cytokine) and vitamin D 

receptor (VDR, can modulate hepatic bile acid synthesis) and one G-protein-coupled receptor 

(TGR5,cell surface activation results in receptor internalization, increased cAMP levels and 

activation of protein kinase). 

Because of above listed functions, bile acids have been used as thereapeutics, since they have 

become available, but with further medical and chemical development interest in them fluctuated1. 

Nowadays, at least two types of drugs, based on natural bile acids are being tested for their utility 



in the treatment of liver disease. Firstly, the obeticholic acid, the 6-ethyl derivative of CDCA, FXR 

agonist, efficient for primary biliary cirrhosis and nonalcoholic steatohepatitis and secondly, the 

C23 homolog of ursodeoxycholic acid (UDCA), efficient for the treatment of primary sclerosing 

cholangitis are being tested in clinical trials1. 

2.1.2 Physico-chemical properties of selected bile acids 

Arched skeleton, ten chiral carbons and hydroxylsË ability to form hydrogen bonds make bile 

acids ideal compounds to study the reflection of the structural configuration to their physico-

chemical properties12, the most basic characteristics are listed in Tab 1.1.  As mentioned before, 

bile acids are amphipathic molecules with polar and nonpolar side, which is essential for forming 

mixed micelles, that are responsible for most of their functions10. The presence or absence of 

hydroxyl groups in the Ŭ or ɓ orientation at position 3, 6, 7 and 12 on the steroid rings affects both 

their solubility and hydrophobicity (hydrophobic to hydrophilic order: lithocholic > deoxycholic > 

chenodeoxycholic > cholic > ursodeoxycholic > muricholic acid). This difference is also reflected 

on activation of four nuclear receptors, excluding muricholic acid. 

Tab. 1.1 Selected physico-chemical characteristics of CDCA and CA 

 chenodeoxycholic acid13 cholic acid13 

IUPAC name (3Ŭ,5ɓ,7Ŭ,8ɝ,20R)-3,7-

Dihydroxycholan-24-oic acid 

(3Ŭ,5ɓ,7Ŭ,8ɝ,12Ŭ,20R)-3,7,12-

Trihydroxycholan-24-oic acid 

CAS registry number 474-25-9 81-25-4 

Molecular formula C24H40O4 C24H40O5 

Molecular mass 392.572 408.571 

Melting point 168 ï 171 ÁC 198 ÁC 

Water solubility 0.0899 mgĿml-1 (20 ÁC) 0.175 mgĿml-1 (20 ÁC) 

pKa1, 2 4.6; -0.54; 4.48; -0.16; 

Hydrogen donor count 3 4 

 

In order to reveal the complexity of micellization, X-ray diffractions, surface chemistry, pH 

solubility, ionization behavior, and also solubilization properties of bile acids, physico-chemical 

properties were studied in detail and reviewed1. Another important parameter influencing solubility 

of acids is the pKa. Those of unconjugated bile acids fluctuates around 5.1, taurine-conjugated bile 

acids have low pKa values and thus they are strong acids, and glycine conjugates have pKa about 

4, so they are more likely to get ionized, caused by the electron withdrawal effect of the amide 

bond, which enhances the loss of a proton from the carboxyl group.  



Solubilisation, one of the main functions, is concentration dependent. Critical micellization 

concentration (CMC) is used to define concentration point, at which solubility escalates and 

micelles are formed1. In contrast with typical detergents, micelles are formed by gradual 

aggregation, resulting in not strictly defined CMC, but rather a range of concentrations. Moreover, 

bile acid aggregates do not occur alone in nature. In fact, they form mixed micelles with a 

phosphatidylcholine in bile, and fatty acids in the intestines, both maintains CMC. These values 

for C24 bile acids were approximated and tabulated ranged from 9 mmolĿlī1
 (chenodeoxycholic 

acid) to 60 mmolĿlī1
 (ursocholic acid) in water at 25 ÁC12,14. Slightly lower values from 9 mmolĿlī1

 

to 35 mmolĿlī1 respectively in simulated physiological conditions of 0.15 mmolĿlī1
 Na+

 ions were 

reported. CMC proportionately increases with number of hydroxyl groups in the steroid molecule 

and conjugation with glycine or taurine results in a slight decrease.  Furthermore, CMpH values 

stand for critical micellization pH and defines rough concentration, at which bile acids are highly 

soluble above it and insoluble bellow1. The CMpH of CDCA is about 6.8, 7.9 for UDCA, and 4.8 

for glycocholate.  

Above shortlisted parameters are important to understand the processes influencing detection, 

quantification, or even reaction mechanism to optimize analytical methods12. 

2.2 Analytical methods for determination of bile acids 

The level of total bile acids sharply increases in the case of hepatobiliary diseases, for example 

early, acute hepatitis and the distinction of active and nonactive chronic hepatitis15. Therefore, total 

bile acid concentration is an important parameter for diagnosis. Today, there are many methods 

available for the determination in serum, such as radioimmunoassay, high-performance liquid 

chromatography (HPLC), preferably with mass spectrometry (MS)-based detection and enzymatic 

cycling assays.  

In the past, bile acid analysis began with the development of improved chromatographic 

methods for separation1,16. After using paper chromatography back in the 1940s, gas-liquid 

partition chromatography (GLC) was developed, and its combination with mass spectrometry 

(GLC-MS). This method, however, lost its importance with the advances of liquid chromatography 

in combination with mass spectrometry (LC-MS) and tandem mass spectrometry (LC-MS / MS), 

which is more sensitive. Thin layer chromatography (TLC) was also used, either with normal or 



reverse phase (RP-TLC). The disadvantage of this method lay in the inability to distinguish taurine 

and glycine conjugates from each other1,16. 

  HPLC was developed in the 1970s and is used until now, usually with reverse phase mode, 

with C18 or C8 alkyl-bonded silicic acid as the lipophilic solid phase. However, HPLC-MS / MS is 

the most common method for determining cholic, deoxycholic, ursodeoxycholic, lithocholic and 

glycocholic acid, the bile acid profiles in women suffering from primary cholestasis of 

pregnancy1,17. In fact, various detectors are used, for example UV and fluorescent detector, but they 

are not very reliable with regard to selectivity, because of series of pre-analytical steps, hydrolysis 

and derivatization. HPLC methods based on electrochemical detection modes are mentioned in the 

next chapter 2.2.1. 

 Besides HPLC, capillary zone electrophoresis (CZE), that requires less sample and solvent, can 

be used for determination of bile acids18. New miniaturized technique, capillary 

electrochromatography (CEC) with isocratic elution, the method that comprises benefits of both, 

HPLC and CZE, was created. This was innovated into pressure capillary electrochromatography 

(PCEC) with laser-induced fluorescence detection (LIF) at lex/lem = 473 nm/530 nm of derivatized 

bile acids with 4-nitro-7-N-piperazino-2,1,3-benzoxadiazole, forming a fluorescent amide18.  

However, the above mentioned methods are not flawless and new ideas for detection of bile 

acids and salts in complex matrices have to be presented12,15. In HPLC, there is a problem with the 

complicated procedure of derivatization and hydrolysis of bile acids, Thus, enzymatic cycling assay 

is the most commonly used method in clinics, in spite of great reagent consumption and low 

sensitivity. In the case of radioimmunoassay, there is a radioactive contamination. On behalf of the 

above concerns, there is an ambition to develop methods that require low amounts of reagents and 

solvent s, simpler operation, lower costs and higher sensitivity. One of the possible answers lies in 

electrochemical measurement that has many advantages such as low investment and running cost, 

relatively fast speed, high sensitivity, and capability of miniaturization.  

2.2.1 Electroanalytical methods and detectors 

Utilization of electroanalytical methods proves to be less expensive and difficult for 

realization12,15. There is not much knowledge concerning electrochemical activity of sterols 

including bile acids. They were reviewed recently12,19. The problem is that the electrochemical 



oxidation and reduction take place in the high positive or negative potentials, that limits choice of 

suitable solvents and electrode materials.  

Electrochemical reduction of bile acids is possible because of the present carboxyl group at C24 

or C27
12,20. Free bile acids give pH independent peak at the potential from ī1150 mV to ï1350 mV, 

reduction of ursodeoxycholic acid takes place about 100 mV to more positive potentials. Similar 

behaviour can be observed with taurine and glycine conjugates. Differential pulse polarographic 

determination of cholic, deoxycholic, ursodeoxycholic, chenodeoxycholic and lithocholic acid at 

mercury dropping electrode was used to evidence the adsorption-desorption nature of electrode 

processes12,21. Polarographic maxima of oxygen (at ī0.2 V) and zinc (at ī1.2 V) were suppressed 

by selected C24 bile salts and used for the investigation of adsorptibility at micromolar 

concentrations, i.e. two orders of magnitude lower than CMC. Adsorption increases with rising 

number of hydroxyls. 

Direct electrochemical oxidation of bile acids is hardly achievable and succeeds usually only in 

non-aqueous media or mixed media with minimal content of water12. Generally, cholesterol and its 

related compounds are directly oxidized at carbon based electrodes with lithium perchlorate 

supporting electrolyte22. The other approach relies on indirect oxidation by a mediator ion23, which 

is a commonly used for oxidizing aliphatic hydroxyl groups with high oxidation potential. By 

indirect anodic electrochemical oxidation of cholic acids, whose hydroxyls were oxidized in this 

order C7>C12>C3, various oxo-cholic acids were synthetized23. Later it was proved that the 

oxidation of cholesterol in acetonitrile at carbon fibre with glass cylinder electrode runs through a 

four-electron, four-proton transfer to cholesta-4,6-dien-3-one24.  

The alternative approach to detection of chromatographic methods in various biological 

matrices enables direct detection of cholesterol, without preceding derivatization and provide basis 

for development of a number of potential applications in detection of wide variety of steroid 

compounds12. After the selection of suitable components for the electrochemical flow cell in 

HPLC-ED (with electrochemical detection) at BDD electrode, the detection limit of cholesterol 

was 9 nmolĿlī1
 at detection potential of +2.2 V vs. an Ag/AgCl electrode, which is lower detection 

limit than for GCE and more usual HPLC-UV, LC/MS and LC/MS/MS methods. This method was 

used with methanol-acetonitrile-acetate buffer (c = 0.07 molĿl-1, pH 5.0) mobile phase25. The 

electrochemical detector was composed of the control module and the analytical cell containing 

two inline porous carbon electrodes working with an oxidizing potential of +0.6 V and +1.4 V. The 



results confirmed that this method is selective and sensitive enough for determining the UDCA and 

was much more sensitive in comparison with UV detection at 210 nm25.  

Another suitable method for the determination of bile acids is ion exchange chromatography 

with pulsed amperometric detection. Anionic phase at high pH is used and oxidation at gold 

working electrode, with sodium acetate mobile phase and hydrophobic stationary phase26. 

Although there are not many papers concerning electrochemical oxidation of bile acids, this way 

of detection appears to be the future of quick and cheap diagnosis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 Experimental  

3.1 Studied analytes and reagents  

Cholic acid (99.98 %, Sigma-Aldrich, Saint Louise, USA) 

Chenodeoxycholic acid (99.98 %, Sigma-Aldrich, Saint Louise, USA) 

Potassium hexacyanoferrate (II) trihydrate (Lach-Ner, Neratovice, Czech Republic) 

Potassium chloride (Lachema, Brno, Czech Republic) 

Deionized water (Milli-Qplus system, Millipore, USA) 

Sulphuric acid (96 %, Lach-Ner, Neratovice, Czech Republic) 

Acetonitrile (HPLC grade, Sigma-Aldrich, Saint Louise, USA) 

Perchloric acid (70 %, Lach-Ner, Neratovice, Czech Republic) 

Sodium perchlorate (anhydrous, HPLC grade, Fluka) 

Silver nitrate (Ph. Eur. 3, Fluka) 

Alumina (0.05 mm grain size, Elektrochemick® detektory, Turnov, Czech Republic) 

 

Stock solutions of the following substances were prepared: 1Ŀ10-4 molĿl-1 CA in acetonitrile; 

1Ŀ10-3 molĿl-1 CDCA in acetonitrile; 1Ŀ10-4 molĿl-1 K4[Fe(CN)6]Ŀ3H2O in 1 molĿl
-1 KCl (aq); 1Ŀ10-

1 molĿl-1 H2SO4; 1 molĿl
-1 HClO4 in acetonitrile, All measured solutions were prepared in 10 ml 

calibrated voltammetric flasks, if not mentioned differently. 

3.2 Apparatus, software and data analysis  

Cyclic voltammograms were measured on EZStat Pro potentiostat (NuVant Systems, Crown 

Point, IN, USA) with its own software. The potentiostat PalmSense 4 (PalmSense BV, Houten, 

The Netherlands) was used primarily for differential pulse voltammetric measurements. These 

were performed under the Microsoft Windows XP Professional (Microsoft Corporation) 

operational system to data manipulation and to preview voltammograms. The results were further 

processed in OriginPro 8 (OriginLab Corporation, USA), Excel 2007 (Microsoft, USA), and Word 

2007 (Microsoft, USA). All curves were measured at least 3 times, to create illustrative 

voltammetric figures usually the second scan was used. 



Platinum auxiliary electrode (ETP CZ P 00506, Elektrochemick® detektory, Turnov, Czech 

Republic) was used in three electrode system, along with silver / silver chloride reference electrode 

(EPP CZ R 00406, Elektrochemick® detektory, Turnov, Czech Republic) in 3 molĿl-1 KCl (aq) and 

BDD working electrode for all measurements in aqueous media. Measurements of bile acids in 

mixed acetonitrile/water media were carried out in an electrochemical cell with special interspace 

(salt bridge), separating the working and reference electrode and containing 0.5 molĿl-1 NaClO4 in 

acetonitrile, and PleskovËs reference electrode (0.01 molĿl-1 AgNO3 and 1 molĿl
-1 NaClO4 in 

acetonitrile)27. The following working disc electrodes were used: BDD (d = 3 mm, Windsor 

Scientific, Slough, UK), glassy carbon (d = 3 mm Radiometer Analytical SAS, Villeurbanne, 

France) and platinum (d = 2 mm, Radiometer Copenhagen, Denmark). The working electrodes 

were polished between each measurement for 4 minutes with slurry of alumina grain in distilled 

water on polishing pad (Elektrochemick® detektory, Turnov Czech Republic) wiping with wood 

pulp when solutions containing bile acids were used. 

3.3 Procedures and methods  

3.3.1 Cyclic voltammetry  

The parameters of cyclic voltammetry (CV) were as follows: 3s pretreatment at +400 mV, +400 

mV start potential, +1800 mV final potential and 50 mVĿs-1 scan rate, if not mentioned differently. 

The voltammograms were exported to Excel and extrapolated peak currents were found by 

subtracting the value of current of elongated baseline from measured peak current at the peak 

potential.  The method was used for characterization of the BDD electrode with help of the redox 

pair [Fe(CN)6]
3ī/4 measured at different scan rates. These measurements were performed in 1 molĿl-

1 KCl, as a supporting electrolyte. Anodic activation of BDD electrode was performed in 100 

mmolĀlī1 sulfuric acid at the potential Eact = +2400 mV for 10 min. 4-minute alumina polishing was 

also used as another type of activation. 

Furthermore, cyclic voltammetry was used to study the oxidation of CA and CDCA, in a mixed 

media of acetonitrile with a 0.26 % content of water from perchloric acid (c = 100 mmolĀlī1) 

supporting electrolyte.  



3.3.2 Differential pulse voltammetry  

The calibration dependences were measured by differential pulse voltammetry (DPV) with the 

following parameters: 3 s pretreatment at +400 mV, 400 mV start potential, +1800 mV final 

potential, scan rate 25 mVĿs-1, +25 mV pulse height and pulse width of 70 ms, if not mentioned 

differently. The peak current of bile acids was found by analysing voltammograms in PalmSense 

4 by subtracting fitted extrapolated five grade polynomial matching the supporting electrolyte 

baseline from maximum measured peak current at the peak potential. For further processing data 

were exported to OriginPro 8 and Excel 2007, where the calibration curve was built and its 

parameters were found. The DPV limit of detection (LOD) and limit of quantification (LOQ) 

values were obtained by measuring the least visible concentration ten times and finding the 

standard deviation s of peak currents. Then LOD and LOQ were calculated as a three times and ten 

times standard deviation of peak current divided by the slope of the particular linear calibration 

relationship. 

 

 

 

 

 

 

 

 

 

 

 

 



4 Results and discussion 

4.1. Electrochemical characterisation of BDD electrode 

The study was initiated at the BDD electrode, with regard to the wider potential window in the 

anodic area, compared to platinum and glassy carbon. Cyclic voltammetry was used to characterize 

the BDD surface. The one electron exchanging redox marker 0.1 mmolĿl-1 [Fe(CN)6]
4-/3- in   

1 molĿl-1 KCl was used for this purpose, as it is frequently used due to high sensitivity to the 

condition of BDD electrode surface.   

Different activation methods, like anodic 10-minute pretreatment with 0.1 molĀlī1 sulphuric acid 

at +2400 mV and 4-minute alumina polishing, were applied. Completely new inactivated, 

anodically activated, polished and four months old BDD electrode surface were measured at 

10 ï 500 mVĀsī1 scan rate and compared by rendering peak current dependence on square root of 

scan rate. The trend line parameters for each activation, along with 50 mVĀsī1 D Ep and Ipa/Ipc are 

presented in a table 4.1 (Tab. 4.2).  

Tab. 4.3 Comparison of difference of anodic and cathodic peak potential DEp and the ratio of anodic and 

cathodic peak current Ipa/Ipc at 50 mVĀsī1 of 100 ÕmolĀlī1 [Fe(CN)6]3ī/4ī in 1 molĀlī1 KCl and parameters of  

peak current dependence on square root of the scan rate. 

At the beginning, before all other experiments, the voltammetric response of [Fe(CN)6]
4-/3- on 

completely new, not activated BDD surface was measured (cyclic voltammograms see in Fig. 4.1). 

Quasi-reversible behaviour was observed and the difference of the anodic and the cathodic peak 

potential D Ep ranged from 80 mV to 200 mV, increasing with rising scan rate. For conventional 

reversible electrochemical processes applies 59 mV peak potential difference and the one-to-one 

ratio of cathodic and anodic peak currents. BDD met the second condition; the first one is rare in 

Type of activation D Ep, 

mV 

Ipa/Ipc Slope,     

nAĀs1/2ĀmV-1/2 

Intercept, nA Correlation 

coefficient R 

Anodic Cathodic Anodic Cathodic Anodic Cathodic 

Before beginning 87.24 1.00 106.2 Ñ 

1.3 

-97.5 Ñ 

2.1 

171.6 Ñ 

16.0 

-211.5 Ñ 

27.0 

0.9989 0.9963 

Anodic pretreatment  

(Eact = +2400 mV; tact 

= 10 min) 

221.37 1.17 104.9 Ñ 

0.4 

-65.1 Ñ 

1.5 

102.5 Ñ 

4.4 

-224.9 Ñ 

19.5 

0.9999 0.9957 

After polishing (t = 

4 min) 

90.19 1.05 123.2 Ñ 

3.2 

-114.2 Ñ 

3.7 

168.9 Ñ 

40.5 

-175.5 Ñ 

47.4 

0.9987 0.9979 

After four months 73.29 0.99 118.0 Ñ 

1.1 

-131.0 Ñ 

0.9 

108.7 Ñ 

13.4 

-40.3 Ñ 

11.3 

0.9994 0.9996 



case of solid electrodes. The peak currents increased linearly with square root of the scan rate 

(parameters in Tab. 4.4), which means the electrochemical process is controlled by diffusion. 

 

Fig. 4.1 Cyclic voltammograms of 100 ÕmolĀlī1 [Fe(CN)6]3ī/4ī in 1 molĀlī1 KCl at the beginning of all 

experiments on a new BDD electrode, scan rate v (mVĀsī1): (1) 10, (2) 20, (3) 50, (4) 100, (5) 300, (6) 500.  

 The next concern was to monitor an effect of 10-minute anodic activation at + 2400 mV 

(Fig. 4.2); 4-minute alumina polishing (Fig. 4.3); and final state of electrode after finishing of all 

experiments (Fig. 4.4); The figure 4.5 was created to better illustrate these differences on 50 mVĀsī1 

scan rate. Similar trends to figure 4.1 appear in peak potentials, their difference, peak currents and 

their ratio concerning increasing scan rate. In all cases dependence of peak current to square root 

of scan rate was rendered.  

From these results we can clearly see that the anodic activation deteriorated reversibility 

parameters, as it leads to the highest D Ep. On the other hand, we observe increase in peak signal 

and decrease of D Ep after anodic activation with each alumina polishing. In comparison to 

inactivated electrode surface, polishing is more effective to increases the anodic peak currents than 

the cathodic. It seems that the electrode is in the best condition when used and polished with respect 

to the electron transfer kinetics of [Fe(CN)6]
4-/3-. Importantly, no substantial changes in response 

was observed after four months of the measuring period. 
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Fig. 4.2 Cyclic voltammograms of 100 ÕmolĀlī1 [Fe(CN)6]3ī/4ī in 1 molĀlī1 KCl after anodic activation in 

0.1 molĀlī1 H2SO4, Eact = + 2400 mV for 10 minutes, scan rate (mVĀsī1):  10, 20, 50, 100, 300, 500.  

 
Fig. 4.3 Cyclic voltammograms of 100 ÕmolĀlī1 [Fe(CN)6]3ī/4ī in 1 molĀlī1 KCl after polishing of the surface 

of BDD electrode on alumina for 4 minutes, scan rate (mVĀsī1): 10, 20, 50, 100, 300, 500.  
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