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1. Introduction

Free radicals are atoms or molecules having one (or rarely more) free electron(s). These
compounds may attack most of the (bio)molecules in organisms, which leads to the
oxidative stress, which belongs to the causes of pathological processes in organisms [1-6].
Oxidative stress occurs in a situation, when the imbalance between the production of free
radicals and effectiveness of antioxidant defence system occurs in a healthy organism.
Determination of antioxidant activity or eventually markers directly connected with this
variable is one way how to monitor the damage of organisms by these compounds [7-14].
The negative effect of free oxygen radicals consists in the lipid peroxidation. This type of
peroxidation is a chemical process, in which unsaturated fatty acids of lipids are damaged
by free radicals and oxygen under lipoperoxides formation. Lipoperoxides are unstable and
decompose to form a wide range of compounds including reactive carbonyl compounds,
especially certain aldehydes (malondialdehyde (MDA), 4-hydroxy-2-nonenal (4-HNE)) [15-
22] that damage cells by the binding the free amino groups of amino acids of proteins.
Consequently, the proteins’ aggregates become less susceptible to proteolytic degradation
[23-25]. In tissues, the accumulation of age pigment spots appears. In addition, free radicals
effects are connected with a formation of atherosclerotic lesions. In body fluids (blood,
urine) the increased levels of peroxidation end-products (MDA, 4-HNE, isoprostanes) are
present [26,27]. The lipid peroxidation by free radicals occurs in three stages: initiation,
propagation and termination [2,26]. Reaction (1) represents initiation, in which a fatty acid
molecule of lipid is attacked by free radicals leading to a detachment of the hydrogen atom
under fatty acid radical formation. In its structure, a rearrangement of the double bond to
form conjugated diene occurs. This diene structure subsequently reacts with oxygen
molecule to form a lipoperoxyl radical, which leads to the initiation of the second phase
called propagation (2). In another part of the promotion, lipoperoxyl radical further reacts
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132 Lipid Peroxidation

with another molecule of fatty acid, from which a hydrogen atom is detached under
formation of lipid hydroperoxide from original molecule (3). After pairing of all radicals, the
last stage of the reaction called termination occurs. In addition to the above-mentioned
chemical non-enzymatic peroxidation, enzymatic lipid peroxidation that is catalysed by the
enzymes cyclooxygenase and lipoxygenase takes place. [26,28]. Both enzymes are involved
in the formation of eicosanoids, which represent a group of biologically active lipid
compounds derived from unsaturated fatty acids containing 20 carbon atoms.
Cyclooxygenase is involved in the genesis of prostaglandins [29].

(1) LH + R - L'+ RH (2) L' +O, - LOO"(3) LOO" + L'H — L”+ LOOH

Scheme 1. The scheme of lipid peroxidation. Initiation (1), the first part of the propagation (2), the
second part of propagation (3).

For the monitoring of lipid peroxidation, spectrophotometric [30,31], chromatographic [32]
and immunochemical [33] methods can be used. The analysis itself may be based on the
analysis of the primary products of lipid peroxidation as conjugated dienes [34] and lipid
hydroperoxides [35], or secondary products, such as malondialdehyde [36], alkanes [37] or
isoprostanes [32,38-40]. Chromatographic methods represent the special group of methods,
which are mostly based on the decrease of unsaturated fatty acids” concentration [41]. The
scope of this review was to summarize the photometric analyses of lipid peroxidation. Less
common method - FOX (ferrous oxidation in xylenol orange) was suggested to be
automated.

1.1. Spectrophotometric methods in lipid peroxidation analysis

Spectrophotometric methods for the analysis of lipid peroxidation (see Table 1) are well
reproducible and low cost. They usually consist of several steps that can be automated
without much difficulty. Determination of conjugated dienes and TBARS belong to the one
of the oldest and mostlz used methods for their rapidity and simplicity. On the other hand,
they are criticized for their non-specificity [42,43]. Lipid hydroperoxides may be determined
by the iodometric method and FOX test [44].

Determined Method Type of analysed sample Reference
analyte

Conjugated The structures of conjugated Serum lipoproteins, tissue [34,45]
dienes dienes absorb in the UV lipids

spectrum of 230-235 nm
TBARS/ MDA TBA complex with MDA, plasma, urine, tissues (liver), [36,46-53]

Measurement at 532 nm Cell lysates
Lipid Iodometric method plasma, plant tissues [44,54]
hydroperoxides FOX test plasma, serum lipoproteins, [35,44,55,56]

both animal and plant tissues

Table 1. Summary of spectrophotometric methods used in lipid peroxidation determination.
FOX —ferrous oxidation in xylenol orange, MDA - malondialdehyde, TBARS — thiobarbituric acid
reactive substances
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1.2. Conjugated dienes

The structures of conjugated dienes (Fig. 1) with alternating double and single bonds
between carbon atoms (-C=C-C=C-) absorb wavelengths of 230-235 nm in the UV region.
Therefore, it is possible to use UV absorption spectrometry for their determination [41,42].
The method is used for determination of a non-specific lipid peroxidation caused by free
radicals in biological samples, and is successfully used in the study of peroxidation in
isolated lipoprotein fractions (LDL lipoproteins) [45]. However, its use in the direct analysis
of plasma is controversial because of the presence of interfering substances, such as heme
proteins, purines or pyrimidines in the UV region measurement [42,57].

O—OH

R / R,

Figure 1. Structural formula of conjugated diene arising from the fatty acids by the free radicals effects
during lipid peroxidation.

Increased sensitivity of the method can be achieved by an extraction of lipids into organic
solvents in combination HPLC with UV detection [34,58]. However, the result of application
the method to lipid extracts from human body fluids after HPLC separation was surprising,
because the majority of pre-treated lipid fraction absorbs at wavelengths typical for
conjugated dienes consisting of conjugated linoleic acid isomer (cis-9, trans-11-
octadecadienoic acid) [59]. The main sources of conjugated isomer of linoleic acid (CLA) are
dairy products and ruminant meat, especially beef [60]. They come into human serum and
tissues probably from the diet [61], but can be also produced by bacteria [62,63]. Therefore,
formation of large amounts of CLA by free radicals seems unlikely. In addition, the presence
of CLA was not detected in the plasma of animals suffering from oxidative stress. In vivo
induction of lipid peroxidation in rats treated with phenylhydrazin trichlorbrommethan did
not cause an increase of CLA plasma values [64]. In the case of the use this method, it is
necessary to take into account the above-mentioned shortcomings in the analysis of
biological fluids or tissues.

1.3. TBARS, TBA-MDA adducts

TBARS (TBA-MDA) (Thiobarbituric Acid Reactive Substances) is the most widely used
method for determination of lipid peroxidation method, especially due to its simplicity
and cheapness. As the name of this method implies, it is based on the ability of
malondialdehyde, which is one of the secondary products of lipid peroxidation, to react
with thiobarbituric acid (TBA) [65]. The principle of this method consists in the reaction of
MDA with thiobarbituric acid in acidic conditions and at a higher temperature to form a
pink MDA-(TBA)2 complex (Fig. 2), which can be quantified spectrophotometrically at 532
nm [17,66-70]. TBARS method measures the amount of MDA generated during lipid
peroxidation, however, other aldehydes generated during lipid peroxidation, which also
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134 Lipid Peroxidation

absorb at 532 nm, may react with TBA [71]. The results of the assay are expressed in umol
of MDA equivalents. TBARS method can be also used in the case of defined membrane
systems, such as microsomes and liposomes, but its application in biological fluids and
tissue extracts appears to be problematic [72-74]. The first problem is based on the fact
that MDA can be formed by the decomposition of lipid peroxides under heating of the
sample with TBA. This decomposition is accelerated by traces of iron in the reagents and
is inhibited by the use of chelating agents [42]. At the decomposition of lipid peroxides in
the analysis, the originating radicals can amplify the entire process and the amount of
MDA could be overestimated [74]. To prevent the decomposition of lipid peroxides
during the analysis, inhibitor of the lipid peroxidation called butylated hydroxytoluene is
added to the sample [42]. One of the other problems of the TBARS method application has
been found in the analysis of biological fluids. In this case, some substances, such as bile
pigments and glycoproteins provide a false positive reaction with TBA [71,75].
Unspecificity TBARS test problems can be partially overcome by the using of HPLC
techniques for the separation of “authentic”, original MDA-(TBA)2 adduct from other
chromogens absorbing at 532 nm [76]. Nevertheless, this approach cannot solve all
problems. In addition, next molecules, such as aldehydes originated from lipid
peroxidation, can form with TBA a original MDA-TBA: adduct, which has been
demonstrated in the deoxyribose [77]. Using of different techniques in the determination
of lipid peroxides in plasma or serum of healthy people (spectrophotometric versus HPLC
method) leads to significantly different results. When using spectrophotometric
techniques, the content of TBARS in plasma (serum) reached values from 0.9 to 42.7
pumol-L1 of MDA equivalents, when HPLC technique was used, the content of TBARS in
human plasma (serum) reached values of 0.6 — 1.4 umol-L! of MDA equivalents [78-84].
This was probably caused by the using different methods for modifying the preparation
of plasma (serum) sample. Method for the non-specific index of lipid peroxidation
determination in isolated purified lipid fractions seems to be most useful [42].
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Figure 2. Chromophore produced by a condensation of MDA with TBA
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1.4. Lipid hydroperoxides
1.4.1. lodometric method

Iodometric method for lipid hydroperoxides determination is one of the oldest methods and
is still used to determine lipid peroxide number [42,85]. Principle of this method is based on
the ability of lipid hydroperoxides to oxidize iodide (I') to iodine (Iz), which further reacts
with unreacted iodide (I') to triiodide anion (Is) [86] and can be determined
spectrophotometrically at 290 or 360 nm [87]. Modification of the iodometric method using
commercially available reagent used for the determination of cholesterol can also be used to
determine lipid (hydro)peroxides spectrophotometrically at 365 nm [54]. The method can be
applied to extracts of biological samples without present the oxidizing agents. The possible
interfering factors are especially the presence of oxygen, hydrogen peroxide and protein
peroxides, which are able to oxidize iodide. Oxygen interference can be avoided by the
using the anaerobic cuvettes and cadmium ions, which form a complex with unreacted
iodide [86]. Values of lipid hydroperoxides in human plasma determined by iodometry are
about 4 umol.L1 [88,89].

1.4.2. Ferrous oxidation in xylenol orange

Total hydroperoxides can be determined using the oxidation of ferrous ions in the test with
xylenol orange (FOX). The principle of the FOX method is based on the oxidation of ferrous
ions to ferric by the hydroperoxide activity in the acidic environment [90-94]. The exact
mechanism of the sequence of radical reactions is not known, but the mechanism has been
designed by Gupta et al. [95] and is shown in reactions 1-4 (equation 2) [96]. The increase in
the concentration of ferric ion is then detected using xylenol orange (Fig. 3), which forms a
blue-violet complex with ferric ion (equation 2, reaction 5) with an absorption maximum at
560 nm [35]. However, the experimentally determined stoichiometry of 3 moles of Fe¥-
xylenol orange produced from 1 mol of peroxide [96,97] cannot be explained by the
mechanism proposed by Gupta [95].

1) Fe** + LOOH + H' - Fe’" + H,0 + LO’
2) LO" + xylenol orange + H" — LOH + xylenol orange’

(1)
(2)
(3) Xylenol orange’ + Fe** — xylenol orange + Fe®*
(4) LO" + Fe** + H" — Fe’" + LOH

(5) Fe’" + xylenol orange — blue - violet complex (560 nm)

Scheme 2. Equation of mechanism sequence of radical reactions.

Gay et al. [90] have found during comparison of the reactions of different peroxides with
FOX reagents that the stoichiometry of the reaction ranged from 2.2 (H202) to 5.3 moles (Cu-
OOH, t-BuOOH) Fe*-xylenol orange (Fe-XO) generated from 1 mol of peroxide, which was
observed due to determination of molar absorption coefficients of Fe-XO complexes.
Therefore, it is possible to compare only the results of FOX method analyses, in which the
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same type of peroxide was used in calibration. Hydrogen peroxide (H202) and Cumene
hydroperoxide (Cu-OOH) are the most often peroxides used to calibrate the FOX method.

H

Figure 3. Structural formula of xylenol orange

The literature describes two versions of the FOX method called FOX1 and FOX2.. - FOX1
method can be used for the hydroperoxides determination in water phase and FOX2
method is suitable for the hydroperoxides of the lipid phase [30,35,98]. In the FOX1 method,
chemicals used for a preparation of reagents (ferrous salt and sulphuric acid) are dissolved
in water, whereas in FOX2 method methanol (90 % v/v) is the solvent [35]. FOX methods are
not specific to hydroperoxides, the presence of oxidizing agent(s) in sample leads to the
oxidization of ferrous ions to ferric ions. In the case of FOX2, the specificity of the method is
achieved by the first FOX2 test performance in the presence of triphenylphosphine (TPP),
which selectively reduces hydroperoxides to alcohols. The result of this test is used as a
blank. After it, the FOX test without triphenylphosphine is performed and after deduction of
blank values, we get the real value of lipid hydroperoxides. Improved specificity of the
method using triphenylphosphine was later achieved also in FOX1 test [99]. Peroxidation
chain reactions, which might occur during the analysis, are prevented by the addition of
butylated hydroxytoluene prevented into the FOX1 agent. Plasma samples collected using
ethylenediaminetetraacetic acid (EDTA) or diethylenetriaminepentaacetic acid pentasodium
salt abbreviated as DETAPAC (anticoagulants or iron chelating agents) cannot be used due
to interference with FOX reagents [30]. FOX1 method has been automated [100].

Measurement of lipid peroxidation in (blood) plasma

Banerjee et al. [99] enhanced sensitivity of FOX1 method by the addition of sorbitol into the
FOX1 reagent in accordance with Wolff [98], and concurrently by the stabilization of pH of
reagents at the values of 1.7 - 1.8. Improved specificity of method was obtained using
triphenylphosphine and butylated hydroxytoluene. A comparison of both FOX1 and FOX2
methods on plasma samples of healthy individuals and diabetic patients was performed,
where modified FOX1 method was more sensitive compared to the FOX2 method. Another
advantage of the FOX1 method was based on the skip the centrifugation step that is
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necessary in FOX2 method. Nourooz-zadeh et al. [55] determined total lipid hydroperoxides
in plasma by the use the FOX2 method and subsequently monitored content of lipid
hydroperoxides in individual lipoprotein fractions (VLDL, LDL and HDL fractions).
Content of total lipid hydroperoxides in plasma was 3.50+2.05 umol/L. The highest rate of
hydroperoxides (67 %) was detected in LDL lipoprotein fractions. Sodergren et al. [101]
studied the impact of the storage of samples at low temperatures on the total lipid
hydroperoxide content by the use the FOX2 method. They were focused on possible
reduction of total lipid hydroperoxides content during the storage of samples under these
conditions. Researchers found that storage of samples for 6 weeks at -70 °C leads to the 23 %
average reduction of hydroperoxides content. The finding that the content of lipid
hydroperoxides in short-term stored plasma samples (6 weeks) did not differ from the
content of lipid hydroperoxides in the long-term stored samples (60 weeks) was interesting
too.

Measurement of lipid peroxidation in animal tissues

Hermes-Lima et al. [96] proposed and elaborated methodology for application of FOX1
test in determination of lipid hydroperoxides in animal tissue extracts. They used
methanol extracts of kidney, liver and heart from adult mice (Mus musculus Linnaeus),
brain and lungs from adult Wistar rats (Rattus norvegicus Berkenhout var. alba), liver and
adipose tissues from adult golden-mantled ground squirrels (Spermophilus lateralis Say),
and liver and muscle tissues from adult red-eared slider turtles (Trachemis scripta elegans
Wied-Neuwied). The highest values of lipid hydroperoxide content were detected in mice
organs. The contents of lipid peroxides in animal tissues measured by the FOX1 method
well correlated with results obtained by the TBARS. Grau et al. [102] adapted the FOX2
method for the determination of lipid hydroperoxides in raw and cooked dark chicken
meat. Chickens were fed by a diet with different contents of a-tocopherol and fats from
different sources. They determined the absolute values of lipid hydroperoxides in
different experimental groups of chickens. Eymard et al. [56] modified the FOX1 method
used by Hermes-Lima et al. [96] for the determination of lipid hydroperoxides in small
pelagic fish. They used methanol extracts of ground tissues of the Atlantic horse mackerel
(Trachurus trachurus Linnaeus). The original FOX1 reagent was replaced by the FOX2
reagent used by Wolff et al. [98] with the increased content of methanol to increase a
solubility of extracts.

Measurement of lipid peroxidation in plant tissues

De Long et al. [44] applied the FOX2 method in the determination of hydroperoxides in
plant tissues. They used ethanol extracts of pericarp of avocado (Persea americana P. Mill.),
periderm of potatoes (Solanum tuberosum L.), leaves of red cabbage (Brassica oleracea convar.
capitata var. rubra DC. Ranost), leaves of spinach (Spinacia oleracea L.), pericarp of the
European Pear (Pyrus communis L.) and fruits of red pepper (Capsicum annuum L.) for
analyses. The effect of UV radiation on lipid peroxidation was monitored. Parts of plants
were exposed to UV radiation for 10-12 days prior the extraction due to induction of lipid
peroxidation in plants. Lipid hydroperoxides were determined by the FOX2, the TBARS and
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the iodometric methods. UV radiation induced an increase in lipid peroxidation values in all
samples of different plant tissues determined by the FOX method. The good correlation was
found between the FOX and iodometric methods. However, the iodometric method had
limitations in the determination of the low concentrations of lipid hydroperoxides. Similar
results were obtained by the use the TBARS method. Griffiths et al. [103] applied the FOX2
method in determination of lipid peroxides in different types of plant tissues. They analysed
plant tissues, such as extracts of bean hypocotyls (Phaseolus sp.) and microsomes, potato
leaves (Solanum tuberosum L.), flowers of alstromeria (Alstroemeria spp.), broccoli (Brassica
oleracea var. italica Plenck) and cells of green algae (Chlamydomonas sp.). Lipid hydroperoxide
levels ranged from 26 to 602 nmol.g"! of FW. The highest content of lipid hydroperoxides
was detected in broccoli and green alga cells in their study.

2. Experimental section

2.1. Instruments

For dilution of stock solutions of standards an epMotion 5075 (Eppendorf, Germany)
automated pipetting system was used (Fig. 4). The pipetting provides a robotic arm with
adapters (TS 50, TS 300 and TS 1000) and Gripper (TG-T). The empty microtubes are placed
in the position B3 (Fig. 4) in adapter Ep0.5/1.5/2 ml. Module Reservoir is located in the
position B1l, where stock solutions are available. The device is controlled by the epMotion
control panel. The tips are located in the A4 (ePtips 50), A3 (ePtips 300) and A2 (ePtips 1000)
positions. For preparation of the standards tips of sizes 300 ul and 1000 ul (Eppendorf —
Germany) were used. For determination of antioxidant activity, a BS-400 automated
spectrophotometer (Mindray, China) was used. It is composed of cuvette space tempered to
37+1 °C, reagent space with a carousel for reagents (tempered to 4+1 °C), sample space with
a carousel for preparation of samples and an optical detector. Transfer of samples and
reagents is provided by robotic arm equipped with a dosing needle (error of dosage up to 3
% of volume). Cuvette content is mixed by an automatic mixer including a stirrer
immediately after addition of reagents or samples. Contamination is reduced due to its
rinsing system, including rinsing of the dosing needle as well as the stirrer by MilliQ water.
For detection itself, the following range of wave lengths can be used as 340, 380, 412, 450,
505, 546, 570, 605, 660, 700, 740 and 800 nm. In addition, a SPECOL 210 two beam UV-VIS
spectrophotometer (Analytik Jena AG, Germany) with cooled semiconductor detector for
measurement within range from 190 to 1,100 nm with control by an external PC with the
programme WinASPECT was used as the manual instrument in this study. Laboratory
scales (Sartorius, Germany) and pipettes (Eppendorf Research, Germany) were used.

2.2. Chemicals

Xylenol orange disodium salt, iron D-gluconate dihydrate, glycerol, tert-butylhydroperoxide
(t-BHP) 70% in water, sodium chloride, sulphuric acid, formic acid and water ACS reagent
were purchased from Sigma Aldrich (USA).
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2.3. Preparation of reagents and standards

FOX1 reagents were prepared according Arab et al. [100]. The general acidic reagent (acidic
reagent A) final concentrations were 0.9 % NaCl, 40 mM H2S0s, 20 mM formic acid and 1.37
M glycerol in ACS water. The pH of the reagent was adjusted to the value of 1.35. The
reagent R1 contained 167 uM xylenol orange disodium salt, which was dissolved in acidic
reagent A. The reagent R2 contained 833 uM iron D-gluconate dehydrate, which was also
dissolved in acidic reagent A. Standards were prepared from the 70% water solution of tert-
butylhydroperoxide, which was diluted by ACS water to the 20 mM pre-stock solution.
From the pre-stock solution, five stock solutions: and 0.2, 3.9, 62.5, 375 and 1,000 uM were
prepared daily by dilutions of pre-stock solution with 0.9 % NaCl. For further preparation of
20 standards from five stock solutions, an automated pipetting system epMotion 5075 was
used to minimalize possible pipetting errors. The standards had following concentrations:
0.06, 0.12, 0.24, 0.48, 0.97, 1.9, 3.9, 7.8, 15.6, 31.2, 46.8, 62.5, 93.7, 125, 187, 250, 375, 500, 750
and 1000 uM. These standards were used for the preparation of calibration curves in both
manual and automatic measurements.

2.4. Working procedure for manual spectrophotometric determination

A volume of 720 pl of the reagent R1 (167 uM xylenol orange in acidic reagent) was pipetted
into plastic cuvettes. Subsequently, a volume of 100 pl of the sample was added.
Absorbance was measured at A = 591 nm. After it, a volume of 180 ul of the reagent R2 (833
puM iron D-gluconate in acidic reagent A) was pipetted to a reaction mixture and after 6
minutes of the incubation, absorbance was measured. Final value is calculated from the
absorbance value of the mixture of the reagent R1 with sample and from the absorbance
value after 6 minutes of incubation of the mixture with the reagent R2. The final
concentrations in the cuvette of xylenol orange (R1) and iron D-gluconate (R2) were 120 and
150 uM, respectively.

2.5. Working procedure for automated spectrophotometric determination

A volume of 180 uL of the solution R1 (167 uM xylenol orange in acidic reagent) was
pipetted into a plastic cuvette with subsequent addition of a 25 pL of sample. This mixture
was incubated for 4.5 minutes. Subsequently, 45 uL of solution R2 (833 uM iron D-gluconate
in acidic reagent) was added and the solution was incubated for next 6 minutes. Absorbance
was measured at A = 570 nm. Final value is calculated from the absorbance value of the
mixture of reagent R1 with sample before the addition of the reagent 2 and from the
absorbance value after 6 minutes of incubation of the mixture with the reagent 2. The final
concentrations in the cuvette of xylenol orange (R1) and iron D-gluconate (R2) were 120 and
150 uM, respectively.

3. Results and discussion

Spectrophotometric methods for determination of lipid peroxidation have a relatively
simple procedure of a measurement. In addition, they are relatively low-cost with easy
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applicability and they do not require specialized equipment or personnel. To maintain the
sustainability of these methods, it is necessary to introduce these methods to automated
operation, which has not been yet satisfactorily solved. Analyses of samples performed due
to intensive work of personnel, which is expensive, slow, and, in addition, the human factor
is responsible for a high percentage of errors. Requirement for laboratories, in which a large
number of samples is analysed per day, consists in relatively simple and easy to apply
method. Our aim was to automate the pre-analytical and analytical phase of the FOX1
method. For specification and comparison of this method, the method based on the use the
manual spectrophotometer was also carried out.

3.1. Pre-analytical phase

Pre-analytical processing of biological samples in the laboratory is a necessary and
important part of laboratory work. It represents a wide range of manual, often
stereotyped operations that do not require special knowledge and skills, but require
maintenance of the standard procedure(s) and prevent the possibility of errors connected
with this analytical phase. Pre-analytical laboratory process is destined to automation and
robotics. Automation and robotics of the pre-analytical phase brings many benefits and
advantages to laboratory. It reduces the number of errors, the time necessary for sample
manipulation, and the response time. It significantly increases the productivity, cost
savings connected with productivity, and minimizes the exposure of personnel with
biological material [104].

For automation of pre-analytical phase, the epMotion 5075 automated pipetting system was
used. Stock solutions of tert-butylhydroperoxide (t-BHP) at the concentrations of 1000, 375,
62.5, 3.9 and 0.2 uM prepared in 0.9 % NaCl solution were applied into five vials. Sixth vial
contained diluting solution (0.9% NaCl). Twenty empty Eppendorf tubes (1.5 ml) were
placed into the metal holder. Scheme of the preparation of standards is shown in Table 2.
Pipetting robot first pipetted different volumes of diluting solution (0.9% NaCl) into vials
and after it, different volumes of stock solutions of various concentrations of t-BHP were
pipetted. When pipetting the stock solution into the dilution buffer in micro test tube, robot
three times mixed the solution by a pipetting.

tp1000_1 tp300_1

Figure 4. epMotion 5075 automated pipetting system from frontal part.
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Tube Final Pipetting volume (ul)

nb. concentration golution solution 1 solution 2 solution 3 solution 4 solution 5
t-BHP (uM) 0.9% 1000 pM  375uM 625 uM  3.906 uM  0.244 uM

NaCl t-BHP t-BHP t-BHP t-BHP t-BHP

1 1000 - 1000 - - - i,

2 750.0 250 750 - - - -

3 500.0 500 500 - - - -

4 375.0 - - 1000 - ! -

5 250.0 750 250 4 z - -

6 187.5 500 - 500 - - -

7 125.0 875 125 - - - -

8 93.75 750 - 250 - - -

9 62.50 - - - 1000 - -

10 46.87 875 - 125 - - -

11 31.25 500 - - 500 - -

12 15.62 750 - - 250 - -

13 7.812 875 - - 125 - -

14 3.906 - - - - 1000 -

15 1.953 500 - - - 500 -

16 0.977 750 - - - 250 -

17 0.488 875 - - - 125 -

18 0.244 - - - - - 1000

19 0.122 500 - - - - 500

20 0.061 750 - - - - 250

Table 2. Volume of the solution in the preparation of standards using epMotion 5075 automated
pipetting system.

Using the epMotion 5075 automated pipetting system, work time of 20 minutes was saved
(time, when laboratory staff was not needed). The only time-demanding operation consisted
in replenishment of vials and initiation of the program. Potential errors that arise due to
human activity were avoided. Accuracy of a pipetting was verified by weighing, the average
error was approximately 1.8 %.

3.2. Analytical phase

Our goal was to introduce the FOX1 method to an automated operation and improve both
analysis itself and conditions of analysis. The experiment was carried out using tert-
butylhydroperoxide standard prepared at the concentrations from 0.06 to 1000 uM.
Furthermore, the spectral curves of generated chromatic complexes were observed and the
concentration dependence on temperature and time were determined. In addition, reaction
kinetics during the reaction was established.
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3.2.1. Monitoring the spectral courses at different concentrations and times

Spectral changes in the t-BHP concentration range from 0.06 to 1000 uM (Figures 5A and 4B)
were observed. Two peaks at the wavelengths of 444 and 591 nm were detected in the
formed complex at the recommended temperature of interaction of 37 °C.
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Figure 5. Courses of spectra of -BHP in the concentrations from 0.06 to 1000 uM - a) 1000, b) 500,

) 250, d) 125, e) 62.50, ) 31., g) 7.8, h) 1.9, i) 0.4, j) 0.06 in the time of 6 (A) and 60 (B) minutes.

(C) Comparison of values of absorption maximum at the wavelength of 591 nm and a time period of
6 and 60 minutes. The courses were measured in the interval form 350 to 700 nm using the SPECORD
210 apparatus. All analyses were carried out in triplicates.

Absorption maximum at low concentrations (up to the concentration of 0.122 uM) was at
444 nm, and with the increasing concentrations (higher than 0.122 uM) the absorption
maximum was sifted and observed at 591 nm. Interaction of sample and reagents proceeded
in six minutes, after this time, absorbance could be measured and the final value of lipid
peroxidation calculated. We wanted to determine the changes in the absorbance during one
hour. Comparison of absorbance values at the time of 6 and 60 min at A = 591 nm is shown
in Figure 5C. Absorbance values during the monitoring decreased for about 13 % on an
average. When interlaying the trends points in the linear concentration part from 0.12 to 125
puM, the determination factor decreased from 0.996 (for the 6-minute reaction time) to 0.987
(for the 60-minute reaction time). This fact can be explained by unequal reaction kinetics
during the analysis (see the reaction kinetics, Chapter 3.2.3) and oxidation of the sample
during the analysis.
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3.2.2. Monitoring the reaction under different temperature conditions

Dependences of representative concentration (62.5 uM) on the temperature conditions (17,
27,37 and 47 °C) and the time from 0 to 30 minutes and absorption maximum of 591 nm is
shown in Figure 6. The absorbance increased with the increasing temperature; after 6
minutes of reaction, the difference of absorbance value between the lowest (17 °C) and the
highest (47 °C) temperature was about 0.64 AU. In other words, the value of absorbance at
47 °C was higher for 71 % compared to the absorbance determined at 17 °C. The highest
values of absorbance and concurrently the most prominent difference was detected at 47 °C,
therefore, this temperature was the most suitable for our purposes. On the other hand, this
temperature may lead to degradation of biological samples. Due to this fact, the temperature
of interaction of 37 °C was selected for further analyses.
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Figure 6. Dependences of representative concentration (62.5 uM) of applied t-BHP on temperature
conditions (17, 27, 37 and 47 °C) and the time of interaction. Detected at 591 nm, interval of record is
1 minute, interval period 0 - 30 minutes. All analyses were carried out in triplicates.

3.2.3. Determination of reaction kinetics

Reaction kinetics at the temperature of 37°C in the shortest time intervals in all
concentrations (0.06 — 1000 uM) was monitored. Automated analyser BS-400 was used for
this purpose. All samples could be studied at all once. This is not possible using the manual
spectrophotometer, thus, use the automated analyser represents one of the most important
steps in the analysis automation.

The curves were used for the calculating the reaction rate constants indicating the course
and conception of the impact of the effect of t-BHP concentration on the reaction rate. The
constant was calculated as the change in the absorbance per time unit (second, minute)
according to the equation x = A/t, where x is the rate constant, A the value of absorbance
after 6 minutes and t time for which the rate constant was related (second, minute). The
effect of each of concentrations on the change in absorbance value was determined.
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Figure 7. Monitoring of reaction curves of +-TBH in the concentrations from 0.06 to 1000 uM - a) 1000,
b) 750, c) 500, d) 375, e) 250, f) 187, g) 125 h) 94, i) 63, j) 47., k) 31, 1) 15.6, m) 7.8, n) 3.9, 0) 1.9, p) 0.9,

q) 0.4, 1) 0.2,5) 0.1, and t) 0.06 uM in the time interval from 0 to 6 minutes. All analyses were carried out
in triplicates.

Change in
abs. per minute
recalculated to

Change in Change in
Concentration Logarithmic equation absorbance absorbance
persecond  per minute

1 uM t-BHP
1000 y=3.7532In(x)-5.899  0.02304 1.383 0.0013
750.0 y=3.6495In(x) - 5.544  0.02211 1.345 0.0017
500.0 y=3.4895In(x)-5.241  0.02168 1.301 0.0028
375.0 y=3.1895In(x) - 4.872  0.01987 1.258 0.0036
250.0 y =3.2076In(x) - 4.677  0.01853 1112 0.0044
187.5 y=2.7574In(x) - 4375  0.01534 0.924 0.0052
125.0 y=2.2477In(x)-3.945  0.01298 0.779 0.0062
93.75 y=1.7316In(x) - 2.968  0.01000 0.600 0.0060
62.50 y=1.2213In(x)-1.998  0.00705 0.423 0.0068
46.87 y =1.0049In(x) - 1.596  0.00580 0.348 0.0070
31.25 y=07102In(x) - 1.054  0.00410 0.246 0.0079
15.62 y=0.3846In(x) - 0.445  0.00222 0.133 0.0085
7.812 y=0.2525In(x)- 0.183  0.00146 0.088 0.0112
3.906 y=0.1765In(x) - 0.037  0.00102 0.061 0.0157
1.953 y=0.1303In(x) + 0.033  0.00075 0.045 0.0231
0.976 y=0.1177In(x) + 0.073  0.00068 0.041 0.0418
0.488 y=0.1031In(x) + 0.089  0.00060 0.036 0.0732
0.244 y =0.0965In(x) + 0.101  0.00057 0.034 0.1370
0.122 y =0.0926In(x) + 0.105  0.00055 0.033 0.2629
0.061 y=0.0957In(x) + 0131 0.00053 0.032 0.5434

Table 3. Mathematical formularization of the course of reaction curves for t-TBH in the concentration
range from 0.06 to 1000 uM by the use the logarithmic equation. Reaction rate constant is expressed as a
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change in absorbance per second, and per minute. In addition, change in absorbance per minute
recalculated to 1 pM t-BHP is introduced.

3.2.4. Dependence on concentration

By the using manual spectrophotometer and automated analyser, the dependence of +-TBH
concentration (0.06 — 1000 uM) on the changes of coloured complex was determined. The
calibration curves were calculated from final values.
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Figure 8. Dependence of absorbance on applied -BHP concentration measured by manual
spectrophotometer SPECOL 210 and automated analyser BS-400. All analyses were carried out in
triplicates. For other experimental detail, see Fig. 7.

The analysis of 60 samples (20 samples in a standard three repetitions) took using the BS-400
automated analyser only 24 minutes. The analysis of 60 samples including delays for the
pipetting, mixing and displacement of samples using the manual spectrophotometer took
about 7 hours (6 minutes per sample + one minute of delay, 60 x 6 minutes of sample
analysis). By using the fully automated analyser, results were obtained in more than 17
times less time compared to manual spectrophotometer. Shortening of the time of analysis
contributes especially to higher quality of results due to reduction of possibility of chemical
modification including degradation of the measured samples. This fact resulted in the
preparation of calibration curves, where the determination factor for the calibration curve
obtained using the automatic analyser was R? = 0.9996, while the determination factor for
the results from manual spectrophotometer was R? = 0.9966. In addition, a limit of detection
(LOD) and limit of quantification (LOQ) were determined. In the case of both automated
and manual analyses, the LOD was determined as LOD = 0.06 uM of t-BHP, limit of
quantification (LOQ) was also determined as LOQ = 0.2 uM of t-BHP (see Table 3). All
measurements of all concentrations of -BHP (concentration range from 0.06 to 1000 uM)
were carried out in 3 repetitions and repeatability (RSD) was determined. In the case of
automated method, the repeatability was RSD = 2.6 % compared to manual
spectrophotometer, where RSD = 3.8 %.

Technical development is responsible for a tendency to increase the speed of analysis and
analytical process itself. Automatic analysers allow analysing more samples at the same
time, reducing the time required to analyse one sample and errors caused by incorrect
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pipetting and manipulation with sample, and generally provide higher data quality
compared to manual analysis. Due to automation, the risk of sample confusion is
significantly reduced. In addition, the whole process is much faster, the consumption of
reagents and demands of personnel staff are reduced. The aim of automation is to eliminate
stereotypical incompetent operation, eliminate the possibility of error, and to accelerate
operations under significant increase of capacity while maintaining the precise performance
of all necessary operations. The disadvantage, however, consists in still high acquisition
costs and the need for compete service [105,106].

Time
. .. .. Confidence analysis
Apparatus Wazzirelr;gth LOD LOQ iﬁfa:ltnrl\l/% C:hl:’zzﬁn coefficient RSD  of 60
8¢ (H q (R?») samples
(min)
0.012 y=0.0105x
SPECOL 591 0.06 02 125 +0.006 0.9969 3.8 420
0.012 y=0.0107x
BS-400 570 0.06 0.2 125 10,0128 0.9996 2.6 24

Table 4. Analytic parameters for the FOX1 method for -BHP analysis using manual SPECOL and
automated BS-400 analysers.

4. Conclusion

This chapter brought a comprehensive overview of photometric methods used in the study
of lipid peroxidation. Main attention was devoted to the detection of lipid peroxidation by
using the less common FOX1 method. The proposal to automation the pre-analytical and
analytical phases of the sample was introduced. In addition, conditions and parameters
influencing the photometric reaction were studied and described. The comparison of results
obtained using the manual and automated apparatuses (manual/automated operation) is
introduced and discussed.
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