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Abstract: Oxidative processes are an inseparable part of the life of almost all living organisms. They help to
maintain homeostasis but they can also stand behind various dysfunctions or diseases. Therefore, an effective
method for monitoring oxidative processes in biosamples is an essential tool for medicine, agriculture, and
food industry. In this thesis, an overview of available methods for monitoring oxidation in biosamples with a
special focus on biological autoluminescence (BAL) is provided. This thesis uses the term BAL to encapsulate
various synonyms including the commonly used term ultra-weak photon emission. BAL correlations with
various physical, chemical, and biological factors (as original research and an overview from other authors) are
also presented. Specifically, the relationships between spontaneous BAL of yeast Saccharomyces cerevisiae
and the selected physical and chemical parameters (pH, oxygen partial pressure, and cell concentration) during
cell growth were established. Additionally, the correlation of BAL intensity from yeast cells or protein bovine
serum albumin (BSA) and the number of reactive oxygen species (ROS) that originated as a result of the Fenton
reaction were measured. Physical enhancement of BAL from BSA by pulsed electric field was also studied and
a basic reaction mechanism of electrogenerated ROS in protein sample leading to BAL was proposed. This
work supports BAL employment as a non-invasive monitoring and diagnostic method in various important
fields.
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1 Introduction

All metabolically active organisms in presence of oxygen evince really low photon emission. The light is

endogenously generated and does not require any external input. It is widely accepted that this light is a

luminescence that originates from electron-excited states, which are produced during oxidation reactions of

biomolecules, mainly caused by reactive oxygen species (ROS). This phenomenon of weak endogenous chemi-

luminescence spontaneously occurring in living organisms is mentioned under various synonyms in scientific

literature, such as ultra-weak photon emission or biological autoluminescence (BAL). Although the term used

in the title of this work is ultra-weak photon emission, I decided to use the term biological autoluminescence

(BAL) in the rest of this thesis. The deeper explanation for this decision can be found below in the text. The

following introduction to the BAL is a modified version of the Introduction in the paper in Chapter 4.

1.1 Reactive oxygen species

Reactive oxygen species (ROS) stand at the beginning of the path ending by light emission (BAL). They

are formed in all metabolically active organisms under the presence of oxygen. They are released during

respiration in mitochondria [1, 2] or during a respiratory burst in activated phagocytes [3, 4] (top left part of

Fig. 1.1). ROS are also produced by peroxisomes, plasma membrane, cytosol [1,5], endoplasmic reticulum [6],

and extracellular space [7]. Some cellular enzymatic reactions (e.g., those driven by NADPH oxidase, xanthine

oxidase, nitric oxidase synthase [8, 9], 5-lipoxygenase [10], or cytochrome P450 [11]) can also lead to the

creation of ROS. Besides an immune response to pathogens, they participate in cell signaling and affect various

cell processes [3, 4, 12] (lower left part of Fig. 1.1). For example, they take part in the regulation of the cell

cycle, differentiation, proliferation, growth, and apoptosis [13]. Moreover, they play a role in regulation of

cytoskeleton and cytoskeleton-supported functions of cells, e.g., migration and adhesion [4, 8, 14].

Also, external factors can lead to the ROS formation in an organism, for example, environmental conditions,

such as heat, drought, ionizing radiation (including UV), air pollution (SO2, CO, NOx), presence of heavy

metals cations (e.g., Hg2+, Cd2+, Pb2+) or influence of electric field (EF) [15–17] (top right part of Fig. 1.1).
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CHAPTER 1. INTRODUCTION

Figure 1.1: The scheme of ROS endogenous and exogenous sources, their functions in an organism, and unde-
sirable consequences of ROS excess. (Modified figure from Chapter 4.)

The non-natural surplus of ROS can have negative effects on an organism such as can lead to tumor growth,

metastasis, fibrogenesis, or even cell death [12] (lower right part of Fig. 1.1).

1.2 Antioxidants

Redox homeostasis is essential for proper cellular physiology. An oxidant level can be increased intentionally

(e.g., during a respiratory burst or an enzymatic reaction) or inadvertently (e.g., during exposure to pollutants,

radiation or inappropriate de/activation of immune cells) [16, 18, 19]. A low increase in the ROS number leads

to an adaptive response. However, the excessive production of ROS usually leads to a significant redox balance

disruption and can cause cell damage or even cell death that can express as various dysfunctions or diseases

on the level of a whole organism [4, 12]. The state when the ability of an organism to eliminate an excess of

reactive intermediates is not sufficient is called oxidative stress. On the other hand, deflection of ROS level on

the other side (too low level) can also lead to incorrect cell functions, e.g., to inaccuracy of cell signaling [20].

The main role in maintaining the redox balance is played by the antioxidant system. Antioxidants come in

many forms, they can be enzymatic or non-enzymatic, endogenous or nutrient-derived, proteins or in form of

different molecules. These compounds can intervene in different phases of ROS action, they can prevent the

initiation or propagation of ROS damage or they can terminate the radical reaction chain [21].
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1.3. OXIDATIVE PRODUCTS

1.3 Oxidative products

Various products can be formed during reactions of ROS with biomolecules. The prime target of an oxidant

attack on a cell is lipids as a major constituent of membranes. Full-length oxidation products, chain-shortened

phospholipids, and the corresponding fragments of oxidized fatty acyl chains can be formed during lipid oxi-

dation [22, 23]. We can distinguish products according to the manner and degree of lipid modification – from

simpler ones (hydroxides, hydroperoxides, epoxides, ketones) to more complex (isoprostane-like structures,

cyclopentenone rings), or with further rearrangement (ring opening to yield isolevuglandins). Changes in lipid

structure in membranes, such as peroxidation of polyunsaturated fatty acids, can also change membrane prop-

erties (e.g., decrease membrane fluidity and disruption of membrane-bound proteins) subsequently causing an

increase in the radical formation and additional modification of polyunsaturated fatty acids to a wide range of

products [24]. Some of them, such as aldehydes (e.g., malondialdehyde and 4-hydroxynonenal) can be also em-

ployed as "second toxic messengers" because of their relatively high reactivity and rather long life that enables

them to diffuse quite far from the point of their origin [25].

However, another major target of a ROS attack is proteins. They constitute approximately 70 % of the dry

mass of most cells and have a high rate constant for reaction with many oxidants [16,26]. Three main pathways

are appearing during protein reactions with radicals – hydrogen atom abstraction from C–H, O–H, N–H, or S–H

bonds, electron abstraction from electron-rich sites (oxidation), and radical addition to electron-rich centers

(aromatic rings and sulfur species) [27]. The formation of a particular product depends on many factors such as

substrate concentration, environmental conditions (e.g., oxygen concentration, pH), reaction rates, or location

of radical action on a protein itself (e.g., peptide backbone or aliphatic side chains). In [16, Table 2] are

examples of selected major products produced during oxidation of protein side chains. Protein oxidation often

causes also further post-translational protein modifications that can include amino acid alteration or changes

in protein structure related to changes in protein properties (e.g., charge, hydrophobicity/hydrophilicity) and

functions (e.g., to the loss or (occasional) gain of activity) [16].

Nevertheless, any organic matter can be a target of oxidant action, not only lipids and proteins, but also

carbohydrates, DNA, RNA, low-molecular-mass species, or antioxidants [26]. DNA, as a storage of genetic

information, also demands special attention. ROS can react with the bases and also with sugar moieties of

DNA, producing single- and double-strand breaks in the DNA backbone, adducts of base and sugar groups,

and cross-links with other molecules, lesions that block replication [28–30].

Selected products formed during oxidation of biomolecules [16, 31, 32] (reused from Chapter 4):

• proteins - hydroperoxides (ROOH), carbonyls e.g., aldehydes and ketones (RCO, RCOR), alcohols (hy-

droxides) (ROH), peroxides (ROOR), dithiols (RSSR), nitrated/chlorinated Tyr, Trp, Phe, oxidized Tyr,

Trp, His, Met, Lys, Leu, Ileu, Val
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CHAPTER 1. INTRODUCTION

• lipids: chlorinated/nitrated lipids (isoprostanes, isoleukotrienes), hydroperoxides, peroxides (malondi-

aldehyde, 4-hydroxy-2-nonenal, acrolein), alcohols, epoxides, hydrocarbons, aldehydes (oxysterols)

• DNA/RNA: aldehyde/other base adducts, nitrated/deaminated bases, oxidized bases

1.4 Further consequences of oxidative stress

The presence of ROS in an unsuitable amount in inappropriate places in an organism results in activation of

the antioxidant defense system and in the formation of other reactive species and various oxidative products

(from antioxidants or other biomolecules). Modifications of biomolecules often lead to changes in molecule

properties and functions that can reflect also in higher cell structures of which the modified molecule is a part of.

For example, peroxidation of lipids in a membrane decreases membrane’s fluidity, membrane-bound proteins

(such as proton pumps or ion channels) can be released or damaged, the membrane and its parts can lose

their functions (e.g., the cell loses membrane potential or ion concentration gradient across the membrane),

which can end with serious cell damage or even cell death [24]. Changes in proton concentration, in other

words, changes in pH, can affect also various cell processes. However, not only pH but also many other

physical or chemical parameters can be finally influenced. Worth to mention also oxygen partial pressure,

often observed parameter during the research focusing on monitoring oxidative stress [21, 33]. Disruption of

cellular metabolism or cell death on a larger scale can affect a wide variety of physiological processes in an

organism or can manifest as various diseases (such as neurodegenerative diseases, diabetes, or atherosclerosis).

Therefore, seen from the other end, analysis of consequences such as changes in cell viability, metabolism, or

other cell functions can provide us useful information about the oxidative state of a sample [21, 24].

1.5 Biological autoluminescence

As mentioned above, during a reaction of ROS with a biomolecule, various products or intermediates can be

formed. Two of them are dioxetanes and tetroxides, unstable highly energetic intermediates that decompose

to electron excited species [34]. The surplus energy can be used for further chemical reactions, released in

form of heat during vibrational decay or can be transferred to a nearby suitable energy acceptor. There is also

the possibility to release the excess energy in form of photons during the radiative transition to the ground

state. However, this reaction pathway has much lower probability compared to others. Therefore, just a few

photons are released from the sample during oxidative processes. For this ultra-weak photon emission, the term

biological autoluminescence (BAL) is used in this thesis. The general scheme of reactions leading to BAL is

in Fig. 1.2, the more detailed one can be found in [34, Fig. 1].

The intensity of endogenous BAL can vary from tens to several hundreds of photons·s−1·cm−2 [35]. BAL

induced by external stimuli can be even 2–3 orders of magnitude higher than the endogenous emission of

the same sample [36]. However, the distance of a sample from a detector and other optical effects such as
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1.6. BIOLOGICAL AUTOLUMINESCENCE - TERMINOLOGY

Figure 1.2: General scheme of reactions leading to BAL. (Take over from Chapter 4.) At first, ROS react with
a biomolecule RH to generate an organic radical R•. In the presence of molecular oxygen, one-
electron oxidation of R• can lead to the formation of a peroxyl radical ROO• which can abstract
hydrogen from another RH and form ROOH and R•. Another possibility for the ROOH creation
is a reaction of RH with singlet oxygen 1O2 via so called ’ene’ reaction [34]. The cyclization of
ROO• or the cycloaddition of 1O2 to RH lead to the formation of high-energetic cyclic intermediate
1,2-dioxetane ROOR. Another high-energetic intermediate tetroxide ROOOOR can be a product of
the recombination of ROO•. The decomposition of ROOR and ROOOOR results in the formation of
triplet excited carbonyl 3R=O∗; alternatively, in case of ROOOOR can also result in 1O2 (Russell-
type mechanism) [34]. An excited carbonyl 3R=O∗ can release the excess energy in form of photons
or transfer the energy to a near suitable acceptor such as chromophore P or molecular oxygen O2.
Subsequently formed molecules of excited chromophore P∗ or 1O2 can also emit photons. The light
emission can be suppressed by antioxidants that decrease the probability of the ROS formation or
transform them into less reactive or non-reactive forms.

absorption, scattering, diffraction, reflection, and refraction may significantly decrease the detected number of

photons captured by a detector.

The spectral range of the light emission is from 350 to 1300 nm depending on the type of an emitter. Triplet

excited carbonyls 3R=O∗ emit in the region 350–550 nm, excited chromophores in 550–750 nm (1P∗) and 750–

1000 nm (3P∗), depending on their type [36]. Deexcitation of singlet oxygen 1O2 can be accompanied by

monomol (i.e. monomolecular) photon emission at 1270 nm (in case of the molecular transition to the ground

(triplet) state) or with dimol (i.e. bimolecular) emission at 634 and at 703 nm (in case of a collision of two 1O2).

Nevertheless, various emitters are formed with different probabilities. For example, the yield of 1O2 during the

recombination of two peroxyl radicals is 3–14 %, while the yield of 3R=O∗ during the same reaction is 3–4

orders of magnitude lower [34]. Not only BAL emission but also radiation caused by thermal excitation ranges

over the near IR region. It is really hard to distinguish them; therefore, BAL measurements are more focused

on the visible and near UV parts of the spectrum.

1.6 Biological autoluminescence - terminology

In scientific literature, various terms are employed for the endogenous photon emission from biological sam-

ples. The term used in the title of the thesis ultra-weak photon emission stresses really low intensity of the
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CHAPTER 1. INTRODUCTION

phenomenon and its particle(photon)-like character. However, it does not contain any reference to the origin

of the light. Therefore, another term biological autoluminescence (BAL) is used in this work, that seems more

appropriate and informative from the current point of view of our research group. The "luminescence" refers to

the fact that the light emission is not of a thermal origin. "Auto" refers to the endogenous origin of substances

required for luminescence, thus no external luminescence probes have to be added to the studied system. And

"biological" refers to the type of samples from that autoluminescence is detected – from biological systems

or samples derived or extracted from them. Other terms also used for this phenomenon are low-level chemi-

luminecence [37, 38], autoluminescence [39], biophotons or biophoton emission [35, 40]. The chosen term

usually expresses the research group’s perspective of the phenomenon.
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2 State of the art

Diseases are inseparable parts of our lives. Therefore, present society tries to find out ways how to prevent,

diagnose, and cure these dysfunctions. Because current diagnostic methods are often painful and destructive

for the analyzed biosamples, new effective and gentle methods overcoming these limitations are in great de-

mand. The development of new monitoring methods plays an important role not only in medicine, but also in

agriculture, food industry, or dermatology.

2.1 Monitoring oxidative processes in biosamples

Plenty of diseases, including those occupying the first places in the leaderboard of worldwide causes of death

– cardiovascular diseases [41, 42] and cancer [43], are closely related to an increased number of ROS in af-

fected body parts. An overview of available methods for monitoring oxidative processes from the perspective

of molecular markers and processes focused on biochemical systems, cell and tissue cultures is provided in

Chap. 4.

2.2 BAL and its correlations with various physical, chemical and biological parame-

ters

To employ a method as a diagnostic tool, it is essential to know all factors influencing an output signal or data

and the way how they do that. The conditions for reliable distinguishing between a healthy undisturbed biosam-

ple and the same type of sample affected by oxidative processes (potentially leading to various diseases) can

be variable for different studied samples. Therefore, it is really important to know how a particular biosystem

is influenced by specific conditions.

In this work, the main focus is on a particular chemiluminescent method – BAL that is label-free, non-

invasive, real-time and with rather low operational costs. An overview of BAL correlations with various phys-

ical, chemical and biological parameters and aspects influencing BAL signal is provided in Chap. 4.
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CHAPTER 2. STATE OF THE ART

2.3 Biosamples

In the experimental part of the thesis, yeast Saccharomyces cerevisiae and protein bovine serum albumin (BSA)

were chosen as model systems for studying the BAL phenomenon. Yeast Saccharomyces cerevisiae is a single-

celled eukaryotic organism with the same complexity of internal cell structure as plants, animals or humans.

At the same time, they have a short generation time (as a single cell), can be easily cultured and it is also

easier to evaluate the effects of various factors on them. Because of abundant usage in food industry [44, 45]

and biotechnology [46] they are intensively studied and so also well characterized. BSA is a small, stable,

easily available protein that is commonly used as a reference protein for the determination of other protein

concentrations (Bradford protein assay) [47]. Additionally, it is usually used as a blocker in immunochemistry

[48] and has also several other usages in biochemical applications [49–52]. It is also a useful model for setting

of experiments with human serum albumin because of their 76% structural similarity [53].

There have been several studies of spontaneous BAL from yeast. For example, Quickenden et al. [54–58]

focused on spontaneous BAL (its intensity and spectral distribution) in the exponential and stationary phase

of yeast growth. Similarly, methods based on chemiluminescence measurement have been used to determine

the presence or the concentration of BSA in the sample [59, 60] or to explore its binding behavior (e.g., with

cephalosporin analogs) [61].

2.4 Pulsed electric field and its influence on proteins

So far technologies using pulsed electric field (PEF) have been employed in various fields of interest. For

example, PEF has found applications in medicine (e.g., in electrochemotherapy [62–64], non-thermal tissue

ablation [65], or in drug and gene delivery or therapy [66–69]), in food industry (e.g., for non-thermal pasteur-

ization [70, 71] or to increase yields of active food compounds extraction [72–74]) and in biotechnology (e.g.,

to modify the function of the biomolecules, such as the self-assembly of protein complexes [75] or change

(usually decrease) in the enzyme activity [76–79]).

Similarly, like for ROS, lipids are a primary target of PEF action [80] while proteins are the major ones

that are also interesting for food industry. Therefore, many experimental and theoretical works focusing on

influence of EF on proteins have arisen. For example, molecular dynamic simulations helped to reveal that EF

application on a protein sample can change the shape of the protein [81], its molecular surface area [82–84],

the secondary structure [85–88], and even can lead to protein unfolding [83, 85, 89]. EF can also affect dipole

moment [81, 84, 90, 91] or the propensity towards protein and peptide complex formation or dis/aggregation

[91, 92].

The computational results are often supported by various experimental works, although these two ap-

proaches usually employ different types of protein samples. For example, changes in the fluorescence spec-

tra of intrinsic aromatic amino acids or in the UV-circular dichroism spectra of proteins have been observed
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2.5. APPLICATIONS EMPLOYING CHEMILUMINESCENCE

after PEF application indicating changes in the molecular structure [75, 79, 93] and in the secondary struc-

ture [77, 78, 93–97], respectively. Structural changes and (partial) unfolding have been also confirmed by the

analysis of hydrophobic and newly accessible SH groups in the protein sample after PEF treatment [93, 98].

PEF applications on a protein leading to its denaturation [99] or aggregation of proteins [79,100,101] have been

also demonstrated by experiments. Naturally, each change requires specific conditions (such as temperature or

buffer composition) and PEF parameters (e.g., EF strength, number of pulses, or frequency) depending on a

protein sample type.

It was also shown that PEF treatment of the sample can enhance the ROS generation [17], in which case

the number of ROS depends on electrode material and PEF protocol (such as a number of pulses or fre-

quency) [102]. PEF applications leading to cell electroporation and oxidative changes have been often studied

on complex cellular samples [103–108] or on lipids [109–111] as the main constituent of cell membranes.

Nevertheless, just a few works concern with oxidative effects of PEF treatment on well-defined protein sam-

ples [97, 112].

2.5 Applications employing chemiluminescence

Potential employment of chemiluminescence as a diagnostic method for serious diseases such as cancer [113–

120] or neurodegenerative Alzheimer’s disease [121–124] have been intensively studied. Accurate assessment

of ROS concentrations or their type in a sample [125, 126] may also help in the diagnosis of other health

issues such as infertility [127, 128] or could be important in food analysis [129]. Not only ROS but also

various biomolecules (such as proteins, enzymes, substrates or metabolites) [130–138] or artificial compounds

[138–140] are important markers in medicine, pharmacy or food industry and could be measured with the help

of chemiluminescence. Additionally, chemiluminescence could be employed to detect the changes in calcium

concentration in living cells [141, 142], to replace the radioactive labels in immunoassays [118, 143, 144], or

to study the influence of UV radiation on human skin with a potential application in dermatology [145, 146].

Chemiluminescence has found applications not only in detection, determination or diagnosis but also in therapy

of diseases, such as in the photodynamic therapy of cancer [147, 148].

Combinations of chemiluminescence with other techniques or principles help to make the tool even more

powerful. For example, in analytical applications chemiluminescence detection is often coupled with various

separation techniques such as liquid chromatography [134,136,149] or capillary electrophoresis [150]. It could

be also connected with immunoassays [132, 135].

The advantages of employment of chemiluminescent reactions are quite simple measurement instrumenta-

tion, low operation cost, very low detection limits and wide dynamic range. Chemiluminescent labels could

find employment in non-isotopic immunoassays with potential applications in human, veterinary or forensic

medicine, agriculture, or food industry. On the other hand, lack of specificity and low sensitivity to some
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physical-chemical factors are major disadvantages of the chemiluminescent method. [138, 144].
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3 Goals of the thesis

This thesis has the following goals:

• Provide an overview of available methods for monitoring oxidation in biosamples and their basic char-

acteristics and capabilities.

• Discuss a potential usage of BAL as a monitoring method of oxidative processes in biosamples and

provide an overview of BAL correlations with various physical, chemical and biological factors.

• Discuss possibilities of BAL enhancement.

• Confirm that ROS participate in the reaction mechanism leading to BAL

• Propose a basic reaction mechanism of electrogenerated ROS in a protein sample leading to BAL.

• Contribute to an extension of current knowledge of correlations between BAL and physical, chemical or

biological parameters related to

– spontaneous BAL of cell culture.

– chemically enhanced BAL (by a hydroxyl radical originated from the Fenton reaction) on a level of

cells or proteins.

– physically enhanced BAL (by PEF) from a protein.

• Support the possibility of BAL employment as a non-invasive monitoring and diagnostic method in

medicine, agriculture, and food industry.
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Biological autoluminescence as a perturbance-free method for monitoring 
oxidation in biosystems 

Petra Vahalová, Michal Cifra * 

Institute of Photonics and Electronics of the Czech Academy of Sciences, Prague, 18200, Czech Republic   

A R T I C L E  I N F O   
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A B S T R A C T   

Biological oxidation processes are in the core of life energetics, play an important role in cellular biophysics, 
physiological cell signaling or cellular pathophysiology. Understanding of biooxidation processes is also crucial 
for biotechnological applications. 

Therefore, a plethora of methods has been developed for monitoring oxidation so far, each with distinct ad-
vantages and disadvantages. We review here the available methods for monitoring oxidation and their basic 
characteristics and capabilities. Then we focus on a unique method — the only one that does not require input of 
additional external energy or chemicals — which employs detection of biological autoluminescence (BAL). We 
highlight the pros and cons of this method and provide an overview of how BAL can be used to report on various 
aspects of cellular oxidation processes starting from oxygen consumption to the generation of oxidation products 
such as carbonyls. This review highlights the application potential of this completely non-invasive and label-free 
biophotonic diagnostic method.   

1. Introduction 

Biological reduction-oxidation (redox) processes play an important 
role in life biophysical processes (Zhu and Thompson, 2019) as well as in 
biotechnology at both the fundamental and industrial level (Hollmann 
et al., 2011). Here, our major focus is a particular non-invasive method 
for oxidation monitoring based on biological autoluminescence (BAL) 
(Cifra and Pospǐsil, 2014) and its distinct features and advantages. To 
put BAL into the context of the current redox molecular biology, 
biochemistry, and biophysics paradigm, we start with a brief overview 
of existing methods used for monitoring of oxidation and then provide 
an overview of BAL. 

From a biological and biomedical perspective, biological oxidation 
(reduction-oxidation, in general) is a key process in cellular bio-
energetics in eukaryotes, namely ATP production via oxidative phos-
phorylation in mitochondria (Zhu and Thompson, 2019; Stoldt et al., 
2018). Oxidative species, such as reactive oxygen species (ROS), are 
involved in physiological signal transduction at a cellular level (Zhang 
et al., 2016; Finkel, 2011; Stadtman and Levine, 2002); however, 
excessive oxidation leads to oxidative stress, causing or accompanying 
various health conditions including neurodegenerative and cardiovas-
cular diseases (Puntarulo, 2005; Datz et al., 2013; Schneijder et al., 

1992; Crichton et al., 2002; Sian-Hülsmann et al., 2011). 
Enzymatic and non-enzymatic redox processes involving bio-

molecules have also found extensive use in bioelectronics, biotech-
nology and environmental technology. For instance, at the fundamental 
research level, redox proteins have been rationally designed (Gilardi and 
Fantuzzi, 2001) for applications in electrochemical/amperometric sen-
sors (Gorton and Domınguez, 2002) for medical and environmental 
monitoring. At the industrial level, applications of redox processes have 
been mainly driven by demand in the food and pharmaceutical in-
dustries. As of 2006, the bioredox catalysis approach has accounted for 
one third of commercialized processes employing enzymes, mostly 
employed in green chemistry and synthesis (Gibson and Parales, 2000) 
for the food and pharmaceutical industry. Of these processes, approxi-
mately half have comprised oxidation processes [(Hollmann et al., 
2011), Fig. 8 therein], [(Liese et al., 2006; Ch. 7 in Stadtman and Levine, 
2002)]. There is also a major push for sustainable ”green” chemistry 
(Gibson and Parales, 2000), which is often inspired by biological pro-
cesses and redox enzymes. Redox enzymes, isolated or in cells, which 
introduce an oxygen atom to the substrate, such as dioxygenases, per-
oxidases, oxidases (glucose oxidase, laccase) and dehydrogenases 
(Hollmann et al., 2011; Urlacher et al., 2004), can serve various 
biotechnological purposes. Indeed, enzymes can perform regio- or 
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stereoselective oxidation (Urlacher et al., 2004) needed for various 
synthesis processes. The synthesis of biopolymers and gels is a booming 
field inspired from biology. For example, in laccase, tyrosinase, and 
horseradish peroxidase, enzymes catalyze oxidation-based synthesis of 
several types of biopolymers from phenolic building blocks (Grönqvist 
et al., 2005; Jeon et al., 2012). As another example of enzymatic 
oxidation processes, tyrosinases also catalyze oxidation processes 
(melanin pigment synthesis) involved in color formation in skin and hair 
of mammals, but also in unwanted browning of plant-derived foods 
(Mattinen et al., 2008). Some redox enzymes, such as laccase, also have 
a bifunctional role so that they take part in both catabolic (bond--
breaking) and anabolic (bond-forming) oxidation functions (Jeon and 
Chang, 2013). Another technology that utilizes oxidation processes are 
bioinspired fuel cells (Chaudhuri and Lovley, 2003). There, redox pro-
teins coupled to external electrodes have been developed to harness 
energy from the substrates to power external electrical circuits (Nöll and 
Nöll, 2011; Willner et al., 2009; Barrière et al., 2006). Such ”green” 
chemical electricity sources are in line with Goal 7 of ”Affordable and 
clean energy” of United Nations Sustainable Development Goals pro-
gram (United Nations, 2019). Advanced oxidation processes, which 
include enzymatic and non-enzymatic (e.g., Fenton-reaction-based) 
approaches, are also employed for the degradation (Gibson and 
Parales, 2000) of waste substances and wastewater treatment and 
management (decolourisation and detoxification) in general (Ledako-
wicz et al., 2001; Babuponnusami and Muthukumar, 2014). 

As demonstrated above, both enzymatic and non-enzymatic redox 
processes are widely employed in research and industry. Therefore, 
there is a need for effective monitoring methods of oxidation processes 
and oxidative products. There is a large variety of methods to monitor 
and detect oxidation markers and processes (Hawkins and Davies, 2019; 
Celi, 2011; Osório and Cardeal, 2013). They vary according to the 
specificity, sample destructiveness, sample volume, time needed to 
obtain the result, handling, instrumental complexity, and costs. 

In this review, we concisely review methods for monitoring and 
detection from the perspective of molecular markers and processes of 
oxidation with a major focus on biochemical systems, and cell and tissue 
cultures. Then we focus on a particular chemiluminescent method that is 
completely label-free, non-invasive and perturbance-free, real-time and 
with rather low operational costs – biological auto(chemi)luminescence 
(BAL) – which relies solely on probes endogenous to the sample. For 

studies on BAL in higher organisms and humans, we refer the reader to 
other publications, e.g. (Zapata et al., 2021; Van Wijk et al., 2013, 2014; 
Ou-Yang, 2014; Wijk and Van, 2008). 

2. Biological oxidation: current paradigm in brief 

2.1. Reactive oxygen species 

Reactive oxygen species (ROS) are at the beginning of the reaction 
chain leading to BAL. They are produced in all metabolically active 
organisms under the presence of oxygen. We can distinguish two types of 
ROS - radicals with unpaired electron (e.g., superoxide anion radical 
O•−

2 , hydroxyl HO•, peroxyl ROO•, alkoxyl RO•, alkyl R• radicals) and 
less reactive two-electron (i.e. molecules with paired electrons) ROS (e. 
g., hydrogen peroxide H2O2, organic hydroperoxides ROOH, singlet 
oxygen 1O2, or ozone O3) (Hawkins and Davies, 2019; Sies and Jones, 
1038). Reactive nitrogen (such as nitrogen monoxide (nitric oxide) NO•, 
peroxynitrite ONOO− •, or nitrogen dioxide NO•

2 radical) and chlorine 
species (e.g., hypochlorous acid - HOCl) can be also classified into the 
ROS category because in addition to containing nitrogen or chlorine, 
respectively, they also contain oxygen (Li et al., 2016). 

ROS are mainly created as a natural by-product of aerobic meta-
bolism. Mitochondria are considered as the major ROS source in 
mammalian cells (Balaban et al., 2005; Starkov, 2008). Other cell 
compartments in which ROS are produced are peroxisomes, cytosol, 
plasma membrane (Balaban et al., 2005; O’Donnell and Azzi, 1996), 
endoplasmic reticulum (Gross et al., 2006), and extracellular space 
(McNally et al., 2003). ROS are released during metabolic processes, 
such as cellular respiration processes, and as by-products of several 
cellular enzymatic reactions (e.g. those driven by 5-lipoxygenase (Cat-
alano et al., 2005), cytochrome P450 (Gonzalez, 2005), NADPH oxidase, 
xanthine oxidase, or nitric oxidase synthase (San Martín and Griendling, 
2010; Alfadda and Sallam, 2012)). ROS are released during a respiratory 
burst in activated phagocytes (macrophages, neutrophils, and dendritic 
cells) as a response of an immune system to foreign invasion (Cristiana 
and Elena, 2018; Wilson and González-Billault, 2015). They play an 
important role in cell signaling and influence a wide variety of cell 
processes (Sies and Jones, 1038; Cristiana and Elena, 2018; Wilson and 
González-Billault, 2015). They help to regulate the cell cycle, differen-
tiation, proliferation, growth, and apoptosis (Brieger et al., 2012). They 

Fig. 1. The scheme of ROS endogenous and exogenous sources, their functions in an organism, and undesirable consequences of ROS excess.  
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also take part in cytoskeletal regulation and cytoskeleton-supported cell 
functions, such as migration and adhesion (San Martín and Griendling, 
2010; Wilson and González-Billault, 2015; Valdivia et al., 2015) (left 
part of Fig. 1). 

ROS can also be formed in an organism as a result of the influence of 
environmental condition, such as heat, drought, ionizing radiation 
(including UV), air pollution (SO2, CO, NOx), or presence of heavy 
metals cations (Hg2+, Cd2+, Pb2+, etc.) (Das and Roychoudhury, 2014). 
The excess of ROS can lead to pathological states as tumor growth, 
metastasis, fibrogenesis, or even cell death (Sies and Jones, 1038) (right 
part of Fig. 1). 

2.2. Antioxidants 

A balance between reduction and oxidation (redox homeostasis) is 
indispensable for proper cellular physiology (Wilson and 
González-Billault, 2015). Disruption of the ROS balance in cells arises 
from both external agents and endogenous processes that generate 
reactive species, either intentionally (e.g., during pathogen killing or 
enzymatic reactions) or accidently (e.g., exposure to radiation, pollut-
ants, or drugs) (Hawkins and Davies, 2019; Merck, 2015). It usually 
leads to a significant increase in ROS levels, also called oxidative stress 
(an imbalance between ROS production and the ability of an organism to 
detoxify reactive intermediates quickly enough). A low increase in the 
oxidant level leads to an adaptive response; however, substantial excess 
of ROS leads to cell damage or death, which are associated with several 
dysfunctions and diseases on a scale of a whole organism (Sies and 
Jones, 1038; Wilson and González-Billault, 2015). On the other hand, a 
too low ROS level can lead to improper cell functions, such as errors in 
signaling pathways (Yun et al., 2009). The antioxidant defense system 
helps to maintain this redox homeostasis. Enzymes and other com-
pounds that prevent the initiation or propagation of ROS damage or that 
act as radical chain terminating agents constitute the primary antioxi-
dant defense system (Jamnik and Raspor, 2005). We can distinguish 
antioxidants as endogenous or nutrient-derived, enzymatic or 
non-enzymatic, proteins or other molecules. 

Antioxidant defense system includes (Jamnik and Raspor, 2005; 
Percival, 1996; Abuja and Albertini, 2001; Cabiscol Català et al., 2000):  

• endogenous antioxidant protection system  
* antioxidant enzymes: catalases, superoxide dismutases, reductases 

(e.g. glutathione- or thioredoxin reductase), peroxidases (e.g. 
glutathione peroxidase), dehydrogenases (e.g. glucose-6- 
phosphate dehydrogenases), oxidoreductases (e.g. sulfirodoxin, 
thioredoxin), thioltransferase (e.g. glutaredoxin)  

* metal binding proteins: ferritin (iron), lactoferrin (iron), transferrin 
(iron), myoglobin (iron), albumin (copper), ceruloplasmin (cop-
per), metallothionein (copper)  

* other compounds: bilirubin, thiols (e.g., glutathione, lipoic acid, N- 
acetyl cysteine), NADPH and NADH, ubiquinol (coenzyme Q10), 
uric acid  

• nutrient-derived antioxidants  
* water soluble: ascorbic acid (vitamin C), polyphenols (such as 

flavonoids)  
* lipid soluble: tocopherols and tocotrienols (vitamin E), carotenoids 

(such as β-caroten, lycopene, lutein, zeaxanthin) 

2.3. Oxidative products 

All organic components of a biological system (e.g., proteins, lipids, 
carbohydrates, DNA, RNA, low-molecular-mass species, antioxidants) 
can be damaged by reactions with oxidants (Hawkins et al., 2009). 
Lipids, as a substantial part of membranes, are a prime target of ROS. 
Lipid peroxidation of polyunsaturated fatty acids in a membrane causes 
changes in its properties (decrease in membrane fluidity and disruption 
of membrane-bound proteins), resulting in the formation of more 

radicals and the degradation of polyunsaturated fatty acids to a variety 
of products (Cabiscol Català et al., 2000). For example, aldehydes (such 
as malondialdehyde and 4-hydroxynonenal) are very reactive but rather 
long lived so they can diffuse quite far from the point of their origin and 
act as ”second toxic messengers” (Esterbauer et al., 1991). There is a 
wide variety of products that result from lipid oxidation including 
full-length oxidation products, chain-shortened phospholipids, and the 
corresponding fragments of oxidized fatty acyl chains (Spickett and Pitt, 
2015; Reis and Spickett, 2012). Also, the extent and manner of modifi-
cations can vary from a simple one (hydroperoxides, hydroxides, ep-
oxides, ketones) to more complex (isoprostane-like structures, 
cyclopentenone rings), or with further rearrangement (ring opening to 
yield isolevuglandins). 

Proteins compose approximately 70% of the dry mass of most cells 
and have a high rate constant for reaction with many oxidants; there-
fore, they are the major target for the damage caused by ROS (Hawkins 
and Davies, 2019; Hawkins et al., 2009). This can result in changes to 
protein structure, functions, properties, catalytic turnover, and to the 
loss or (occasional) gain of activity (Hawkins and Davies, 2019). The 
majority of radical reactions with proteins occur via three major path-
ways: hydrogen atom abstraction from C–H, N–H, O–H, or S–H bonds, 
electron abstraction from electron-rich sites (oxidation), and radical 
addition to electron-rich centers (aromatic rings and sulfur species) 
(Hawkins and Davies, 2001). Depending on the reaction rates, ”location 
of attack” (e.g., peptide backbone or aliphatic side chains), substrate and 
oxygen concentration, pH, and other factors, various radicals and other 
products are formed. For example, selected major products generated 
from oxidation of protein side chains are shown in (Hawkins and Davies, 
2019). Radicals, two-electron oxidants, metal-oxo complexes and sec-
ondary products of their reactions generate a wide variety of 
post-translational protein modifications that alter the amino acid and 
protein composition and structure, charge, hydro-
phobicity/hydrophilicity, folding and function (Hawkins and Davies, 
2019). 

DNA, as a carrier of genetic information, is also an important target. 
Reactive species attack both the bases and sugar moieties, producing 
single- and double-strand breaks in the backbone, adducts of base and 
sugar groups, and cross-links with other molecules, lesions that block 
replication (Sies, 1993; Sies and Menck, 1992; Hartwig, 1996). 

Selected products from the oxidation of biomolecules (Hawkins and 
Davies, 2014, 2019; Dalle-Donne et al., 2003):  

• proteins - hydroperoxides (ROOH), carbonyls e.g. aldehydes and 
ketones (RCO, RCOR), alcohols (hydroxides) (ROH), peroxides 
(ROOR), dithiols (RSSR), nitrated/ chlorinated Tyr, Trp, Phe, 
oxidized Tyr, Trp, His, Met, Lys, Leu, Ileu, Val  

• lipids: chlorinated/nitrated lipids (isoprostanes, isoleukotrienes), 
hydroperoxides, peroxides (malondialdehyde, 4-hydroxy-2-nonenal, 
acrolein), alcohols, epoxides, hydrocarbons, aldehydes (oxysterols)  

• DNA/RNA: aldehyde/other base adducts, nitrated/deaminated 
bases, oxidized bases 

2.4. Further consequences of oxidative stress 

Reactions of ROS with biomolecules lead to the formation of other 
ROS and various oxidative products and provoke an antioxidant defense 
response; however, a wide variety of physiological processes are also 
influenced. The changes in a cell that are caused by ROS can be reflected 
in physical or chemical parameters such as oxygen partial pressure or pH 
(Jamnik and Raspor, 2003, 2005). The modification of biomolecules 
causes changes in their functions and the properties of cellular structures 
of which they are a part. For example, lipid peroxidation decreases 
membrane fluidity, membrane-bound proteins can be damaged or 
released, and the membrane loses its properties and functions (Cabiscol 
Català et al., 2000). Cellular metabolism can be disrupted and cell death 
or manifestations of various diseases of an organism (such as 
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neurodegenerative diseases, diabetes, and atherosclerosis) can be 
observed. Therefore, monitoring of cell viability, changes in metabolism 
and other cell functions can provide useful information about the 
oxidative state of a sample (Jamnik and Raspor, 2005; Cabiscol Català 
et al., 2000). 

2.5. Biological autoluminescence 

Reaction of ROS with biomolecules can lead to the creation of un-
stable, highly energetic intermediates that decompose to electron 
excited species. Electron excited species can take several further path-
ways (e.g., vibrational decay to produce heat, further chemical re-
actions). One of them, having low probability compared to others, is the 
radiative transition to the ground state, where the excess energy is 
released in the form of photon. This ultra-low photon emission is called 
biological autoluminescence (BAL). The general scheme of reactions 
leading to BAL is in Fig. 2, more detailed one can be found in [ (Pospí̌sil 
et al., 2019), Fig. 1 therein]. 

The intensity of endogenous BAL ranges from tens to several hun-
dreds of photons⋅ s− 1⋅ cm− 2 (Balasigamani et al., 1997); however, BAL 
induced by external stimuli can be 2-3 orders of magnitude higher than 
the endogenous emission (Cifra and Pospǐsil, 2014). The amount of 
detected photons is further reduced because of the distance of a sample 
from a detector and other optical effects such as absorption, scattering, 
diffraction, reflection, and refraction. 

The main emitter molecular species, which lead to BAL, are triplet 
excited carbonyls 3R = O*, singlet 1P* and triplet excited chromophores 
3P*, and singlet oxygen 1O2. Triplet carbonyls 3R = O* emit in the region 
350–550 nm, chromophores in 550–750 nm (1P*) and 750–1000 nm 
(3P*), depending on their type (Cifra and Pospǐsil, 2014). The transition 
of singlet oxygen 1O2 to the ground (triplet) state is accompanied by 
monomol (i.e. monomolecular) photon emission at 1270 nm. A collision 
of two 1O2 can result in dimol (e.g. bimolecular) emission at 634 and at 
703 nm. However, different emitters are created with various proba-
bilities. For example, during recombination of two peroxyl radicals, the 
yield of 3R = O* formed is 3–4 orders of magnitude less than the yield of 
1O2, which is 3–14% (Pospí̌sil et al., 2019). Because the BAL intensity in 
the near IR region is comparable with photon emission caused by 
thermal excitation and therefore often difficult to distinguish from each 
other, BAL analysis is more focused on the visible and near UV parts of 
the spectrum. 

One may legitimately ask whether there are other physical lumi-
nescent phenomena that contribute to BAL. The question can be reduced 
to where the energy comes from to generate the electron excited state. In 
a wide range of physical systems, there are well-known luminescent 
phenomena where the energy for electron excitation is generated 
without chemical reactions, such as sonoluminescence (Suslick and 
Flannigan, 2008) or triboluminescence (Xie and Li, 2018). However, 
there is little evidence that these mechanisms would routinely 
contribute to the BAL that is ordinarily observed in experiments, 
because extreme situations such as high-power input or macroscopic 
rupture of the material is usually needed to observe non-chemically 
generated luminescence of biomaterials (Li and Haneman, 1999). 
Furthermore, Slawinski provided a short analysis of how the following 
hypothetical mechanisms involving collective molecular interactions 
could combine to electron excitation in cells (Sławiński, 1988): release 
of superhelical DNA twist, molecular interactions in the electric field of 
biomembranes, possibility of population inversion and stimulated 
emission in electrogenic structures, and collective excitations in per-
turbed water and cytosol. However, current evidence does not suggest 
that these mechanisms would be the routine source of BAL (Cifra et al., 
2015). The school of thought of Fritz-Albert Popp proposes that the 
biological endogenously produced electron excited state and the sub-
sequently generated photons are not just a by-products of chemical re-
actions, but actually have a biological function: the photons collectively 
form a (bio)photon field within cells and organisms and this field has a 
biological use as a self-organizing biological agent (Popp et al., 1994; 
Popp, 2009) due to proposed optical coherence (Popp and Kilmister, 
1986). Within this school of thought, DNA was proposed to be a photon 
storage (Rattemeyer et al., 1981) but the particular source of the elec-
tronic excitation energy was not explicitly experimentally considered. 
Although these are exciting proposals, the evidence so far has not 
convinced the scientific community because of the ambiguities (Cifra 
et al., 2015) of the interpretations of the experiments including those on 
the physical and statistical parameters of BAL (Popp and Li, 1993; Popp 
et al., 1988). 

2.6. Biological autoluminescence: terminology 

The phenomenon of endogenous light emission from biological 
samples is mentioned under various synonyms in the scientific litera-
ture. We use the term biological autoluminescence because it seems to 

Fig. 2. General scheme of reactions leading to BAL. At first, ROS react with a biomolecule RH to generate an organic radical R•. In the presence of molecular oxygen, 
one-electron oxidation of R• can lead to the formation of a peroxyl radical ROO• which can abstract hydrogen from another RH and form ROOH and R•. Another 
possibility for ROOH creation is a reaction of RH with singlet oxygen 1O2 via so called ’ene’ reaction (Pospí̌sil et al., 2019). The cyclization of ROO• or the 
cycloaddition of 1O2 to RH lead to the formation of high-energetic cyclic intermediate 1,2-dioxetane ROOR. Another high-energetic intermediate tetroxide ROOOOR 
can be a product of the recombination of ROO•. The decomposition of ROOR and ROOOOR results in the formation of triplet excited carbonyl 3R = O*; alternatively, 
in case of ROOOOR can also results in 1O2 (Russell-type mechanism) (Pospí̌sil et al., 2019). An excited carbonyl 3R = O* can released excess energy in form of photon 
or transfer energy to a near suitable acceptor such as chromophore P or molecular oxygen O2. Subsequently formed molecules of excited chromophore P* or 1O2 can 
also emit photons. The light emission can be suppressed by antioxidants that decrease the probability of ROS formation or transform them into less reactive or 
non-reactive forms. 
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be the most appropriate and informative for several reasons. The 
”luminescence” refers to the important fact that the phenomenon in-
volves light emission that is not of a thermal origin, in contrast to 
thermal radiation. ”Auto” refers to the aspect that the light process and 
the molecular substances required for luminescence to occur are 
endogenous to the system under study. It also refers to the fact that to 
observe luminescence, no external luminescence probes have to be 
added to the system: the light emitting species are produced within the 
system. ”Biological” refers to the fact that the focus is on autolumi-
nescence of biological systems or samples derived or extracted from 
biological systems. 

Other terms for BAL are used in the literature: Ultra-weak photon 
emission (Cifra and Pospǐsil, 2014) merely describes that it is a light 
phenomenon of very low intensity and it has a particle(photon)-like 
character and it does not explicitly specify any mechanism of the light 
generation. Low level chemiluminescence (Cadenas et al., 1980; Boveris 
et al., 1980a) highlights the fact that the mechanism of BAL is due to 
chemical excitation of electrons to higher energy levels in respective 
molecules, which then can become emitters of BAL. Autoluminescence 
(Havaux et al., 2006) emphasizes the origin of BAL - without any 
external stimuli. Biophotons or biophoton emission (Balasigamani et al., 
1997; Cohen and Popp, 1997) highlight the biological origin of the light 
emission, the particle (photon) nature of the light and/or a potential 
biological function of BAL. The choice of term usually expresses the 
authors’ perspective on the phenomenon. 

3. Methods for monitoring oxidative/free radical processes in 
cell cultures 

Information about the oxidative state of a cell or an organism can be 
obtained from a direct ROS level measurement. Another way can be to 
assess the level of oxidation by quantifying the loss of parent materials, 
the formation of specific products, or detecting generic markers of such 
reactions (e.g., protein carbonyls, DNA strand breaks, protein thiol 
levels) (Hawkins and Davies, 2014). The detection of changes in inter-
mediate reversible metabolite levels/ratios or antioxidant concentra-
tions and activities can also tell us more about the oxidative state of a 
sample (Abuja and Albertini, 2001; Veskoukis et al., 2018). As well as, 
we can examine changes in selected cell processes (such as growth 
(Carmona et al., 2019; Munna, 2013)), cell compartment properties and 
functions (e.g., membrane fluidity (de la Haba et al., 2013; Benderitter 
et al., 2003) and permeability (Schlenker et al., 2000; Tiwari et al., 
2002)), physical/chemical parameters (such as oxygen consumption 
(Carmona et al., 2019; Tiwari et al., 2002)), or others. Also, the presence 
of some agents (such as some metals) can increase the probability of 
oxidation, so monitoring of these pro-oxidants can provide useful in-
formation about sample state (Valenzuela et al., 2018; The British 
Nutrition Foundation, 1995). Therefore, a wide range of methods have 

been used for monitoring oxidative processes from various perspectives 
(Table 1). 

The chosen method depends on the level of complexity of the studied 
sample (e.g., yeast culture), which marker of oxidation we want to 
follow (e.g., protein carbonyls) and which method we want to use for its 
detection (e.g., chemiluminescence). Of course, each method has its own 
advantages and disadvantages as evident in [(Celi, 2011), Table 1 
therein], in which various methods used for oxidative stress assessment 
by the monitoring of several selected biomarkers are compared. A list of 
selected common biomarkers of oxidative stress, enzyme families, small 
molecules, and genes studied in the oxidative stress field is provided in a 
document from EMD Milipore Corp. (Merck (2015), Tables 1, 2, 6, 7 
therein]. Selected antibodies and dyes used in oxidative stress research 
and common fluorescent dyes to study mitochondria are also listed there 
[(Merck, 2015), Tables 4, 5, 9 therein]. 

In this review, we examine methods according to various oxidation 
markers (second row of Table 1). We discuss methods of direct ROS 
measurement and measurement of oxidative damage of proteins, lipids, 
DNA, and saccharides through their oxidative products. We also cover 
the assessment of oxidative state based on measurement of selected in-
termediate reversible metabolites and assessment of antioxidant status 
by total antioxidant capacity, antioxidant enzyme activity, or the 
determination of nonenzymatic antioxidant levels. At the end, correla-
tions of various physical, chemical and biological parameters and pro-
cess with oxidative stress will be discussed. 

3.1. Reactive oxygen species 

The biggest limitation of direct ROS detection is their short lifetime 
and high reactivity (Prasad et al., 2019). The most common and 
powerful method for ROS examination is electron paramagnetic reso-
nance (EPR), also called electron spin resonance, spectroscopy, which 
can be combined with other techniques to (partially) overcome chal-
lenges connected with the short lifetime of radicals (Hawkins and 
Davies, 2014), including rapid-flow methods, in situ photolysis or radi-
olysis, freeze-quenching, and the most widely used spin trapping 
(Hawkins and Davies, 2019). A spin trap (typically a nitrone or nitroso 
compound) reacts with the present reactive radicals and creates 
longer-lived radical adducts that can be subsequently detected (Davies, 
2016). 

A combination of various methods is usually used for detection, 
quantification, and characterization of a selected radical in a studied 
sample. For example, Kumar et al. monitored protein radicals in Arabi-
dopsis using an immuno-spin trapping technique based on the detection 
of 5,5-dimethyl-1-pyrroline N-oxide (DMPO) nitrone adducts using the 
anti-DMPO antibody (Kumar et al., 2019). Imaging of protein radicals 
was performed by confocal laser scanning microscopy using fluorescein 
conjugated to the anti-DMPO antibody. For further characterization of 
protein radicals (where the protein radicals are formed and with which 
processes is their formation associated) standard blotting techniques 
using PSII protein-specific antibodies and monitoring of the dis/ap-
pearance of the protein bands were used. 

Other widely used tools for ROS detection are fluorescent probes. 
They are used to detect localized production of ROS in vivo (Sedlářová 
and Luhová, 2017). For example, staining with 5-(and − 6)-carboxy-2′, 
7′-dichlorodihydrofluorescein diacetate can be used to assess the 
amount of H2O2, OH•, or ROO• in a sample or with dihydroethidium to 
detect superoxide anion radical (1O•−

2 ) molecules (Katerji et al., 2019). 
Trotti et al. evaluated a quite new spectrophotometric assay d-ROMs 
(diacron reactive oxygen metabolites) test to measure derivatives of 
reactive oxygen metabolites, specifically hydroperoxides in serum 
(Trotti et al., 2002). Biological characteristics of the studied material 
that should be taken into account and handling factors that influence the 
results of histochemical staining with fluorochromes are discussed in the 
review by Sedlárová and Luhová (Sedlářová and Luhová, 2017). How-
ever, not only permeable fluorescent dyes can be used for localization of 

Table 1 
Methods for monitoring oxidative processes and products of oxidation: classi-
fication from various perspectives.  

methods optical 
electrochemical 
chromatography-based 
spin-trapping EPR 
mass spectroscopy 

molecular species and processes ROS detection 
oxidation products detection 
antioxidant presents  

intermediate reversible metabolites 
detection 

level of complexity of studied sample macromolecules 
cell cultures 
whole organism  
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ROS production. Carmona et al. monitored physiological H2O2 fluctua-
tions in fission yeast cells using a genetically encoded 
peroxiredoxin-based probe roGFP2-Tpx1.C169S (Carmona et al., 2019). 

These examples show the selection of methods for ROS detection. In 
the cases, when not the primary ROS are to be analyzed but the conse-
quence of their reactions, it is appropriate to analyze oxidation products 
of biomolecules. 

3.2. Oxidation products 

ROS react with all organic components of biological matter; there-
fore, a wide variety of products can be formed during oxidation re-
actions. An oxidation extent in the sample can be evaluated according to 
distribution and quantity of specific products of an oxidative reaction 
(such as 8-oxo-7,8-dihydroguanine (Nakabeppu et al., 2017)) or typical 
chemical structures (such as carbonyls (Weber et al., 2015)). However, 
some methods for determining a selected oxidation marker are more 
specific than others. Therefore, also accuracy of the oxidation level can 
be more precise for some products and methods than for others. 

As proteins are highly abundant and react rapidly with many oxi-
dants, they are major targets of oxidative damage (Hawkins and Davies, 
2019). To assess protein amino acid composition and their associated 
modifications, a sample goes through several preparation steps. The 
sample is separated by liquid chromatography (LC; e.g., 
high-performance liquid chromatography, HPLC, or ultra performance 
liquid chromatography), subsequent detection and quantification can be 
performed by UV–visible absorption, fluorescence, mass spectrometry 
(MS), or electrochemical detection. A schematic diagram of the whole 
process can be found in [(Hawkins and Davies, 2019), Fig 6. therein]. 

Other common targets for ROS attacks are lipids, as a substantial part 
of biological membranes. A number of mass spectrometric techniques 
have been used to analyze lipid oxidation products. Electron capture 
atmospheric pressure chemical ionization MS or gas chromatography 
(GC) MS can also be used to study lipid oxidation products (Yin and 
Porter, 2005). Ag+ coordination ion spray MS is a powerful tool to 
analyze intact lipid peroxides (Yin and Porter, 2005). Long-time sample 
preparation is a common problem in a wide range of analytical methods. 
To eliminate this problem, HPLC coupled with electrospray ionization 
tandem MS (ESI-MS/MS) can be utilized for regioisomer-independent 
quantification of fatty acid oxidation products (Ahern et al., 1038). 

The advantages and disadvantages of various forms of MS and its com-
binations with other techniques are discussed in (Spickett and Pitt, 
2015). Reis and Spickett highlighted the combination of MS with HPLC 
and they also presented nuclear magnetic resonance spectroscopy as a 
complementary method to MS (Reis and Spickett, 2012). Various 
methods for the detection of protein lipoxidation and summarization of 
a combination of strategies that can be employed for the chemical and 
structural characterization of vimentin lipoxidation and the assessment 
of the consequences of oxidation are discussed in (Aldini et al., 2015). 

In the text below, selected oxidation products formed during reaction 
of ROS with biological matter (Fig. 3) and possible methods of their 
detection are discussed. 

3.2.1. Carbonyls 
Oxidative stress induces carbonylation of biomolecules such as 

lipids, proteins, and nucleic acids, see Fig. 3. Out of these three, the 
protein carbonyl detection methods are the most widespread. Not only 
do proteins have a higher occurrence in cells than other biomolecules, 
but protein carbonyls can also be formed from lipid or sugar oxidation 
products (see Fig. 1 in (Weber et al., 2015)). A broad spectrum of 
chemical probes can be used for the analysis of carbonylated proteins. 
One of the ordinarily used probes is 2,4-dinitrophenylhydrazine 
(DNPH), in which case DNPH-modification of protein carbonyls could 
be detected by spectrophotometric measurements, gel-based or 
HPLC-based analysis, immunofluorescent imaging, or enzyme-linked 
immunosorbent assay (ELISA) measurement (Weber et al., 2015; Yan 
and Forster, 2011). Their advantages, pitfalls, sensitivity, and linearity 
are compared in (Rogowska-Wrzesinska et al., 2014). Commercial kits 
are also available. Lysis buffer components can potentially affect the 
oxidation state of the sample, see (Rogowska-Wrzesinska et al., 2014). 
Therefore, several methods improving the standard DNPH assay (Mes-
quita et al., 2014; Georgiou et al., 2018) or using different fluorescent 
hydrazides (Bodipy, Cy3, and Cy5 hydrazides) (Tamarit et al., 2012) 
have been published. Other probes that can be used are tritiated sodium 
borohydride ([3H]NaBH4), biotin probes (biotin-hydrazide, 
N′-aminooxymethylcarbonylhydrazino-D-biotin), [14C]iodoacetamide 
or various fluorescence probes (fluorescein-5-thiosemicarbazide, Alexa 
488 fluorescence hydroxylamine, N-aminoperylene-3,4,9,10-tetra-
carboxylic-bisimides, near infrared fluorescence probes) (Yan and For-
ster, 2011; Yan and Sohal, 2000). A comparison of these protein 

Fig. 3. Oxidation products formed during oxidative processes and oxidative stress in an organisms.  
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carbonyl probes is provided in (Yan and Forster, 2011). From an 
analytical method’s point of view, spectrophotometric assays, HPLC, 
GC, fluorescent methods, radioactive labelling, immunoassays (ELISA, 
Western blot), (gel-)electrophoresis, or MS can be used for the protein 
carbonyls assessment (Purdel et al., 2014). 

3.2.2. Peroxides, hydroperoxides, isoprostanes 
Hydroperoxides (ROOH) are major products of protein and lipid 

damage in the presence of O2. Various methods have been developed to 
assess lipid peroxidation. One of most common methods is the direct 
measurement of UV absorption at 234 nm, the characteristic wavelength 
for conjugated dienes in lipid hydroperoxides (Abuja and Albertini, 
2001; Yin and Porter, 2005). However, a strong limitation of this 
method is the UV absorption of other compounds in the sample at 
similar wavelengths. The addition of an another substance to the 
oxidized sample can shift the measured absorbance wavelength to assess 
hydroperoxides. For example, hydroperoxide quantification can be done 
by iodometric titration (absorbance measurement at 358 nm) (Jessup 
et al., 1994), the ferrous oxidation of xylenol orange (FOX) assay 
(absorbance measurement at 560 nm) (Gay and Gebicki, 2003), or by 
boronic acid probes (a fluorometric assay for real-time analysis) 
(Michalski et al., 2014). Quantitative and qualitative analysis of lipid 
hydroperoxides can be also done using an assay based on HPLC and 
microperoxidase/isoluminol-dependent chemilumescence (Frei et al., 
1988; Miyazawa et al., 1994). 

Isoprostanes are prostaglandin-like endoperoxides formed in vivo 
during peroxidation of arachidonic acid (Fam and Morrow, 2003). The 
most common products of this reaction are F2-isoprostenes containing 
an F-type prostane ring. Other classes of isoprostanes formed during the 
isoprostane pathway are D2/E2-isoprostanes, A2/J2-isoprostanes, iso-
thromboxanes, and isoketals. Isoporostane-like compounds can also be 
formed from other polyunsaturated fatty acids, for example, neuro-
prostanes from docosahexaenoic acid. F2-isoprostanes can be measured 
by GC/negative ion chemical ionization MS assay, other methods 
employing GC/MS or LC/MS, or by immunoassays (Fam and Morrow, 
2003). Other classes of isoprostanes and neuroprostanes can also be 
measured by similar GC/MS assays. 

3.2.3. Malondialdehyde and 4-hydroxy-2-nonenal 
Malondialdehyde (MDA) is a low-molecular-weight end product of 

radical-induced decomposition of polyunsaturated fatty acids. At low 
pH and elevated temperature, MDA readily reacts with 2-thiobarbituric 
acid (TBA) generating a fluorescent adduct (Janero, 1990). The pro-
duced thiobarbituric acid reactive substances (TBARS) can be measured 
by spectrophotometric methods (Celi, 2011). A formed pigment shows 

an absorption maximum at 532 nm and fluorescence emission at 553 nm 
(Yin and Porter, 2005). However, this method has several disadvantages 
such as non-specificity, non-reproducibility, or no quantitative rela-
tionship with lipid peroxidation (Celi, 2011). The TBARS assay detect 
not only MDA but also a wide range of other lipid peroxidation products 
(Griffiths et al., 2002). Moreover, results of this frequently used method 
for MDA level measurement differ according to the assay conditions, as 
demonstrated, for example, by experiments with cattle (Castillo et al., 
2005, 2006; Bernabucci et al., 2002; Bouwstra et al., 2008). Colorim-
etry, luminometry, chemiluminescence, HPLC, or GC/MS are other 
possible methods for direct assessment of MDA level in a sample (Celi, 
2011). 

Another frequently studied product of phospholipid peroxidation is 
4-hydroxy-2-nonenal (HNE) (Spickett and Pitt, 2015). HNE can form 
Schiff bases or Michael adducts with residues in proteins (Spickett, 
2013). HNE adducts to protein can be immunodetected by ELISA and 
western blotting using polyclonal and monoclonal antibodies. To iden-
tify the protein and exact location and nature of the modifications, MS is 
usually used. 

3.2.4. Chlor/bromamines, sulfenic acids, and related species 
Hypohalous acids (HOCl and HOBr) react avidly with nucleophiles 

containing nitrogen or sulfur atoms (such as amines, amides, thiols, or 
thioethers) (Davies et al., 2008). Generated N-chloro and N-bromo 
species can be quantified by their UV absorption bands (~ 250 and 290 
nm, respectively), usually accompanied with a probe such as 5-thio-2--
nitrobenzoic acid (TNB) to avoid overlap with other species that could 
be present in a complex sample (Hawkins and Davies, 2019). However, 
the probe TNB is not specific for any particular species. Oxidation of TNB 
to the corresponding dimer (DTNB) also occurs with, e.g., peroxides, 
singlet oxygen, or ONOOH (peroxynitrous acid). Quantification is ach-
ieved by measurement of the TNB absorbance decrease (at 412 nm). 
Another detection method is iodometric titration, but it has low speci-
ficity, too. N-Chloro species can also be examined by LC/MS. 

Major intermediates formed by oxidants with Cys residues and 
related species or during reaction of RS• with NO• or NO•

2 are sulfenic 
acids (RSOH), sulfenyl chlorides (RSCl), S-nitrosated (RSNO, S-nitro-
sylated), and S-nitrated (RSNO2) species. Most of these species (except 
RSNO) react rapidly with other thiols (and other nucleophiles and oxi-
dants) to give disulfides (RSSR), thiosulfinates (RS(O)SR), sulfinic (RS 
(O)OH) or sulfonic acid (RS(O)2OH) (Hawkins and Davies, 2019) and 
Fig. 3. Sulfenic acid group within proteins (RS(OH)) can be detected 
directly by X-ray crystallography, nuclear magnetic resonance spec-
troscopy, or MS. Because of several limitations of these direct methods, 
chemical approaches are also used (Furdui and Poole, 2014). The 

Fig. 4. Amplifying effect of various ROS types on BAL intensity of the hand dorsal side measured by a) CCD camera (30 min integration time) and b) PMT. A) The 
photograph of the dorsal side of the hand, B) its spontaneous BAL, and BAL induced by C) superoxide anion radical (25 mM xanthine + 0.05 U ml− 1 xanthine 
oxidase], D) hydrogen peroxide (50 mM), and E) hydroxyl radical (50 mM H2O2 + 10 mM FeSO4). The figure is reproduced from (Prasad and Pospǐsil, 2011) with 
the permission. 
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detection of RSOH usually relies on chemical derivatization or trapping 
methods (Hawkins and Davies, 2019). Various nucleophilic and elec-
trophilic probes (such as dimedone, benzylamide, or NBD chloride) can 
also be used (Furdui and Poole, 2014; Gupta et al., 2016). 

3.2.5. DNA/RNA oxidative damage 
Because nucleic acids are essential for life of all known organisms, 

the damage of these molecules can have far-reaching and substantial 
negative consequences in an organism. Therefore, monitoring of DNA/ 
RNA oxidative damage (e.g., through their oxidative products) is an 
important part of the research focused on oxidative stress. Optimization 
of DNA/RNA extraction and the use of HPLC coupled to electrochemical 
detection or associated with (electrospray-ionization) tandem MS or 
GC/MS allow the measurement of oxidative damage to DNA/RNA and 
reveal several modified nucleosides and bases (Cadet, 2003; Ravanat 
et al., 2002; Halliwell and Dizdaroglu, 1992; McKinlay et al., 2144). 
Several examples of free-radical-induced products of pyrimidines and 
purines in DNA are shown in Fig. 11 in (Dizdaroglu, 1991). Because 
guanine exhibits the lowest ionization potential among nucleic acid 
components, it is the preferential target of one-electron oxidizing agents 
(Cadet, 2003). One of the major DNA/RNA base modifications is 
8-oxo-7,8-dihydroguanine (Collins et al., 1996; Wurtmann and Wolin, 
2009). However, 8-oxo-7,8-dihydroguanine is the major form in neutral 
solutions (Nakabeppu et al., 2017). Opening of the imidazole ring of 
8-oxo-7,8-dihydroguanine, followed by one-electron reduction and 
protonation, gives another product of guanine 2,6-diamino-4-hydrox-
y-5-formamidopyrimidine (FapyGua) (Halliwell and Dizdaroglu, 
1992). To assess low levels of oxidative DNA damage, an alternative 
method involving base excision DNA repair enzymes can be used. Bac-
terial formamidopyrimidine DNA N-glycosylase and endonuclease III 
cleave oxidized DNA at the sites of modified purine and pyrimidine 
bases, respectively. The extent of the DNA nicks is subsequently deter-
mined using sensitive methods, e.g., the (modified) comet assay (Collins 
et al., 1996) or the alkaline unwinding technique (Hartwig, 1996). To 
assess oxidative damage to DNA/RNA, it is also possible to use mono-
clonal antibodies. For example, antibodies 1F7 and 15A3 have been 
developed and characterized by competitive ELISA for quantification of 
DNA-derived 8-hydroxydeoxyguanosine as well as RNA-derived 
8-hydroxyguanosine, markers of nucleid acids oxidative damage (Yin 
et al., 1995; Nunomura et al., 1999). ROS react mostly with the bases; 
however, a small amount also react with the sugar part leading to the 
release of intact bases, to alterations of the sugar part or to strand breaks 
(Dizdaroglu, 1991). Several examples of hydroxyl-radical-induced 
products of the sugar part in DNA are shown in Fig. 14 in (Dizdaroglu, 
1991). 

3.2.6. Carbohydrate oxidation 
Carbohydrates are a common energy source; therefore, their oxida-

tion is a widely researched topic. In organisms, carbohydrate oxidations 
usually lead to specific products because of specific enzyme catalyzation 
(carbohydrate oxidases) (Dickens, 1936; Savino and Fraaije, 2021). On 
the other side, chemical industry tries to find out proper substrates and 
catalysts to produce organic acids and furan compounds via catalytic 
oxidation reactions (Zhang and Huber, 2018). Generally, in the indus-
trial chemistry, catalytic oxidation of carbohydrates or carbohydrate 
derivatives can form a wide spectrum of compounds including formic 
acid, acetic acid, glycolic acid, gluconic acid, glucaric acid, malonic 
acid, oxalic acid, 2,5-diformylfuran, 5-hydroxymethyl-2-furancarbox-
ylic acid, 5-formyl-2-furancarboxylic acid, and 2,5-furandicarboxylic 
acid (Zhang and Huber, 2018). Other examples of carbohydrate oxida-
tion products can be found in the classic review (Guthrie, 1962). Guthrie 
discussed products from monosaccharides, oligosaccharides, and also 
polysaccharides formed after their periodate (IO4) oxidation. Oxidation 
also breaks the asymmetry of the sugar molecule, thus oxidation of the 
same derivative of several different sugars may lead to the same 
oxidation products (e.g. oxidation of any methyl-α-D-pentopyranoside 

yields in the same product) (Guthrie, 1962). 
A wide variety of oxidation products of carbohydrates brings also a 

wide variety of the detection methods. For example, one of typical 
products of saccharide oxidation is formic acid. Its free from can be 
determined using acido-basic methods and both the free and bound (as a 
formyl derivative) forms can be determined using iodometric, or 
potentiometric titration, spectrophotometry (Babor et al., 1973; Meile 
et al., 2014), or gravimetric methods (Fedoroňko et al., 1973). HPLC and 
GC/MS were used to quantify advanced glycation products, such as 
pentosidine (Sell and Monnier, 1989) and carboxymethyllysine (Ahmed 
et al., 1986). Irreversible advanced glycation of proteins participates in 
the ageing process and it is amplified in diabetes (Miyata et al., 2000). 
The levels of pentosidine, carboxymethyllysine, and MDA-lysine in 
plasma proteins of hemodialysis patients are even higher than in dia-
betic subjects without uremia (Miyata et al., 1998; Shinzatovan Yper-
selede Strihou, 1996). Lagercrantz used EPR to observed production of 
anion radicals of semidone type during oxidation of aqueous alkaline 
solution of α-hydroxyketones with low oxygen concentration (Lager-
crantz, 1964). Šimkovic et al. demonstrated that alkaline oxidative 
degradation of various saccharides (monosaccharides, microcrystalline 
cellulose, starch, and (4-O-methylglucurono)xylan) gives the same ar-
omatic semidone radical 2,5-dihydro-p-benzosemiquinone using EPR 
spectroscopy and quantum chemical calculations (Šimkovic et al., 
1983). 

3.3. Intermediate reversible metabolites; NADH, NADPH 

Nicotinamide adenine dinucleotide (NAD+/NADH) and its phos-
phorylated form (NADP+/NADPH) play important roles in fundamental 
cell processes. They are involved in cellular metabolism, signaling 
pathways, and regulatory processes, such as reductive biosyntheses, 
detoxification, immune defense, or gene regulation (Agledal et al., 
2010). They also have a strong impact on redox biology. NADPH par-
ticipates in the function of three antioxidant enzymes (peroxiredoxins, 
glutathione peroxidase, catalase) (Veskoukis et al., 2018). Thus, cellular 
levels of NADH or NADPH are strictly controlled in organisms. NADPH 
and related redox biomarkers (NADH, NAD + kinase, NADPH oxidase, 
peroxirodoxin, thioredoxin, thioredoxin reductase, nitrogen monoxide 
synthase) can be assessed spectrophotometrically in blood and tissue 
(Veskoukis et al., 2018). Reduced forms NADH/NADPH exhibit light 
absorption at 340 ± 30 nm (peak half-width) and fluorescent emission 
at 460 ± 50 nm (Blacker et al., 1038) with maximum intensity at 447 nm 
that corresponding with NADH in mitochondria (Eng et al., 1989). In 
contrast, their oxidized forms (NAD+/NADP+) do not absorb or fluo-
resce significantly at these wavelengths (Eng et al., 1989) – a fact which 
can be conveniently used for their detection. However, disadvantages of 
this spectrophotometric method is low sensitivity and high interference. 
Therefore, various substances are added to the sample to obtain required 
specificity via selective binding. For example, thiazolyl blue tetrazolium 
bromide (MTT) can be added to the sample based on the protocol of 
Wagner and Scott (1994). Then an absorbance change is monitored at 
570 nm, at which the product of MTT reduction (formazan) exhibits an 
absorbance maximum. Assays for other related redox biomarkers can be 
found in Table 1 in Veskoukis’s review (Veskoukis et al., 2018). It is also 
possible to enhance NADPH fluorescence, e.g., by using 
metagenome-derived blue fluorescent protein (You et al., 2019). Other 
methods available for NADH/NADPH measurement are enzymatic 
oxidation, enzyme-coupled cycling reactions, metabolite analysis by LC, 
and MS (Vidugiriene, 2013). NADPH and NADH fluorescence in living 
cells can be distinguished by fluorescence lifetime imaging (Blacker 
et al., 1038). It is also possible to monitor cellular NADH/NADPH dy-
namics by genetically encoded fluorescent sensors (Tao et al., 2017; 
Cameron et al., 2016; Bilan et al., 2014; Zhao et al., 2016). 

Besides NAD+ and NADP+, flavin adenine dinucleotide (FAD), flavin 
mononucleotide (FMN), or coenzyme Q (CoQ) are other organic co-
factors that participate in redox reactions and can provide useful 
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information about the oxidative state of a sample. They can be detected 
similarly as NAD(P)+. For example, free FAD in buffer excited at 450 nm 
emits around 528 nm, with a slight blue shift in protein environment 
(Chorvat and Chorvatova, 2006), as well as in the presence of 80% (by 
volume) of glycerol (Heikal, 2010). 

3.4. Antioxidants 

The antioxidant status of a biological sample is an important indi-
cator of oxidative stress. There are three main methods for the assess-
ment of the total antioxidant activity (the sum of the contributions of all 
antioxidants present in a biological samples) in biological samples 
(Abuja and Albertini, 2001). The first one is called the total peroxyl 
radical-trapping potential (TRAP) method and it is based on introducing 
free radicals to the sample and determining the time at which all 
available antioxidants are consumed by these radicals. Radicals are 
typically produced e.g. from thermal decomposition of 2,2′-diazobis 
(2-amidinopropane)dihydrochloride (AAPH) (Valkonen and Kuusi, 
1997) or 2,2′-azo-bis(2-amidinopropane) (ABAP) (Desmarchelier et al., 
1997) and oxidizable molecular probes (such as dichlorofluorescein, 
DCFH) are used to detect and quantify oxidation (Karadag et al., 2009). 
In the second method, the trolox equivalent antioxidant capacity (TEAC) 
test, the radical cations ABTS+ (2,2′-azinobis(3-ethylbenzothiazoline 
6-sulfonate)) are used, comparing the efficiency to a reference trolox C 
(Abuja and Albertini, 2001). In another assay, FRAP (fluorescence re-
covery after photobleaching), ferric ion in a complex with tripyridil-
triazine is reduced to a colored ferrous complex by sample antioxidants 
(Abuja and Albertini, 2001). The third main method, oxygen radical 
absorbance capacity (ORAC), employs measurement of the oxidative 
loss of the intrinsic fluorescence of B- or R-phycoerythrin (Abuja and 
Albertini, 2001). Antioxidant activity can also be measured indirectly by 
cyclic voltammetry, which enables the measurement of the overall 
concentration of reductants because the majority of low molecular 
weight antioxidants are reducing agents (Abuja and Albertini, 2001). 

Glutathione (GSH), a cellular antioxidant present intracellularly and 
in human plasma, is oxidized to its disulfide (GSSG) (Deponte, 2013). 
Reverse reaction (from GSSG back to the GSH form) is mediated by GSH 
reductase using NADPH as a cofactor. Determination of the GSH/GSSG 
ratio can serve as an oxidation stress indicator. To prevent GSH 
autooxidation during sample processing, samples are usually treated 
with N-ethylmaleimide, other options include 2-vinylpyridine or iodo-
acetic acid (Asensi et al., 1999). Then, GSSG can be determined by 
HPLC. A modification of the glutathione S-transferase method of Bri-
gelius (Asensi et al., 1999; Brigelius et al., 1983) can be used for GSH 
measurement. The adduct S-(2,4-dinitrophenyl)glutathione formed 
during reaction of 1-chloro-2,4-dinitrobenzene with GSH catalyzed by 
glutathione S-trasferase has an absorbance maximum at 340 nm (Asensi 
et al., 1999). The GSH concentration can also be determined via the 
consumption of NADPH during the reverse reaction mediated by GSH 
reductase (Deponte, 2013). The reverse reaction can also be used to 
determine levels of GSH and the total of GSH and GSSG spectrophoto-
metrically; then, the GSSG level is the difference between these two 
values (Hawkins and Davies, 2019). Genetically encoded probes, such as 
roGFP fused to glutaredoxin, are another way to determine GSSG con-
centration. It is also possible to determine GSH and GSSG simulta-
neously by capillary electrophoresis (Muscari et al., 1998). Additionally, 
the ratio of another antioxidant, ascorbate and its two-electron oxida-
tion product dehydroascorbate could also serve as an oxidative status 
indicator (Lykkesfeldt et al., 1997; Sinha et al., 2014). Levels of anti-
oxidants retinoids and carotenoids (pro/vitamin A) can be measured by 
atmospheric pressure chemical ionization (APCI) LC/MS or 
reverse-phase HPLC (Katerji et al., 2019). To assess the level of 
α-tocopherol (vitamin E), there are several methods based on the 
reduction of Fe3+ to Fe2+ ions by α-tocopherol (Emmerie and Engel, 
1938; Hashim and Schuttringer, 1966; Hidiroglou et al., 1989; Desai, 
1984; Nirmala and Narendhirakannan, 2011). Vitamin E level can also 

be analyzed by GC/MS (Picardo et al., 1996; Grammatico et al., 1998) or 
by reverse-phase HPLC (Miller et al., 1984; Taibi and Nicotra, 2002). 

The level of sample oxidation can also be assessed by measuring the 
antioxidant enzyme activity, such as that of superoxide dismutase 
(SOD), catalase, peroxidases, glutathione reductase, or glutathione S- 
transferase (Sinha et al., 2014). A different protocol is used to determine 
the activity of the different enzymes. For example, SOD activity is 
indirectly determined by measuring the inhibition of nitroblue tetrazo-
lium reduction (reduction is caused by 1O•

2) at 560 nm (Beauchamp and 
Fridovich, 1971) and catalase activity is determined by monitoring the 
rate of decomposition of H2O2 at 240 nm (Aebi, 1984). 

3.5. Physical, chemical, and biological parameters correlated with 
oxidative stress 

In this section, we briefly discuss the parameters that correlate with 
oxidative stress. For example, Tiwari et al. studied the influence of 
oxidative stress caused by a mixture of glucose and glucose oxidase 
(producing H2O2) on mitochondrial functions and properties in non- 
photosynthetic Arabidopsis cells (Tiwari et al., 2002). They observed 
that mitochondrial electron transport was increased by oxidative stress, 
resulting in H2O2 generation amplification, ATP depletion, and cell 
death. Amplified H2O2 production also led to opening of the mito-
chondrial permeability transition pores and the release of cytochrome c 
from mitochondria (Tiwari et al., 2002). The mitochondrial perme-
ability transition was assessed by measuring the mitochondrial swelling 
via a decrease in the absorbance at 546 nm. Electron transport and ox-
ygen consumption in oxidatively stressed mitochondria were measured 
using a Clark type oxygen electrode. Evan’s blue was used to quantify 
cell viability. De la Haba et al. analyzed plasma membrane fluidity after 
cell oxidation with H2O2 by two-photon microscopy (in combination 
with the environment-sensitive probe Laurdan) (de la Haba et al., 2013). 
They demonstrated that oxidative stress increases membrane rigidity. 
Benderitter et al. studied the influence of ionizing (γ) radiation on the 
human erythrocyte membrane (Benderitter et al., 2003). Besides other 
things, they found that the fatty acid pattern changed (increased content 
of saturated fatty acids) using GC. Furthermore, they found by fluores-
cence anisotropy that the membrane fluidity increased but the 
lipid-protein interface became more rigid. Schlenker et al. elicited 
oxidative stress in HTC rat hepatome cells by H2O2 or by combination of 
D-alanine with D-amino acid oxidase (Schlenker et al., 2000). Subse-
quently, they evaluated changes in a relative cell volume from a video 
recording of single cells under a microscope or the cell volume was 
measured electronically by a Coulter Multisizer for cells in suspension. 
To determine membrane cation permeability, they measured whole-cell 
currents using patch clamp recording techniques. As the consequence of 
the oxidative stress, they found rapid decrease of cell volume followed 
by an 100-fold increase in membrane cation permeability and then 
partial volume recovery. Munna et al. determined the effects of oxida-
tive stress caused by H2O2 on a culture of Escherichia coli (Munna, 2013). 
They observed lowered cell viability, growth, and culturability. Con-
centrations of cell samples were established by measuring the absor-
bance at 600 nm. Cell morphology and arrangement of colonies were 
evaluated after staining under a light microscope. Bi et al. showed sig-
nificant increase in water channel protein aquaporin 4 expression after 
H2O2 treatment of primary astrocyte cultures through immunoblotting 
(Bi et al., 2017). Oxidative stress also elicits a genetic response that leads 
to a significant increase in the cellular resistance to oxidative agents 
(Cabiscol Català et al., 2000). Therefore, oxidative stress response can 
also be assessed by examining the changes in transcriptome and prote-
ome (Jamnik and Raspor, 2005). The above examples show that there is 
plenty of parameters that correlate with oxidative stress; as a conse-
quence, there is also a wide range of methods that can be used to analyze 
them. 
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4. Biological autoluminescence: method and correlations 

BAL is a weak optical radiation (typically < 1000 photons ⋅ cm− 2 ⋅ 
s− 1 in the 350–1270 nm range) released during biological and 
biochemical processes that involve oxidation. Therefore, the physical 
nature of BAL detection is the detection of weak light. The requirement 
for this type of detection is a sufficiently sensitive light detector for 
collecting the light from the biosample and that the probed biosample is 
located at a place with no light background. 

Here we list the operational characteristics of BAL, which together 
make the method unique.  

1. label-free: no input of external chemical probes to the sample is 
needed to observe BAL.  

2. non-invasive: no mechanical contact of the biosample with the 
probe, no external light or other physical stimuli are required. This is 
in contrast with all other methods, where the biosample is either 
destroyed during the analysis (e.g. mass spectroscopy), or where a 
probe of a physical detector has to be in contact with the sample (e. 
g., some electrochemical methods), or has to send some form of 
energy to perturb the sample in order to analyze it (e.g. electro-
chemical, fluorescence and light absorbance methods). That also 
means that the sample analyzed for its BAL is reusable for further 
analysis.  

3. real-time: the detection of BAL can be performed in real-time during 
the sample treatment and handling, therefore allowing for the 
detection of the dynamic response of the sample in normal, physio-
logical conditions or undergoing oxidative treatment or stress.  

4. low operation complexity and operation costs: the simplest setups for 
the detection of BAL require only a light-tight enclosure and an 
appropriately sensitive photodetector with a PC interface. The sam-
ples must be handled in low light conditions. No further consumables 
are needed.  

5. scalable: larger sample provides higher signal 

The drawback of BAL is a lack of specificity. The specificity can be 
increased when optical spectra and other signal parameters are 
analyzed. For example particular BAL emitters have their own optical 
spectra, which could be potentially used to assess particular processes or 
species (Nerudová et al., 2015). Anyway, to employ BAL as a marker for 
a particular process or chemical species, a standard analytical method 
has to be used to establish a correlation of BAL with that process or 
species for expected operating conditions in a particular sample type. 
Then, BAL can serve as a convenient method for monitoring any changes 
of oxidation processes in real-time. 

BAL can be detected by photomultiplier tubes (PMT), see [(Fels et al., 
2015) 187, Ch. 3] for details. They have very low noise per unit area of 
sensitive surface (photocathode), high gain (105–107), and reasonable 
quantum efficiency (ratio of the number of the detected photocounts to 
the number of the impinging photons) of photon detection (~ 15–40% at 
peak sensitivity) (Cifra and Pospǐsil, 2014). Their time resolution is up to 
a few nanoseconds. Imaging of BAL can be performed by charge-coupled 
device (CCD) cameras (Kobayashi, 2014). However, the time resolution 
of a CCD camera is quite low (in the order of minutes) for BAL mea-
surement. To decrease the noise, detectors are often cooled, but cooling 
might also decrease the detection sensitivity in the red region of the 
spectrum. 

For quantitative assessment of the actually generated and emitted 
number of photons, one needs to consider the technical and physical 
optical aspects, which we briefly discuss here. The detected number of 
BAL photons is always lower than the actually generated number of 
molecular electronically excited states and emitted photons. On the 
molecular level, the main reason is that the emission of photons from the 
excited state is only one of the processes that competes for the excited 
state energy (Turro, 2004). The excited state of a molecule can also 
chemically react (not producing photon) or the excited state energy can 

be released non-radiatively (i.e. without emission of a photon) through 
molecular vibrations to heat. Excited state energy can also be transferred 
to other molecules (acceptors), which can then emit the energy in the 
form of a photon, use the energy to react chemically, or dissipate energy 
vibrationally (to heat), as in the case of the original excited state. In any 
case, once the photon is emitted, it can also be absorbed by molecules 
contained in the matter through which it has to travel to the photode-
tector. Therefore, even if the detector detection efficiency in terms of the 
collection angle and quantum efficiency is taken into account, the 
number of detected photons will be lower than the number of photons 
actually emitted by the original molecular emitters. This self-absorption 
in the biosample is of particular concern in opaque and pigment-rich 
samples, but not as much in small volumes and transparent samples, 
which also includes single layer (adherent) cell cultures. 

To unleash the full potential of BAL measurement as an effective 
monitoring and diagnostic tool, it is essential to clarify the mechanisms 
which underlie BAL in particular samples: exact sources (reaction 
pathways and final emitters) of BAL, agents and other parameters 
influencing the BAL intensity, time dependence, and spectral distribu-
tion. Below we review the major correlations between various agents 
and BAL analyzed so far. Summary of these correlations with BAL and 
the corresponding references, sorted according a complexity of a studied 
system to ’< cell’ (biomolecules, organelles, and other biosamples less 
complex than a cell) and ’cell+’ (cell and more complex samples), are 
summarized in Table 2. We propose that the molecular species and 
processes, which correlate with BAL parameters (mostly intensity), can 
be monitored by BAL when all other conditions are the same in the 
biosystem or biosample under study. 

4.1. BAL and ROS 

Reactive oxygen species (ROS) are initiators, intermediates, and 
products of reactions leading to BAL. Therefore, increasing ROS pro-
duction usually leads to an increase of the BAL intensity. This type of 
behavior in the case of increasing hydrogen peroxide concentration has 
been observed by many authors (Kageyama et al., 2006; Vahalová et al., 
2021; Bereta et al., 2021; Salin and Bridges, 1981; Saeidfirozeh et al., 
2018; Cheun et al., 2007; Rác et al., 2015; Rastogi and Pospí̌sil, 2010; 
Iida et al., 2002). Salin et al. observed a significant increase in the BAL 
intensity after the addition of hydrogen peroxide to wounded root soy-
bean segments not only in aerobic but also in anaerobic conditions (Salin 
and Bridges, 1981). Wefers et al. distinguished two phases of emitted 
chemiluminescence associated with oxygen concentration, the first one 
(decrease of light emission to 4%) was dependent on exogenously added 
or endogenously generated hydrogen peroxide, whereas the second 
phase (decrease of BAL to 2.5%) did not require hydrogen peroxide (but 
an organic peroxy species) (Wefers et al., 1985). The types of emissive 
species formed during oxidative reactions in the samples exposed to 
hydrogen peroxide have also been studied (Rác et al., 2015; Rastogi and 
Pospí̌sil, 2010). For example, Iida et al. and Pathak et al. studied the 
contribution of superoxide anion radical to BAL (Pathak et al., 2017; Iida 
et al., 2002). Not only hydrogen peroxide can be an initiator of the BAL 
intensity changes. Prasad and Pospí̌sil compared amplifying effects of 
tree different types of ROS on BAL intensity of the dorsal side of the 
hand, see Fig. 4 (Prasad and Pospǐsil, 2011). However, the most 
inspected ROS is singlet oxygen. It has a really special role in BAL pro-
duction. Singlet oxygen can be the initiator of an oxidative reaction, its 
intermediate product, and also the final product leading to the light 
emission. For example, a ROS molecule (singlet oxygen or another ROS) 
can react with a biomolecule leading to the creation of a hydroperoxide 
that subsequently decomposes to a singlet oxygen (Fig. 2. This new 
singlet oxygen can react with another nearby chemical substance or can 
release excess energy in the form of heat or light emission (BAL). Singlet 
oxygen formation during oxidative reactions in the samples exposed to 
hydrogen peroxide leading to BAL emission has been studied in (Rác 
et al., 2015; Rastogi and Pospí̌sil, 2010). 
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Table 2 
References to BAL correlations with ROS generation by various ways or with 
specific ROS type (e.g. singlet oxygen), with antioxidants and other ROS/BAL 
modulators, with triplet excited carbonyls, and with chromophore-like com-
pounds. The column ’< cell’ refers to works where the biochemical model sys-
tems or extracted organelles were used as the samples and the column ’cell +’ 
refers to works at the level of isolated cells, cell cultures, or tissues.  

Correlation References (cell<) References (cell+) 

ROS & ROS formation agents 
redox enzymes 
horseradish peroxidase (Sławińska and Sławiński, 

1988; Wefers et al., 1985;  
Mano et al., 2014; Medeiros 
et al., 1987; Medeiros and 
Sies, 1989; Bastos et al., 
2017; Dunford et al., 1984;  
Schulte-Herbruggen and 
Sies, 1989; Velosa et al., 
2007; Cilento and Adam, 
1988; Bechara et al., 1979;  
Cilento, 1984; Oliveira 
et al., 1978; Bohne et al., 
1986; Bohne et al., 1986;  
Durán and Cilento, 1980;  
Soares and Bechara, 1982;  
de Medeiros and Bechara, 
1986)  

lipoxygenase Abeles (1986) (Birtic et al., 2011;  
Prasad et al., 2016, 
2017; Maccarrone 
et al., 1997, 1999;  
Prasad and Pospí̌sil, 
2011; Boveris et al., 
1980b) 

cytochrome P450 
monooxygenase  

(Inagaki et al., 2007, 
2009; Kato et al., 
2014) 

myeloperoxidase (Andersen et al., 1977; Kiryu 
et al., 1999) 

(Andersen et al., 
1977; Klebanoff, 
1980; Hampton et al., 
1998) 

other enzymes (Abeles, 1986; Sławiński 
et al., 1981; Kanofsky, 1983, 
2000; Prochaska et al., 
1987; Wefers et al., 1984;  
Adam and Cilento, 1982) 

(Allen, 1979;  
Kageyama et al., 
2006; Tang and Dai, 
2014) 

Fenton reaction (Shen et al., 1991; Khabiri 
et al., 2008) 

(Birtic et al., 2011;  
Khabiri et al., 2008;  
Vahalová et al., 2021; 
Bereta et al., 2021) 

other sources (Cadenas et al., 1980; Lissi 
et al., 1994) 

(Salin and Bridges, 
1981; Saeidfirozeh 
et al., 2018; Cheun 
et al., 2007; Lloyd 
et al., 1979) 

singlet oxygen (generating agents listed) 
hydroperoxides (Miyamoto et al., 2003a;  

Pathak et al., 2017; Prado 
et al., 1111; Uemi et al., 
2011; Di Mascio et al., 2016; 
Prado et al., 2009;  
Miyamoto et al., 2003b) 

Prasad et al. (2016) 

endoperoxides (Di Mascio et al., 2016, 
2019; Miyamoto et al., 
2003b; Di Mascio and Sies, 
1989; Uemi et al., 2009;  
Ronsein et al., 2011;  
Kazakov et al., 2007)  

dioxetanes (Mano et al., 2014; Briviba 
et al., 1996)  

endogenous 
photosensitizers 

(Pathak et al., 2017; Baier 
et al., 2006)  

exogenous 
photosensitizers 

(Kochevar and Redmond, 
2000; Hall and Chignell, 
1987) 

Kochevar and 
Redmond (2000) 

excitation energy transfer 
from 3R = O* 

(Mano et al., 2014; Pathak 
et al., 2017) 

Prasad et al. (2016)  

Table 2 (continued ) 

Correlation References (cell<) References (cell+) 

horseradish peroxidase (Wefers et al., 1985; Mano 
et al., 2014; Medeiros et al., 
1987; Medeiros and Sies, 
1989)  

lipoxygenase  (Prasad et al., 2016, 
2017) 

myeloperoxidase Kiryu et al. (1999) (Klebanoff, 1980;  
Hampton et al., 1998) 

other enzymes (Abeles, 1986; Kanofsky, 
1983, 2000; Prochaska 
et al., 1987; Wefers et al., 
1984; Adam and Cilento, 
1982) 

Allen (1979) 

other sources (Miyamoto et al., 2003b, 
2009, 2012; Held et al., 
1978; Di Mascio et al., 1994; 
Gupta et al., 2009; Cadet 
et al., 2009) 

(Rác et al., 2015;  
Rastogi and Pospíšil, 
2010) 

superoxide anion radical (Medeiros et al., 1987;  
Wefers et al., 1984; Pathak 
et al., 2017; Wefers and Sies, 
1983; Iida et al., 2002) 

(Hampton et al., 
1998; Allen, 1979;  
Kageyama et al., 
2006) 

Antioxidants and other BAL modulators 
non-enzymatic antioxidants 
α-tocopherol Kuzmenko et al. (1999) (Maccarrone et al., 

1997, 1998) 
ascorbic acid (Wefers et al., 1985; Lissi 

et al., 1994) 
(Maccarrone et al., 
1997, 1998;  
Vahalová et al., 2021; 
Salin and Bridges, 
1981; Rastogi and 
Pospí̌sil, 2010; Č 
ervinková et al., 
2015; Radotić et al., 
1990) 

mannitol (Medeiros and Sies, 1989;  
Wefers et al., 1984; Hideg 
and Inaba, 1991; Torinuki 
and Miura, 1981) 

(Maccarrone et al., 
1997, 1998; Salin 
and Bridges, 1981; Č 
ervinková et al., 
2015; Radotić et al., 
1990) 

glutathione Wefers et al. (1985) Červinková et al. 
(2015) 

others Kuzmenko et al. (1999) Prasad et al. (2020a) 
enzymatic antioxidants 
catalase (Wefers et al., 1984, 1985;  

Iida et al., 2002; Hideg, 
1993; Nakano et al., 1975) 

(Birtic et al., 2011;  
Maccarrone et al., 
1999; Allen, 1979;  
Salin and Bridges, 
1981; Radotić et al., 
1990) 

superoxide dismutase (Wefers et al., 1984, 1985;  
Medeiros et al., 1987;  
Medeiros and Sies, 1989;  
Iida et al., 2002; Hideg and 
Inaba, 1991; Torinuki and 
Miura, 1981; Hideg, 1993;  
Nakano et al., 1975) 

(Allen, 1979; Salin 
and Bridges, 1981;  
Radotić et al., 1990;  
Prasad et al., 2020a;  
Hideg, 1993) 

non-natural antioxidants & BAL quenchers 
sodium azide (Prado et al., 2009; Hall and 

Chignell, 1987; Hideg, 
1993; Hideg et al., 1991;  
Deneke and Krinsky, 1977;  
Albertini and Abuja, 1998) 

Salin and Bridges 
(1981) 

TEMPO  (Maccarrone et al., 
1997, 1998) 

trolox Lissi et al. (1994) (Maccarrone et al., 
1997, 1998) 

potassium cyanide (Hideg and Inaba, 1991;  
Hideg, 1993; Hideg et al., 
1991)  

antimycin A (Hideg, 1993; Hideg et al., 
1991)  

salicylhydroxamic acid (Hideg and Inaba, 1991;  
Hideg, 1993; Hideg et al., 
1991) 

Kageyama et al. 
(2006) 

(continued on next page) 
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4.1.1. Formation of singlet oxygen 
Singlet molecular oxygen can be formed in the sample in various 

ways. It can be chemically produced by the decomposition of lipids, 
proteins, or DNA hydroperoxides (Prasad et al., 2016; Miyamoto et al., 
2003a; Pathak et al., 2017; Prado et al., 1111; Uemi et al., 2011; Di 
Mascio et al., 2016; Prado et al., 2009), endoperoxides (Di Mascio et al., 
2016, 2019; Di Mascio and Sies, 1989; Uemi et al., 2009; Ronsein et al., 
2011), or dioxetanes (Briviba et al., 1996). To study the nascent singlet 
oxygen, combination of various techniques have been used: from spec-
troscopic measurement of bimolecular and monomolecular decay or 
direct characterization of the near-infrared light emission (Prado et al., 
1111; Uemi et al., 2011; Prado et al., 2009) to employing HPLC/MS 
(Uemi et al., 2011; Di Mascio et al., 2016; Prado et al., 2009) or EPR 
spin-trapping spectroscopy (Prasad et al., 2016). 

Physical processes leading to singlet oxygen generation include 
photosensitization – photoexcitation of photosensitizers, compounds 
that absorb the energy of a visible or UV light photon to become an 
excited singlet state (Ronsein et al., 2011; Pantopoulos, 2011). This 
excited singlet photosensitizer is rapidly converted to an excited triplet 
state, which can transfer energy nonradiatively to molecular oxygen 
generating singlet oxygen. Porphyrins, flavins, or quinones belong to 
such endogenous photosensitizers (Pathak et al., 2017; Baier et al., 
2006). Methylene blue and Rose Bengal are examples of exogenous 
photosensitizers (Kochevar and Redmond, 2000). However, photosen-
sitization can occasionally take place in other way. It can lead to the 
formation of charged radicals derived from the photosensitizer or su-
peroxide anion radical O•−

2 (Ronsein et al., 2011; Cadet et al., 2009). The 
excitation energy transfer to molecular oxygen (and subsequent for-
mation of 1O2) can also occur from excited triplet carbonyls, which can 
be also studied by BAL measurement (Mano et al., 2014; Prasad et al., 
2016; Pathak et al., 2017). 

Various enzymes (e.g., peroxidases (Kanofsky, 2000), myeloperox-
idase (Kiryu et al., 1999; Klebanoff, 1980; Hampton et al., 1998), lac-
toperoxidase (Kanofsky, 1983)) also play an important role in singlet 
oxygen formation. Other chemical sources are reactions of hydrogen 

Table 2 (continued ) 

Correlation References (cell<) References (cell+) 

EDTA Albertini and Abuja (1998) Maccarrone et al. 
(1997) 

Tiron  (Kageyama et al., 
2006; Salin and 
Bridges, 1981;  
Kobayashi et al., 
2006) 

sorbate ions (for 3R = O*) (Bechara et al., 1979;  
Catalani et al., 1987;  
Timmins et al., 1997)  

others (Hideg and Inaba, 1991;  
Albertini and Abuja, 1998) 

(Kageyama et al., 
2006; Salin and 
Bridges, 1981;  
Kataoka et al., 2001) 

BAL enhancers 
D2O (Wefers et al., 1985;  

Medeiros and Sies, 1989;  
Prado et al., 2009; Hall and 
Chignell, 1987; Torinuki 
and Miura, 1981) 

Salin and Bridges 
(1981) 

DABCO (Medeiros and Sies, 1989;  
Kazakov et al., 2007;  
Torinuki and Miura, 1981;  
Hideg, 1993; Hideg et al., 
1991; Deneke and Krinsky, 
1977)  

NAD(P)H (Hideg and Inaba, 1991;  
Hideg, 1993; Hideg et al., 
1991)  

chlorophyll a (Medeiros and Sies, 1989; de 
Medeiros and Bechara, 
1986)  

others (Medeiros and Sies, 1989;  
Hideg et al., 1991; Deneke 
and Krinsky, 1977) 

(Abeles, 1986;  
Maccarrone et al., 
1997; Salin and 
Bridges, 1981) 

Oxidation products 
carbonyls 
malondialdehyde Noll et al. (1987) (Havaux et al., 2006;  

Prasad et al., 2016) 
variety of carbonyl species 

originally in excited 
state, see section BAL 
emitters lower   

hydroperoxides - see singlet 
oxygen subsection 
under ROS & ROS 
formation agents   

endoperoxides - see singlet 
oxygen subsection 
under ROS & ROS 
formation agents   

dioxetanes - see singlet 
oxygen subsection 
under ROS & ROS 
formation agents   

Electron excited species 
triplet excited carbonyls (generating agents listed) 
thermal decomposition of 

dioxetanes 
(Mano et al., 2014; Bastos 
et al., 2017; Velosa et al., 
2007; Cilento and Adam, 
1988; Pathak et al., 2017;  
Catalani et al., 1987; Adam 
and Baader, 1985; White 
et al., 1974; Bechara and 
Wilson, 1980) 

Cilento and Adam 
(1988) 

HRP/O2/IBAL (Bastos et al., 2017; Dunford 
et al., 1984;  
Schulte-Herbruggen and 
Sies, 1989; Velosa et al., 
2007; Cilento and Adam, 
1988; Bechara et al., 1979;  
Cilento, 1984; Oliveira 
et al., 1978; Bohne et al., 
1986; Durán and Cilento, 
1980)   

Table 2 (continued ) 

Correlation References (cell<) References (cell+) 

HRP/O2/other substrates (Mano et al., 2014; Medeiros 
and Sies, 1989; Cilento and 
Adam, 1988; Bohne et al., 
1986; Soares and Bechara, 
1982; de Medeiros and 
Bechara, 1986)  

decomposition of 
tetroxide 

(Pospí̌sil et al., 2019; Pathak 
et al., 2017)  

others (Mendenhall et al., 1991;  
Niu and Mendenhall, 1992;  
Russell, 1957; Farneth and 
Johnson, 1984; Sharov 
et al., 1998; Schuh et al., 
1984) 

(Prasad et al., 2016;  
Rác et al., 2015;  
Escobar et al., 1990) 

excited chromophores, dyes or other suitable energy acceptors 
energy transfer from 3R =

O* 
(Bastos et al., 2017; Bechara 
et al., 1979; Cilento, 1984;  
Bohne et al., 1986; Durán 
and Cilento, 1980; Bechara 
and Wilson, 1980) 

Prasad et al. (2016) 

singlet oxygen - see above 
in ROS section   

Abbreviations used in the table. 
3R = O* = excited triplet carbonyls. 
DABCO = 1,4-diazabicyclo[2.2.2]octane. 
EDTA = 2,2′,2”,2′′′-(Ethane-1,2-diyldinitrilo)tetraacetic acid. 
HRP = horseradish peroxidase. 
IBAL = isobutyraldehyde. 
TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl. 
Tiron = disodium 4,5-dihydroxy-1,3-benzenedisulfonate. 
Trolox = water-soluble analog of α-tocopherol. 
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peroxide with hypochlorite ClO− (Kiryu et al., 1999; Hampton et al., 
1998; Held et al., 1978), halides (Klebanoff, 1980; Kanofsky, 1983), or 
peroxynitrite N(O)OO− (Di Mascio et al., 1994). The measurement of 
monomol light emission at 1270 nm is typically used for detection of 
singlet oxygen generation during decomposition of peroxynitrate N 
(O)2OO− and peroxynitrite N(O)OO− (Miyamoto et al., 2009; Gupta 
et al., 2009). 

4.1.2. Redox enzymes and their role in ROS formation 
As mentioned above, endogenous sources of singlet oxygen, or other 

ROS, are often enzymes. Several authors have analyzed the correlation 
between BAL intensity and oxidative processes catalyzed by various 
enzymes without a deep analysis of BAL origin. BAL can be generated by 
hydrogen peroxide and horseradish peroxidase (Sławińska and Sła-
wiński, 1988) or the enzymatic oxidation of polyunsaturated fatty acids 
(such as linolenic acid) by lipoxygenase (Abeles, 1986; Birtic et al., 
2011; Prasad et al., 2016; Maccarrone et al., 1997, 1999; Prasad and 
Pospí̌sil, 2011). Photon emission can probably be enhanced by cyto-
chrome P450 monooxygenase, which plays an important role in the 
metabolic detoxification of sulfonylurea herbicides (Inagaki et al., 2007, 
2009; Kato et al., 2014). The emission spectra of various enzymatic 
systems (such as lipoxygenase, myeloperoxidase, or cytochrome c with 
hydrogen peroxide) have also been studied (Abeles, 1986; Boveris et al., 
1980b; Andersen et al., 1977; Sławiński et al., 1981). 

The presence of various ROS, especially singlet oxygen, during BAL 
emission has also been widely researched. Singlet oxygen can be the 
product of reactions catalyzed by myeloperoxidase, xanthine oxidase, 
microsomal lipid oxidase, prostaglandin oxygenase, lipoxidase, aldehyde 
oxidase, galactose oxidase, dihydroorotate oxidase, NADPH-cytochrome 
reductase, or ferredoxin- and NADPH-reductase (Abeles, 1986; Adam and 
Cilento, 1982). Formation of singlet oxygen via enzymatic lipid peroxi-
dation initiated by lipoxygenase was discussed in depth by (Prasad et al., 
2016, 2017). The light emission attributed to singlet oxygen de-excitation 
as a result of oxidation of reduced glutathione (Wefers et al., 1985; 
Medeiros et al., 1987) or ribose in the presence of hydrogen peroxide 
(Medeiros and Sies, 1989) catalyzed by horseradish peroxidese was also 
observed. The role of NAD(P)H:quinone oxidoreductase in generation of 
BAL, probably involving singlet oxygen light emission, has also been 
studied (Prochaska et al., 1987; Wefers et al., 1984). Dicoumarol, as an 
inhibitor of the NAD(P)H:quinone reductase, led to an increase of BAL, 
whereas elevation of the enzyme activity by 2(3)-tertbutyl-4-hydroxyani-
sole reduced the menadione-dependent chemiluminescence. Formation 
of singlet oxygen and BAL were also observed during activation of 
NADPH oxidase (NADPH:O2 oxidoreductase) during the acute inflam-
matory response of phagocytes (Abeles, 1986; Allen, 1979). However, 
other ROS, such as superoxide anion O•−

2 , hydroxyl radical HO•, hydrogen 
peroxide, or hypochlorite OCl− , can also be produced during the re-
actions catalyzed by this enzyme. 

Medeiros et al. reported the involvement of superoxide anion radicals 
in the production of photoemissive species during the oxidation of 
reduced glutathion by horseradish peroxidase (Medeiros et al., 1987). 
Wefers et al. used superoxide dismutase to demonstrate the involvement 
of superoxide anion radicals in reactions that are responsible for the 
second phase of BAL in microsomal suspensions supplemented with 
1-naphthol in the presence of NADPH (Wefers et al., 1984). Reaction of 
xanthine, hypoxanthine, or acetaldehyde with xanthine oxidase also 
leads to formation of superoxide radical and, therefore, to enhancement 
of BAL (Abeles, 1986; Kageyama et al., 2006; Wefers and Sies, 1983; Iida 
et al., 2002). Bohne et al. (1986) observed that oxidation of several cat-
echols (benzene-1,2-diol) (e.g., 4-tert-butylcatechol) by catechol oxidase 
leads to the generation of o-quinone in an electronically excited state. 

In the above-mentioned studies, various enzymes inhibitors were 
often used to reveal details about the ROS/BAL generation mechanisms 
specific for the studied sample. For example, catechol and caffeic acid 
(Prasad et al., 2016, 2017; Prasad and Pospí̌sil, 2011), or salicylhy-
droxamic acid (Abeles, 1986) were used to inhibit lipoxygenase, 

piperonyl butoxide and malathion for cytochrome P450 monooxygenase 
(Inagaki et al., 2007, 2009; Kato et al., 2014), diphenylene iodonium for 
NADPH oxidase (Kageyama et al., 2006), or dicoumarol to inhibit NAD 
(P)H: quinone reductase (Prochaska et al., 1987; Wefers et al., 1984). 

Because mitochondria are considered as the major source of ROS in 
mamalian cells (Balaban et al., 2005; Starkov, 2008), the influence of 
different parts of the mitochondrial electron transport chain (usually 
affected by addition of various enzyme inhibitors or other compounds) 
on BAL signal was also studied (Cadenas et al., 1980; Lloyd et al., 1979). 
For example, cytochrome c oxidase inhibitor sodium azide partly pre-
vented the BAL activity (Tang and Dai, 2014). Cadenas et al. observed 
that externally added cytochrom c considerably increased the light 
emission and oxygen consumption of antimycin-inhibited bovine heart 
submitochondrial particles (Cadenas et al., 1980). Miyamoto et al. re-
ported that the interaction of cytochrome c with cardiolipin leads to 
singlet oxygen generation, which was monitored by luminescence 
measurements at 1270 nm (Miyamoto et al., 2012). Similar to the 
hemeprotein cytochrome c, BAL has been also observed during the 
oxidation of other hemeproteins such as hemoglobin and methemo-
globin by hydrogen peroxide (Lissi et al., 1994). 

4.1.3. Cations of transition metals and their role in ROS formation 
As mentioned above, ROS can be produced in reactions catalyzed by 

various enzymes. Cations of transition metals usually play an essential 
role in the catalytic sites of enzymes, such as iron in horseradish 
peroxidase (HRP; in heme form) or lipoxygenase. Free metal ions are 
also crucial in redox reactions as they are redox active. An often used 
chemical source of ROS is so-called Fenton reaction, which is initiated 
by the reaction of hydrogen peroxide with ferrous (Fe2+) iron leading to 
the generation of very reactive hydroxyl radical. During secondary re-
actions, HO•

2, H2O2, 1O2, O•−
2 , or CO•−

3 are also created with various 
reaction constants and yields (Ivanova et al., 2012). For example, the 
Fenton reaction was employed to induce lipid oxidation in Arabidopsis 
plants (Birtic et al., 2011) or to initiate peroxidation of linoleic acid 
(Shen et al., 1991), leading to BAL that was primarily attributed to the 
dimolar emission of singlet oxygen. Khabiri et al. analyzed the BAL in-
tensity of protein/amino acid solutions oxidized as well as porcine skin 
by H2O2 in the presence of Fe2+ by sensitive PMT (Khabiri et al., 2008). 
As complementary methods, they measured an increase in the amount of 
carbonyls in protein and used MS analysis of oxidation products of 
amino acids. Authors interpreted their data as that BAL produced by 
oxidation-stressed skin was mainly due to photon emission of trypto-
phan or its oxidation products, whereby tryptophan (or its oxidation 
product) acts as an energy acceptor from other excited species of 
oxidation-modified amino acids. In vivo, Lissi et al. observed BAL during 
irreversible deactivation of hemoglobin, methemoglobin, or hemin with 
excess of hydrogen peroxide (Lissi et al., 1994). 

4.2. Antioxidants and other modulators of BAL 

Many works have been performed to demonstrate the relation be-
tween BAL and the addition or presence of antioxidants. Typically, the 
BAL intensity is decreased in the presence of antioxidants. The reason is 
that antioxidants deactivate ROS, preventing the attack of biomolecules 
that initiates the reaction chain leading to BAL (see the scheme in Fig. 2). 
Substances with antioxidative effects can be categorized to natural and 
non-natural (prepared by chemical synthesis) ones. Natural antioxidants 
are typically divided into two classes: enzymatic and non-enzymatic. 

Most widely studied non-enzymatic antioxidants are α-tocopherol 
(vitamin E) (Maccarrone et al., 1997, 1998; Kuzmenko et al., 1999), 
ascorbic acid (ascorbates, vitamin C) (Wefers et al., 1985; Maccarrone 
et al., 1997, 1998; Vahalová et al., 2021; Lissi et al., 1994; Salin and 
Bridges, 1981; Rastogi and Pospí̌sil, 2010; Červinková et al., 2015; 
Radotić et al., 1990), carnosic acid (Kuzmenko et al., 1999), glutathione 
(Wefers et al., 1985), histidine (Prasad et al., 2020a), and mannitol 
(Medeiros and Sies, 1989; Maccarrone et al., 1997, 1998; Salin and 
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Bridges, 1981; Radotić et al., 1990). 
Other works analyzed the effects of enzymatic antioxidants, which 

are much more specific than non-enzymatic ones. The inhibition of BAL 
has been explored mainly using two classes of enzymatic antioxidants: 
catalase (acting on H2O2) (Wefers et al., 1985; Birtic et al., 2011; Mac-
carrone et al., 1999; Allen, 1979; Salin and Bridges, 1981; Iida et al., 
2002; Radotić et al., 1990; Hideg, 1993) and superoxide dismutase 
(SOD) (acting on superoxid anion radical) (Wefers et al., 1984, 1985; 
Medeiros et al., 1987; Medeiros and Sies, 1989; Allen, 1979; Iida et al., 
2002; Hideg and Inaba, 1991; Prasad et al., 2020a; Hideg, 1993). Both 
non-enzymatic and enzymatic antioxidants typically have a suppressing 
effect on BAL intensity, see Fig. 5. 

Several non-natural antioxidant substances also have a suppressing 
effect on the BAL intensity; for example, 2,6-di-tert-butyl-4-methylphe-
nol (Albertini and Abuja, 1998), DNPH ((2,4-dinitrophenyl)hydrazine) 
(Kataoka et al., 2001), sodium azide (Salin and Bridges, 1981; Prado 
et al., 2009; Hideg, 1993; Hideg et al., 1991; Deneke and Krinsky, 1977), 
salicylhydroxamic acid (Hideg and Inaba, 1991; Hideg, 1993; Hideg 
et al., 1991), metal cation chelator EDTA (2,2′,2”,2”’-(Ethane-1,2-diyl-
dinitrilo)tetraacetic acid) (Maccarrone et al., 1997; Albertini and Abuja, 
1998), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (Maccarrone 
et al., 1997, 1998), disodium 4,5-dihydroxy-1,3-benzenedisulfonate 
(tiron) (Kageyama et al., 2006; Salin and Bridges, 1981; Kobayashi 
et al., 2006), or trolox (water-soluble analog of α-tocopherol) (Lissi 
et al., 1994; Maccarrone et al., 1998). The BAL intesity can also be 
decreased by hydroquinone (Salin and Bridges, 1981) or p-benzoqui-
none (Hideg and Inaba, 1991). Respiratory inhibitors such as antimycin 
A and potassium cyanide have also decreasing effect on BAL (Hideg and 
Inaba, 1991; Hideg, 1993; Hideg et al., 1991). Excess of Cu+ during 
plant growing or the 0.2 mM solution of Co(NO3) can lead to BAL in-
hibition (Abeles, 1986). For example, sodium azide and certain sorbate 
salts (such as 2,4-hexadienoate) may have an inhibitory effect on the 
BAL intensity by direct quenching of particular electron excited states 
species such as singlet oxygen (by sodium azide (Deneke and Krinsky, 
1977)) or triplet excited carbonyl (by sorbate ions (Bechara et al., 1979; 
Catalani et al., 1987; Timmins et al., 1997)). Intercalating dye ethidium 
bromide (Cilento and Adam, 1988) or conjugated dienes, indoles, qui-
nones, and tyrosine derivatives (Velosa et al., 2007) have also been used 
to quench the triplet carbonyls. 

Conversely, BAL (as well as singlet oxygen generation) can be 
enhanced by various compounds, such as D2O (Wefers et al., 1985; 
Medeiros and Sies, 1989; Salin and Bridges, 1981; Prado et al., 2009; 
Torinuki and Miura, 1981), NAD(P)H (Hideg and Inaba, 1991; Hideg, 
1993; Hideg et al., 1991), chlorophyll a (Medeiros and Sies, 1989; de 

Medeiros and Bechara, 1986), xanthene dyes (Medeiros and Sies, 1989), 
and 1,4-diazabicyclo[2.2.2]octane (DABCO) (Medeiros and Sies, 1989; 
Hideg, 1993; Hideg et al., 1991; Deneke and Krinsky, 1977). Increase of 
the light emission can also be caused by N,N′-dimethylpiperazine 
(Deneke and Krinsky, 1977), 13-hydroperoxyoctadecadienoic acid 
(Maccarrone et al., 1997), triethylamine, tryptophan, diphenyliso-
benzofuran (Salin and Bridges, 1981), or Hg2+ (Abeles, 1986). 

The body of evidence presented so far in this section suggests that 
BAL can be employed to monitor the addition or the presence of anti-
oxidants, quenchers, or enhancers, with several works even reporting 
the effects of distinct concentrations (Wefers et al., 1985; Kageyama 
et al., 2006; Vahalová et al., 2021; Lissi et al., 1994; Kazakov et al., 
2007; Hall and Chignell, 1987; Červinková et al., 2015). Effects of three 
non-enzymatic antioxidants at three different concentrations on BAL 
intensity of differentiated HL-60 cells are shown in Fig. 5b. However, to 
achieve specificity to particular chemical pathways, the system has to be 
well characterized. 

When the system is not yet well characterized, using the same ad-
ditives and observing that they have a different or no effect in a different 
system can be leveraged to analyze the underlying mechanisms that lead 
to BAL. For example, the addition of enzymatic antioxidants superoxide 
dismutase or catalase to washed rat liver microsomes in the presence of 
Fe3+-ADP and NADPH did not cause any significant decrease of chem-
iluminescence, in which case spectroscopic measurements indicated 
that the singlet oxygen was probably the main emitter (Nakano et al., 
1975). Similarly, incubation of wounded soybean root tissue with su-
peroxide dismutase had no significant effect on BAL signal (Salin and 
Bridges, 1981), indicating that superoxide anion radical is not involved 
in the BAL generation. Additionally, non-enzymatic antioxidant 
mannitol, presented as a hydroxyl HO• radical scavenger (Salin and 
Bridges, 1981), has different effects on BAL intensity of different sys-
tems. Slightly suppressing effect on BAL intensity after addition of 
mannitol was observed in ribose/horseradish peroxidase/H2O2 system 
(50 mM mannitol) (Medeiros and Sies, 1989), on wounded root soybean 
segments (500 mM mannitol) (Salin and Bridges, 1981), or on human 
erythroleukemia K562 cells where BAL was induced by addition of 
13-hydroperoxyoctadecadienoic acid (300, 600, and 900 μM mannitol) 
(Maccarrone et al., 1997) or by electroporation (100 mM mannitol) 
(Maccarrone et al., 1998). In contrast, mannitol (1, 5, and 10 mM) in-
jection into differentiated HL-60 cells caused small increase of the BAL 
intensity (Červinková et al., 2015), see Fig. 5b, part C. Moreover, 
treatment of maize roots with 500 mM mannitol led to significant in-
crease of BAL intensity (Radotić et al., 1990). The authors suppose that 
this unexpected behavior is a consequence of reaction series initiated by 

Fig. 5. Effect of various antioxidants on BAL intensity. a) The photographs (on the left) and corresponding 2D images of BAL (on the right) of wounded leaves of 
Arabidopsis thaliana in the absence (− ) and presence (+) of 10 mM histidine (up) and 400 U ml− 1 superoxide dismutase (SOD) (down). Integration time of BAL images 
was 30 min. b) BAL signal from differentiated HL-60 cells - raw signal without any modulator (A) and modulated by ascorbic acid (B), mannitol (C), and glutathione 
(D). All experiments with antioxidants were performed at three different antioxidant concentrations. The figure is reproduced from (Prasad et al., 2020a) (a) and 
(Červinková et al., 2015) (b) with the permission. 
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degradation of root tissue by mannitol (softening of roots after 30 min 
incubation in mannitol was observed) and subsequent reactions initiated 
by H2O2 and peroxidase (the authors monitored the change in the BAL 
intensity of treated and untreated samples induced by H2O2, 6% v/v) 
(Radotić et al., 1990). 

4.3. BAL and oxidative reactions products 

The reactions of ROS with biomolecules can lead to the formation of 
various products, e.g., organic radicals, hydroperoxides, endoperoxides, 
dioxetanes, tetroxides, ground state or triplet excited carbonyls, excited 
chromophores, or singlet oxygen (Pospí̌sil et al., 2019). Several of them 
are already mentioned above, mainly in connection with the generation 
of singlet oxygen. In this subsection, excited triplet carbonyl, another 
essential emitter, malondialdehyde, a secondary product of lipid per-
oxidation, several other lipid oxidative products (such as isoprostanes or 
prostaglandins), and selected nitrogen-containing compounds (such as 
amino acids) are discussed. 

4.3.1. Carbonyls 
As indicated above, the generation of singlet oxygen can accompany 

or precede the formation of carbonyls. In one of the pathways, the 
carbonyls are formed in a triplet electronically excited state (Bechara 
et al., 1979; Cilento et al., 1994). Under appropriate conditions, this 
state can emit photon, hence manifesting as BAL. Therefore the gener-
ation rate of carbonyls directly and positively correlates with BAL in-
tensity. When BAL spectra are measured, the correlation is so significant 
that it is used as a direct evidence of the presence of triplet excited 
carbonyls: the peak of the emission is typically between 400 and 500 nm 
(Bechara et al., 1979; Cilento, 1984; Escobar et al., 1990), often sup-
ported by phosphorescence measurement of aldehydes (excited states 
obtained by external light excitation) (Oliveira et al., 1978; Schuh et al., 
1984). 

BAL measurements using highly sensitive CCD cameras and low- 
noise PMTs have helped to detect the formation of triplet excited car-
bonyls in several various oxidized systems, such as human multiple 
myeloma cells U266 exposed to H2O2 (Rác et al., 2015), unicellular 
green alga Chlamydomonas reinhardtii, in which lipid peroxidation was 
induced by heat stress (Prasad et al., 2016), during protein oxidation in 
PSII membranes deprived of Mn4O5Ca complex (Pathak et al., 2017), or 
during the transformation of peroxynitrite (ONOO-) to nitrate (Sharov 
et al., 1998). 

The most common process that leads to the formation of electroni-
cally excited triplet carbonyls is thermal decomposition of dioxetanes 
(Mano et al., 2014; Bastos et al., 2017; Velosa et al., 2007; Cilento and 
Adam, 1988; Pathak et al., 2017; Adam and Baader, 1985; White et al., 
1974). Excited carbonyls can also be formed in singlet form, especially if 
dioxetanes contain groups that are good electron donors (Cilento and 
Adam, 1988). However, thermolysis of simple dioxetanes (alkyl, alkoxy, 
etc.) preferentially generates excited triplet carbonyl compounds. Not 
only the type of dioxetane, but also its modification can change its 
thermal stability or triplet and singlet excitation yields. For example, the 
thermal stability and triplet and singlet excitation yields increase with 
the degree of methylation, whereas the pattern of methylation does not 
have a significant effect on the thermal stability of studied 1,2-dioxe-
tanes (Adam and Baader, 1985). According to Bastos et al., the quan-
tum yield of triplet state carbonyl species ΦT during decomposition of 1, 
2-dioxetanes is up to 50% compared with that of singlet state species ΦS 
< 0.1% (Bastos et al., 2017). Velosa et al. determined that the maximum 
quantum yield from the generation of triplet carbonyls during 1,2-diox-
etanes thermolysis was 60 % (Velosa et al., 2007). 

Excited triplet carbonyls can also be formed enzymatically. The most 
often used systems for excited triplet carbonyl generation are oxygen-
ated ones with a peroxidase, such as isobutyraldehyde (IBAL) oxidation 
catalyzed by HRP in the presence of molecular oxygen (Dunford et al., 
1984; Schulte-Herbruggen and Sies, 1989; Velosa et al., 2007; Cilento, 

1984; Oliveira et al., 1978). Dunford et al. observed that the chem-
iluminescence, reflecting excited triplet carbonyl content in a sample, 
and oxygen uptake rate in IBAL/O2/HRP system increased together with 
increasing concentration of HRP, at first linearly and at approximately 
0.5 μM the curves started reaching their limit values (Dunford et al., 
1984). In the studied IBAL concentration range, they also observed an 
increase of BAL and oxygen uptake rate with increasing IBAL concen-
tration. Oliveira et al. used higher concentrations of HRP in a system 
with the same compounds and they revealed that, in contrast, a HRP 
concentration higher than 2 μM caused a decrease in the oxygen uptake 
rate (Oliveira et al., 1978). The generation of excited triplet carbonyls 
and BAL emission were also observed during horseradish 
peroxidase-catalyzed aerobic oxidation of 2-methylpropanal (Mano 
et al., 2014), 3-methylacetoacetone (Soares and Bechara, 1982), ribose 
in the presence of hydrogen peroxide (Medeiros and Sies, 1989), lyso-
zyme, bovine serum albumin, and protamine adducts with glyco-
laldehyde (de Medeiros and Bechara, 1986). Cilento and Adam 
mentioned also using phenylacetaldehyde, indole-3-acetic acid, or Schiff 
bases as substrates for these type of reactions (peroxidase/O2 system) 
(Cilento and Adam, 1988). Other enzymes such as NADPH oxidase, 
lipoxygenase, or cytochrome P450 can be also used for oxidation of 
chemical substances in order to generate excited triplet carbonyls 
(Nukui et al., 2013). 

Other processes that lead to the formation of excited triplet carbonyl 
species are decomposition of tetroxides (Pospí̌sil et al., 2019; Pathak 
et al., 2017), dismutation of alkoxyl radicals bearing geminal hydrogen 
atom(s) (ΦT = 0.1–8%) (Mendenhall et al., 1991), the Russell reaction in 
which recombination of alkylperoxyl radicals with geminal hydrogen 
atom(s) forms singlet oxygen (ΦS = 3–14%) (Niu and Mendenhall, 
1992), triplet carbonyl (ΦT ≤ 0.1%), and alcohol as final products 
(Russell, 1957), or the retro Paterno–Büchi reaction, i.e., the reverse [2 
+ 2] cycloaddition of an alkene to a carbonyl compound (ΦT ≤ 0.01%) 
(Farneth and Johnson, 1984). 

Because the radiative de-excitation (i.e. photon emission) of excited 
triplet carbonyls is a spin-forbidden process, energy transfer to nearby 
suitable energy acceptors (such as various chromophores or molecular 
oxygen) occurs frequently (Bastos et al., 2017; Cilento, 1984; Bohne 
et al., 1986; Durán and Cilento, 1980; Prasad et al., 2016; Bechara and 
Wilson, 1980). There are also several other pathways how excited triplet 
carbonyls can release the surplus energy (except for BAL and energy 
transfer): vibrational relaxation (thermal deactivation), cis–trans isom-
erization of conjugated dienes, [2 + 2] cycloaddition to olefins (Pater-
no–Büchi reaction), abstraction of hydrogen from appropriate donors (e. 
g., polyunsaturated fatty acids), and Norrish cleavage (e.g., R-scission 
leading to several products) (Velosa et al., 2007). These other pathways 
decrease the probability of photon emission from excited triplet car-
bonyls, or other energy acceptors, which received the energy from 
excited triplet carbonyls and, therefore, also decrease the BAL intensity 
of a studied sample. 

Several authors have studied the correlation between BAL and the 
level of malondialdehyde (MDA), a secondary product of lipid peroxi-
dation which also contains a carbonyl group. Generally, the higher the 
BAL intensity the higher the MDA level (Havaux et al., 2006; Prasad 
et al., 2016; Noll et al., 1987). Prasad et al. employed a highly sensitive 
CCD camera to evaluate the effects of the time under heat stress on the 
BAL intensity of Chlamydomonas reinhardtii. They observed that a longer 
oxidation time increases the BAL intensity and also MDA concentration 
in a sample (Prasad et al., 2016). Havaux et al. studied Arabidopsis plats - 
wild type, single mutant deficient in ascorbate, and double mutant 
deficient in ascorbate and zeaxanthin exposed to four-days-lasting high 
light stress (Havaux et al., 2006). The double mutant evinced the highest 
integrated BAL signal intensity (the BAL signal integration time was 60 
min) and simultaneously the highest MDA level in leaves. Noll et al. 
observed that the BAL dynamics were significantly delayed after the 
MDA dynamics in case of lipid peroxidation in rat liver microsomes 
promoted by NADPH/ADP-iron, whereas the BAL and MDA dynamics 
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had very similar causes in the case of sample oxidation promoted by 
NADPH/CCl4 (Noll et al., 1987). The maximal rate of MDA formation 
and BAL intensities were different for various initiators and also for 
various tested oxygen partial pressures (Table I in (Noll et al., 1987)). 

4.3.2. Other metabolites 
Burgos et al. monitored respiratory burst (induced by phorbol 12- 

myristate 13-acetate) of differentiated neutrophil-like HL-60 cells 
using BAL (Burgos et al., 2017). The produced lipid metabolites related 
to caused oxidative stress (isoprostanes, prostaglandins, lysosphingoli-
pids, and nitro-fatty acids) were analyzed in cell extracts and in culture 
medium using LC-MS. The authors observed that the amount of 8-iso-
prostaglandin E2, 8-isoprostaglandin E1, prostaglandin E1, and sphin-
ganine C18:0 significantly increased in cell lysates during respiratory 
burst, whereas sphingosine C18:1 decreased. From extracellular me-
tabolites (in culture medium), only prostaglandin E2, prostaglandin D2, 
and ±5-isoprostane F2α-IV significantly increased during respiratory 
burst. The authors concluded that BAL is probably correlated only with 
intracellular signalling metabolic intermediates (Burgos et al., 2017). 
Similar group of authors lead by Burgos evaluated also the correlation of 
BAL with selected amino acids and other nitrogen-containing com-
pounds (Burgos et al., 2016). They used the same model sample 

(differentiated neutrophil-like HL-60 cells) and capillary 
electrophoresis-mass spectrometry for targeted metabolomics. Authors 
revealed the inverse relation of the changes in BAL intensity and in 
putrescine, glutathione, sarcosine, creatine, β-alanine, methionine, and 
hydroxyproline levels. They proposed that methionine pathway may 
contribute to the observed changes in BAL intensity of HL-60 cells. 

4.4. Physical, chemical, and biological parameters correlated with 
oxidative processes, oxidative metabolism and oxidative stress and their 
effects on BAL 

BAL reflects the sample oxidation. Rate, level, and time course of 
sample oxidation, and so also BAL intensity, time course, and spectral 
distribution, depending on the set of various parameters, e.g., sample 
composition and geometry, oxygen concentration, temperature, or pH 
(Bohne et al., 1986; Rychly et al., 2004) (Fig. 6). The change in oxidative 
state of the sample also induces changes in various biological processes, 
which can be also studied by monitoring of BAL (Vahalová et al., 2021). 

4.4.1. Oxygen presence and consumption 
The oxygen concentration is the most important factor that in-

fluences the BAL. The presence of oxygen is essential for the BAL 

Fig. 6. Examples of parameters influenced by oxidative processes in an organism and simultaneously influencing oxidative processes and so also BAL.  

Fig. 7. Effect of oxygen concentration on BAL intensity. a) Oxygen dependence of BAL (≥610 nm) of reduced glutathione/horseradish peroxidase system displayed 
two phases (peaks in the time series) on both chemiluminescence phases: phase I (◦) and phase II (•). b) Time dependence of BAL (CL) intensity of Whatman cellulose 
(circular cuts 6 mm) at 220 ◦C in the atmospheres with three different concentrations of oxygen. The figures are reproduced from (Wefers et al., 1985) (a) and 
(Rychlý et al., 2002) (b) with the permission. 
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measurements and has been confirmed by many authors. For example, a 
significant BAL decrease of oxidized samples in anaerobic compared to 
aerobic conditions (Prasad and Pospí̌sil, 2011; Rajfur, 1994) or even 
complete drop of BAL signal on the level of BAL signal of a sterile or 
non-oxidized medium have been observed in oxidized samples gassed by 
nitrogen (Abeles, 1986; Wefers et al., 1984; Torinuki and Miura, 1981; 
Laager et al., 2009; Strlič et al., 2000; Oros and Alves, 2018) or made 
anaerobic by addition of glucose/glucose oxidase/catalase (Bohne et al., 
1986). The increase in BAL intensity with increasing oxygen concen-
tration in the sample is illustrated by Fig. 7 and has been shown also in 
(Allen, 1979; Quickenden and Tilbury, 1983; Kobayashi et al., 1999). In 
several studied systems (consisting of the sample, oxidizing system, and 
in some cases other substances such as an enzyme inhibitor), authors 
have observed two components of BAL: oxygen-dependent and 
oxygen-independent (Lloyd et al., 1979; Ohya et al., 2000). 

Multiple authors have also analyzed the oxygen consumption and 
rate of oxygen uptake. Usually, the BAL intensity and oxygen uptake rate 
increase with the incubation time (Noll et al., 1987) or increasing con-
centration of the reactants (biomolecular substrate and oxidation re-
agents) (Dunford et al., 1984; Wefers and Sies, 1983; Sharov et al., 1998; 
Napetschnig and Sies, 1987; Knudsen et al., 2000). The time required for 
the parameters to reach a maximum value seems to be dependent on the 
type of a system that promoted the oxidation of the sample or 

steady-state oxygen partial pressure (Noll et al., 1987). For example, 
BAL started to increase with a significant delay after oxygen uptake in a 
system in which lipid peroxidation in rat liver microsomes was pro-
moted by NADPH/ADP-iron (Noll et al., 1987). Furthermore, as the pO2 
was reduced (from 30.0 mm Hg to 3.0 mm Hg), the lag phase became 
even longer. At the lowest tested pO2 (0.5 mm Hg), no BAL was detected 
at all, whereas oxygen uptake was still observed. On the other hand, BAL 
and oxygen uptake have really similar time courses at all tested pO2 in 
case of lipid peroxidation promoted by NADPH/CCl4. Also the time 
course of oxygen uptake can vary a lot depending on the studied system 
and conditions. Knudsen et al. studied chemiluminescence and oxygen 
uptake during reactions of selected aldehydes and β-diketones promoted 
by peroxynitrite (Knudsen et al., 2000). In case of β-diketones 
3-methyl-2,4-pentanedione and 2,4-pentanedione, oxygen was depleted 
within seconds. Total oxygen uptake of aldehyde isobutanal decreased 
by approximately 80% and then remained constant. Oxygen uptake of 
2-pentanone and 3-methyl-2-butanone decreased very slowly during 70 
s of measurement. Another examples of time courses of BAL accompa-
nied by measurement of oxygen uptake are shown in (Bechara et al., 
1979; Soares and Bechara, 1982; Baader et al., 1985). 

To sum up, the BAL intensity is substantially influenced by the ox-
ygen concentration. However, the rate and time course of oxygen uptake 
(and BAL) can vary a lot depending on a type of studied system, 

Fig. 8. Temperature dependence of BAL. 2D images of BAL from a) oxidized linolenic acid, b) light-stressed leaf disks from Arabidopsis plants, and c) oxidized 
lysozyme. Linolenic acid and lysozyme were oxidized by singlet oxygen generated by illumination in the presence of methylene blue. Data are representative images 
from three independent measurements. d) Temperature dependence of BAL (CL) intensity of oxidized Whatman cellulose (circular cut 9 mm) in oxygen. Measured 
points (heating rate 2.5 ◦C/min) are represented by dots and the theoretical fit by full line. The figures are reproduced from (Birtic et al., 2011) (a–c) and (Rychlý 
et al., 2002) (d) with the permission. 

Fig. 9. a) Time dependence of BAL (CL) intensity accompanying the thermal oxidation of Whatman cellulose (circular cuts 6 mm) in the air at three different 
temperatures. b) Temperature dependence of BAL (CL) in nitrogen atmosphere for four different saccharides: A) cellobiose, B) lactose, C) laevoglucosan, and D) 
maltose. Rate of heating was 5 ◦C/min. The figures are reproduced from (Rychlý et al., 2002) (a) and (Strlič et al., 2000) (b) with the permission. 
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oxidating of the sample, concentrations of the reactants, an incubation 
time, and experimental conditions (such as steady-state oxygen partial 
pressure, temperature, or pH). 

4.4.2. Temperature 
Temperature also has significant effects on BAL. Maintaining a stable 

temperature during experiments is critical for reproducibility of exper-
iments (Vahalová et al., 2021; Bereta et al., 2021). Rychlý, Strlič et al. 
studied the thermal oxidation of cellulose using chemiluminescence 
measurements. In the studied range of temperatures, the BAL intensity 
increased with increasing temperature (Birtic et al., 2011; Rychlý et al., 
2002; Rychly et al., 2004; Strlič et al., 2000), see Fig. 8. Temperature 
extremes can lead to substantial damage or even death of cells and, 
therefore, increased BAL intensity (Abeles, 1986). The change of tem-
perature also changed the course of BAL intensity time-dependence 
(Rychlý et al., 2002), see Fig. 9a. Furthermore, a type of oxidized sub-
strate (Fig. 9b) or pre-treatment conditions can significantly modify the 
temperature dependence of BAL (Strlič et al., 2000). Temperature also 
has a significant effect on the rate constants of chemiluminescence decay 
(Abeles, 1986; Rychlý et al., 2002; Rychly et al., 2004). 

4.4.3. pH dependence 
BAL is also strongly dependent on pH. For example, Birtic et al. used 

highly sensitive CCD camera to observe amplifying effect of increasing 
pH on BAL intensity of oxidized linolenic acid, see Fig. 10a (Birtic et al., 
2011). The usual shape of a BAL intensity-pH dependence curve is a 
sigmoidal (Miyamoto et al., 2009; Sharov et al., 1998). Soares and 

Bechara measured the chemiluminescence and oxygen depletion to find 
out that the horseradish peroxidase-catalyzed aerobic oxidation of 
3-methyl-2,4-pentanedione yields biacetyl, partly in the electronically 
excited triplet state (Soares and Bechara, 1982). Besides other things, 
they observed a strong pH effect on the rate of oxygen uptake. The re-
action became 200 times faster when the pH was raised from 7 to 8. 
Knudsen et al. obtained pH profiles of the peroxynitrite-promoted 
oxidation of isobutanal and 3-methyl-2,4-pentanedione by measuring 
the total oxygen consumption, see Fig. 10b (Knudsen et al., 2000). The 
pH profile of 3-methyl-2,4-pentanedione corresponded with the perox-
ynitrous acid titration curve, indicating that peroxynitrite anions act as 
the oxidant. In case of isobutanal, just a subtle increase of oxygen uptake 
was observed in the pH region close to the peroxynitrous acid pKa value. 
However, its pH profile also suggested that the peroxynitrite anion and 
the peroxynitrous acid were the oxidizing agents. The time courses of 
BAL intensity can also vary depending on the pH (Bohne et al., 1986). 

4.4.4. Magnetic field 
Several authors have studied the influence of a magnetic field on 

BAL. It was reported that a low magnetic field (62 Oe) promoted 
respiration and growth of bean seedlings by 10% and also increased the 
chemiluminescence by 40% (Abeles, 1986). On the other hand, higher 
magnetic fields decreased respiration, growth, and BAL. Cheun et al. 
observed that the overall BAL intensities and decay characteristics were 
similar for both samples: Madin-Darby canine kidney cells exposed to a 
60 Hz AC magnetic field (14 Gauss) and control non-exposed cells 
(Cheun et al., 2007). However, chemiluminescence decay patterns in 

Fig. 10. Amplifying effect of increasing pH on a) BAL intensity and on b) total oxygen consumption. a) BAL signal imaged by CCD camera and corresponding sums of 
the signals from oxidized linolenic acid at three different pHs (adjusted by addition of 5 N NaOH). The samples were oxidized by singlet oxygen produced by light and 
methylene blue. Bar graph shows mean values and standard deviations of five independent measurements. b) pH profiles of isobutanal (IBAL) and 3-methyl-2,4-pen-
tanedione (MP). 10 mM IBAL and 1 mM MP in 500 mM phosphate buffer (pH 7.2) were treated with 500 μM peroxynitrite. Reprinted with permission from (Birtic 
et al., 2011) (a) and (Knudsen et al., 2000), copyright 2022 American Chemical Society (b). 

Fig. 11. Influence of a) wounding and b) drought on BAL intensity of plant samples. a) A photograph (A) with wounding locations highlighted by red circles and the 
corresponding 2D image of BAL intensity (B) of the plant Arabidopsis thaliana. b) Changes of BAL intensity of red bean seeds during drought stress (shaded area) and 
after rewatering. tD - drought period, tS - time between placing germinating seeds into a growth chamber (RH = 82% and T = 24 ◦C) and the beginning of drought 
stress application. The figure is reproduced from (Prasad et al., 2020a) (a) and (Ohya et al., 2002) (b) with the permission. 
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detail were slightly different: BAL decay of an exposed sample had a 
peak at the initial part, more apparent with higher H2O2 concentration 
(H2O2 was used to amplify the BAL signal). The decay behavior is 
important in order to understand the effect of a magnetic field on the 
mechanism of ROS generation. Also, Bereta et al. did not observe any 
significant difference in BAL intensities and their dynamics between a 
control yeast cell culture and a sample exposed to a low-frequency 
magnetic field (800 Hz, 1.5 mT) (Bereta et al., 2021). However, their 
measurements showed a significant time shift between the maxima of 
BAL dynamics of the control and the exposed sample: the BAL intensity 
maximum and subsequent rapid decrease occurred earlier in the samples 
exposed to a magnetic field. Because a BAL dynamic of a yeast culture is 
closely related to its metabolism (Vahalová et al., 2021), exposure of the 
yeast sample to the magnetic field probably influenced metabolic pro-
cesses and caused earlier change of metabolism type (and so earlier 
rapid decrease of BAL intensity). 

4.4.5. Sample structural properties 
The structural properties of samples can also affect the BAL emission 

during sample oxidation. For example, Kočar et al. studied the influence 
of sample crystallinity, morphology, and size on chemiluminescence 
during atmospheric oxidation of cellulose (Kočar et al., 2004). Samples 
from microcrystalline cellulose with various crystallinity (30.7, 26.4, 
14.6, and 0.0%) had similar content of carbonyl groups and similar 
courses of BAL intensity. However, the morphology had a significant 
effect on the BAL signal. More refined fibers had a larger specific surface 
area exposed to atmospheric oxygen, larger content of peroxides inside 
the material, and, therefore, higher observed chemiluminescence 
emission. Samples of 0.11, 0.21, 0.47, and 0.70 mm diameter were 
compared with the usual sample size of 9 mm. The two smallest samples 
gave too low signals to allow background subtraction without intro-
ducing a substantial error. The BAL from the samples of diameter 0.47 
and 0.70 mm was comparable with the samples of 9 mm diameter. Iida 
et al. observed that BAL intensity of browned products (a heated mixture 
of 1 M arabinose and 1 M of an amino acid (Ala, Cys, Glu, Lys, Phe, Try, 
or His) in distilled water, soy sauce, and coffee) was influenced by the 
amino acid structure (Iida et al., 2002). 

4.4.6. Biological processes, cell growth and multiplication 
BAL has also been found to correlate with the occurrence of several 

biological processes. The most intensively studied process is cell growth 
and cell division, either in cell cultures (Vahalová et al., 2021; Bereta 
et al., 2021; Červinková et al., 2015; Quickenden and Tilbury, 1983; 
Konev et al., 1966; Quickenden and Hee, 1974; Tilbury and Quickenden, 
1988; Vogel et al., 1998; Vogel and Süssmuth, 1998; Kobayashi and 
Inaba, 2000; Kim et al., 2007a) or whole tissue (Chen et al., 2002; 
Takeda et al., 2004): the most extensively studied biological tissues were 
germinating seeds (Saeidfirozeh et al., 2018; Colli, 1955; Gallep and Dos 
Santos, 2007; Moraes et al., 2012; de Mello, 2014; Gallep et al., 2014, 
2018; Rafieiolhosseini et al., 2016; Gallep and Robert, 2020). 

From microbial cell cultures, the best explored cell type for BAL 
during the cell culture growth is the yeast Saccharomyces and its various 
species (Vahalová et al., 2021; Bereta et al., 2021; Červinková et al., 
2015; Quickenden and Tilbury, 1983; Quickenden and Hee, 1974; Til-
bury and Quickenden, 1988). Quickenden and Que Hee found that the 
most intense BAL signals appear in the Saccharomyces cerevisiae at the 
latter part of the logarithmic stage and early stationary stage (Quick-
enden and Hee, 1974). They also estimated that there is approximately 
0.07–0.7 photons per cell division emitted in the logarithmic stage. In 
their follow-up work, Quickenden and Tilbury observed that both 
standard and respiratory deficient (”petite”) mutants of S. cerevisiae 
displayed BAL signals but with different BAL kinetics and intensities at 
different stages (Quickenden and Tilbury, 1983). When the molecular 
oxygen was removed from the medium by nitrogen saturation, both cell 
types could grow, but there were no BAL signals. The authors concluded 

that BAL does not arise ”from any of the reactions in the fermentative 
and respiratory pathways” and, considering findings in (Lloyd et al., 
1979), suggested that O•−

2 is involved in BAL generating reactions in the 
growing yeast cell cultures. These findings are interesting because they 
link a process (cell growth) to the involvement of particular molecular 
species, particularly O•−

2 . This link is now supported by multiple works, 
see superoxide dismutase (enzyme that removes O•−

2 ) line in Table 2. In 
newer studies on BAL from growing Saccharomyces cerevisiae cultures, it 
was found that within the first approximately 16 h, the BAL signal in-
creases, then starts to decrease and then drops to almost background 
within 30 min (Bereta et al., 2021; Červinková et al., 2015). Later, we 
demonstrated that the BAL signal, after it dropped to low values, can be 
recovered by adding glucose to the cell culture (Vahalová et al., 2021). 
These results indicated that the strong BAL signal from yeast cell cul-
tures is dependent on the pathways involving glucose consumption. 
Cultures of amoeba Dictyostelium discoideum also display a change of BAL 
signals during its development stages (Kobayashi and Inaba, 2000). The 
authors showed that this amoeba cell culture displays a short (< 1 h) 
transient increase of BAL after starvation and then a slow transient in-
crease of BAL intensity during the development stage corresponding to 
the developmental stage of the aggregation stream and formation of 
mounds. BAL of plant tissues, particularly germinating seeds, in which 
dramatic cell growth is taking place, have been explored by several 
research groups. Mung beans (Vigna radiata) have been shown to 
steadily increase the BAL intensity when observed on a time scale up to 
several days (Rafieiolhosseini et al., 2016) and similarly for Arabidopsis 
thaliana (Saeidfirozeh et al., 2018). Results from multiple studies led by 
Gallep suggest that the gravimetric tides, which display semi-circadian 
periodicity, modulate the BAL signal intensity from germinating seeds 
(mostly wheat and coffee) (Gallep and Dos Santos, 2007; Moraes et al., 
2012; de Mello, 2014; Gallep et al., 2014; Gallep and Robert, 2020). 
Although the mechanisms of how the seeds sense the minute changes of 
the gravity is not clear, it seems that these changes are affecting the 
redox metabolism and ROS activity leading to modulation of BAL 
(Gallep et al., 2018). When HeLa cells were analyzed for their BAL in-
tensity during cell culture growth (Kim et al., 2007a, 2007b), the au-
thors found an increase of the signal (on day two or three), and then a 
decrease. The authors claimed that the BAL signal intensity seems to be 
correlated with cell proliferation rate, as observed from the cell growth 
curve. 

The correlation of BAL with the cell growth can be summarized as 
follows: In the initial phases of the growth of the cell cultures and tissue, 
there is typically a positive correlation of cell number (concentration) 
multiplied by the growth rate (per single cell) with the BAL intensity. 
This can be interpreted based on the fact that the total amount of 
actively metabolizing mass (hence total ROS production rate) is 
increasing during the logarithmic phase of growth and then decreases as 
the growth ceases (Vahalová et al., 2021). This development is therefore 
manifested as an increase of BAL intensity, reaching the maximum, and 
then a decrease (Vahalová et al., 2021; Vogel and Süssmuth, 1998; 
Kobayashi and Inaba, 2000; Kim et al., 2007a, 2007b). In particular 
cases, there are also oscillations of BAL intensity induced by external 
rhythms as explained above (Moraes et al., 2012; Gallep et al., 2014). 
Interestingly, certain growth media without the cells can manifest quite 
strong autoluminescent signals, particularly after autoclaving. In such 
media, the presence of cells can have a quenching effect on the total 
luminescence signal, which has been suggested to take place due to 
cell-mediated enhancement of termination reactions (such as for bac-
terial cells Escherichia coli) (Vogel et al., 1998; Vogel and Süssmuth, 
1998, 1999; Vogel, 1998). 

The correlation of BAL with other important biological processes has 
also been studied. Slawinski reported a general overview of BAL and its 
relation to physiological processes (Sławiński, 2005). He concluded, 
based on his works and studies from other authors (Sławiński, 1990; 
Kochel, 1990, 1995), that rapid irreversible homeostasis perturbation, 
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which causes the death of the tested organism, also results in rapid and 
irreversible (meaning that the repeated stimulus would not provide 
repeated response) BAL enhancement. Particularly, in (Sławiński, 2003) 
he showed that the chemical stressors, which do not directly cause 
oxidative reactions leading to BAL (such as formaldehyde or acetone), 
can induce a burst of BAL after treating organisms with lethal concen-
trations. This was demonstrated on multiple species ranging from yeast 
and protozoa to insects and snails (Sławiński, 2003). Maccarrone et al. 
went even deeper into the relationship of BAL and cell death (Maccar-
rone et al., 1999). Based on their results, they suggested that BAL is an 
early marker of apoptotic (but not necrotic) programs involving 
hydrogen peroxide generation and 5-lipoxygenase activation. 

4.4.7. Other factors influencing BAL emission 
BAL emission from plants is also affected by wounding (mechanical 

injury) that leads to enhancement of the photon emission observed by 
several authors. For example, Prasad et al. studied the formation of ROS 
in wounded leaves of Arabidopsis thaliana (Prasad et al., 2020a). Using 
fluorescence imaging and BAL measurements, the authors showed that 
ROS (superoxide anion radical and singlet oxygen) are produced after 
wounding. Subsequent oxidation of biomolecules (mainly of poly-
unsaturated fatty acids) leads to the generation of reactive intermediate 
products and electronically excited species (Prasad et al., 2020a). The 
enhanced BAL signal of mechanically injured parts is shown in Fig. 11a. 
In another article from the same first author, the BAL signal from injured 
parts of the leaves of Arabidopsis thaliana was visible even after 270 min 
(Prasad et al., 2020b). To evaluate the spectral changes of BAL, the ki-
netics of BAL from mechanically injured leaves (20 s after wounding) 
was measured using PMT with cut-on absorption filters with trans-
mission ranges of ≥400 nm and ≥610 nm. The values of BAL were 
comparable for measurements without a filter and with the ≥400 nm 
filter, whereas the use of the ≥610 nm filter resulted in a decrease of the 
BAL signal by approximately a half (Prasad et al., 2020b). Birtic et al. 
also imaged wounded Arabidopsis plants with a cooled CCD camera; 
moreover, they compared BAL emission of a wild-type plant with three 
other mutants (Birtic et al., 2011). A mutant (dd2), incapable of 
hydroxy-fatty acid metabolism, display significantly higher BAL in-
tensity than wild-type. On the other hand, no BAL signal was measured 
for the other two mutants, lipoxygenase 2 RNA interference plants 
(LOX2i-2, LOX2i-9). The luminescence observed after mechanical stress 
has been attributed to chlorophyll (Flor-Henry et al., 2004), lipid per-
oxidation (Birtic et al., 2011), physiological and bioelectrical changes 
(Winkler et al., 2009), or increased peroxidase activity due to cell 
damage together with the release of phenoloxidases (Salin and Bridges, 
1981; Radotic et al., 1998). 

The BAL increase depends on localization of the wounding on the 
plant and wounding extent. For example, Salin and Bridges studied 
chemiluminescence of root and stem segments from etiolated soybean 
plants after mechanical injury (Salin and Bridges, 1981). They observed 
that root tissue evinced higher spontaneous BAL intensity than stem 
tissue and the increase in BAL signal between the control and wounded 
sample was much higher for roots than for stems. Cucurbita pepo variaca 
styriacae was used as the experimental system by Winkler et al. (2009). 
The authors observed that BAL intensity of wounded seed leaves of the 
seedlings was more than two times higher after wounding than before 
wounding; the BAL signal after wounding slowly increased until a rather 
constant level. In contrast, the BAL intensity of the stem doubled (for 
two cuts of stem) after wounding and than decreased hyperbolically, 
after approximately 200 s BAL signal was comparable to the one before 
wounding. More cuts of the sample resulted in an increase in the BAL 
signal. The highest increase in BAL intensity was observed after the total 
destruction of the plant (subsequent decrease is a better fit by an 
exponential function). Almost 15-fold higher BAL was observed after 
plant destruction than from an intact plant, whereas already injured 
plants displayed a lower BAL increase after total destruction (ca. 8 
times) (Winkler et al., 2009). These observations showed the influence 

of pretreatment on BAL intensity. 
BAL modulation has also been observed after an exposure of a sample 

to various other physical or chemical stress factors, such as various types 
of radiation. For example, Torinuki and Miura observed 2.5 times higher 
BAL signal from rat epidermal homogenate after UV irradiation against a 
control sample (Torinuki and Miura, 1981). Similarly, Evelson et al. 
observed a significant increase in in vivo BAL intensity after exposure of 
mouse skin to UVA radiation (Evelson et al., 1997). A maximum 
chemiluminescence intensity (13-fold increase) was recorded after 
45–60 min of UVA exposure. Kim et al. evaluated radiation degradation 
of low density polyethylene using BAL (Kim et al., 2007c). Cobalt-60 
was used as a source of gamma-ray radiation. The authors observed 
increasing BAL signal with increasing radiation dose (from 10 to 500 
kGy). Bögl and Heide used the same source of gamma rays (60Co) with 
radiation doses of up to 10 kGy to irradiate 19 different spices, whole 
onion, milk powder and frozen chicken (Bögl and Heide, 1977). 
Photosensitizer luminol was used to increase the chemiluminescence 
intensity. Except for the sage sample (which had the same chem-
iluminescence intensity without and after treatment), the other samples 
displayed from 2 to 933 times higher chemiluminescence immediately 
after irradiation and from 1.6 to 370 times higher chemiluminescence 1 
month after irradiation (not all samples were measured 1 month later) 
(Bögl and Heide, 1977). Zhu et al. showed that an increase in gamma-ray 
radiation dose up to 3 Gy (60Co) increased the BAL intensity and cell 
mortality of lymphocytes (Zhu et al., 2004). Furthermore, the irradia-
tion of a sample with X-rays can cause an increase in chem-
iluminescence, as observed by Zaqaryan and Badalyan on rats’ whole 
blood sample (Zaqaryan and Badalyan, 2016). 

Other examples of stress factors that change the BAL intensity of a 
sample are osmotic conditions and salt concentration. Ohya et al. 
studied the effects of drought on BAL from red beans (Vigna angularis) 
during germination and seedling stages. (Ohya et al., 2002). They 
observed an initial increase of BAL intensity of the root apex and a 
subsequent slow decrease during 20-h exposure of the sample to 
drought. Ensuing re-watering again caused a steep BAL increase, this 
time leading to approximately two times higher intensity than after 
drought application (Ohya et al., 2002), see. Fig. 11b. Water resupply 
after drought to soybean seedling also led to strong light emission from 
the tip of the root (Xing et al., 1999). On the other hand, the authors 
were not able to detect BAL from the root of the etiolated seedling of 
germinating soybean without water. Ohya et al. also studied the effects 
of NaCl treatment on red bean seedlings (Ohya et al., 2000). They 
observed that BAL intensity after NaCl treatment decreased with 
increasing NaCl concentration (0.01–1 M), except for treatment with 
saturated NaCl solution (4.5 M), which led to substantial BAL increase 
accompanied by destruction of cell membranes. Also, a 1 M NaCl con-
centration was lethal for a sample (protoplasm effusion), whereas 
samples survived at lower NaCl concentrations. Physiological differ-
ences between the sample treated with 0.01 M NaCl and the reference 
were hardly visible. A NaCl concentration of 0.1 M caused a change to 
the root cap color. Salt stress also caused suppression of root elongation, 
which was much more significant at an early growth stage than at a later 
one (Ohya et al., 2000). Finally, toxic compounds can also substantially 
modulate BAL intensity of samples (Radotic et al., 1998). For example, 
Tian et al. studied the influence of a commercial insecticide (beta-cy-
permethrin) and an insecticidal plant (Cicuta virosa L. var. latisecta) on 
spontaneous BAL emission from larvae of two different types of insect 
(Spodoptera litura and Zophobas morio) (Tian et al., 2014). BAL intensities 
from S. litura decreased with increasing concentration of 
beta-cypermethrin (0, 0.1, and 1 μg/ml), whereas BAL from Z. morio was 
higher for the treated samples with beta-cypermethrin (at 0.156, 0.313, 
and 0.625 μg/ml) than for the control sample. BAL from S. litura larvae 
treated with petroleum ether or fraction of C. virosa L. var. latisecta 
(insecticidal plants), which showed little activity in the bioassay with 
the two mentioned insects, increased with increasing dose (10, 100, and 
1000 μg/ml), whereas changes of the BAL from Z. morio after the same 
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treatment were irregular (Tian et al., 2014). 

5. Conclusion and outlook 

In this review, we have highlighted the importance of reduction- 
oxidation processes in molecular and cellular biophysics, biotech-
nology and outlined the current paradigm of biological oxidation. First, 
we made a brief review of the current methods to detect and analyze the 
molecular species and processes related to biological oxidation. The 
main part of our review focuses on biological autoluminescence, which 
enables real-time, nondestructive, reagent-free and energy perturbance- 
free monitoring of oxidative processes. To that end, we reviewed how 
various classes of reactive oxygen species, redox enzymes, metal ions, 
antioxidants, and oxidative products are correlated to BAL signals. We 
also covered correlations of BAL signals with major physical, chemical 
and biological parameters. It is the first review which covers this topic 
from the perspective of BAL as a monitoring method at the biotechno-
logical level. 

We believe that the biotechnological and analytical power of BAL has 
not been harnessed in its full potential. In the applications, we see the 
following ones as the lowest-hanging fruits. Once calibrated to other 
standard methods, BAL could be used for a variety of biotechnological 
applications where optical access is available and non-contact sensing is 
desirable, e.g., monitoring of drug synthesis or other chemical synthesis 
processes that involve action of redox enzymes, monitoring the instan-
taneous growth rate in cell cultures, or monitoring of integral cellular 
stress. BAL could be also used, once properly calibrated by other stan-
dard techniques, for sensing the presence of a variety of reactive oxygen 
species, redox active metal cations, antioxidants and prooxidants, and 
oxidation products of biomolecules, such as carbonyl groups. 

We conclude that biological autoluminescence is a label-free and 
perturbance-free method to monitor oxidation processes in biological 
samples with many potential diagnostic applications in biophysics and 
molecular biology as well as in biotechnology and environmental 
research and industry. 
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Abbreviations 

BAL = biological autoluminescence, CCD = charge-coupled device, 
DABCO = 1,4-diazabicyclo[2.2.2]octane, DMPO = 5,5-dimethyl-1-pyr-
roline N-oxide, DNPH = 2,4-dinitrophe-nylhydrazine, EDTA =

2,2′,2”,2”’-(Ethane-1,2-diyldinitrilo)tetraacetic acid, ELISA = enzyme- 

linked immunosorbent assay, EPR = electron paramagnetic resonance, 
FAD = flavin adenine dinucleotide, GC = gas chromatography, GSH =
glutathione, GSSG = glutathione disulfide, HNE = 4-hydroxy-2-nonenal 
HPLC - high-performance liquid chromatography, HRP = horseradish 
peroxidase IBAL = isobutyraldehyde, LC = liquid chromatography, 
MDA = malondialdehyde, MS = mass spectrometry, MTT = thiazolyl 
blue tetrazolium bromide, NAD+/NADH = nicotinamide adenine dinu-
cleotide, NADP+/NADPH = nicotinamide adenine dinucleotide phos-
phate, PMT = photomultiplier tube ROS = reactive oxygen species, SOD 
= superoxide dismutase, TBARS = thiobarbituric acid reactive sub-
stances, TEMPO = (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, Tiron =
disodium 4,5-dihydroxy-1,3-benzenedisulfonate, trolox = water-soluble 
analog of α-tocopherol, TNB = 5-thio-2-nitrobenoic acid. 
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Radotić, K., Redenović, Č., Jeremić, M., Vučinić, Ž., 1990. Effect of propagators and 
inhibitors on the ultraweak luminescence from maize roots. J. Biolumin. 
Chemilumin. 5 (4), 221–225. URL. http://onlinelibrary.wiley.com/doi/10.1002/bio 
.1170050403/full. 

Radotic, K., Radenovic, C., Jeremic, M., 1998. Spontaneous ultraweak bioluminescence 
in plants: origin, mechanisms and properties. Gen. Physiol. Biophys. 17, 289–308. 
URL. http://www.gpb.sav.sk/1998/1998_04_289.pdf. 
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Rychlý, J., Strlič, M., Matisová-Rychlá, L., Kolar, J., 2002. Chemiluminescence from 
paper I. Kinetic analysis of thermal oxidation of cellulose. Polym. Degrad. Stabil. 78 
(2), 357–367. URL. http://www.sciencedirect.com/science/article/pii/S0141391 
002001878. 

Rychly, J., Matisovarychla, L., Lazar, M., Slovak, K., Strlic, M., Kocar, D., Kolar, J., 2004. 
Thermal oxidation of cellulose investigated by chemiluminescence. The effect of 
water at temperatures above 100?C. Carbohydr. Polym. 58 (3), 301–309. https:// 
doi.org/10.1016/j.carbpol.2004.07.006. URL. http://linkinghub.elsevier.com/retrie 
ve/pii/S0144861704002577. 

Saeidfirozeh, H., Shafiekhani, A., Cifra, M., Masoudi, A.A., 2018. Endogenous 
chemiluminescence from germinating Arabidopsis thaliana seeds. Sci. Rep. 8 (1), 
16231 https://doi.org/10.1038/s41598-018-34485-6. URL. http://www.nature.co 
m/articles/s41598-018-34485-6. 

Salin, M.L., Bridges, S.M., 1981. Chemiluminescence in wounded root tissue: evidence 
for peroxidase involvement. Plant Physiol. 67 (1), 43–46. https://doi.org/10.1104/ 
pp.67.1.43. URL. http://www.plantphysiol.org/cgi/doi/10.1104/pp.67.1.43. 

San Martín, A., Griendling, K.K., 2010. Redox control of vascular smooth muscle 
migration. Antioxidants Redox Signal. 12 (5), 625–640. https://doi.org/10.1089/ 
ars.2009.2852. URL. https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2829046/. 

Savino, S., Fraaije, M.W., 2021. The vast repertoire of carbohydrate oxidases: an 
overview. Biotechnol. Adv. 51, 107634 https://doi.org/10.1016/j. 
biotechadv.2020.107634. URL. https://www.sciencedirect.com/science/article/pii/ 
S0734975020301361. 

Schlenker, T., Feranchak, A.P., Schwake, L., Stremmel, W., Roman, R.M., Fitz, J., 2000. 
Functional interactions between oxidative stress, membrane Na+ permeability, and 
cell volume in rat hepatoma cells. Gastroenterology 118 (2), 395–403. https://doi. 
org/10.1016/S0016-5085(00)70222-8. URL. https://linkinghub.elsevier.com/retrie 
ve/pii/S0016508500702228. 

Schneijder, P., Kok, F., Hermus, R., 1992. Iron, oxidative stress, and disease risk. Cancer 
Causes Control 3, 457–473. 

Schuh, M.D., Speiser, S., Atkinson, G.H., 1984. Time-resolved phosphorescence spectra of 
acetaldehyde and perdeuterioacetaldehyde vapor. J. Phys. Chem. 88 (11), 
2224–2228. 

Schulte-Herbruggen, T., Sies, H., 1989. The peroxidase/oxidase activity of soybean 
lipoxygenase-I. Triplet excited carbonyls from the reaction with isobutanal and the 

effect of glutathione. Photochem. Photobiol. 49 (5), 697–704. URL. http://onlineli 
brary.wiley.com/doi/10.1111/j.1751-1097.1989.tb08443.x/full. 
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Biological autoluminescence 
for assessing oxidative processes 
in yeast cell cultures
Petra Vahalová, Kateřina Červinková & Michal Cifra*

Nowadays, modern medicine is looking for new, more gentle, and more efficient diagnostic methods. 
A pathological state of an organism is often closely connected with increased amount of reactive 
oxygen species. They can react with biomolecules and subsequent reactions can lead to very low 
endogenous light emission (biological autoluminescence—BAL). This phenomenon can be potentially 
used as a non-invasive and low-operational-cost tool for monitoring oxidative stress during diseases. 
To contribute to the understanding of the parameters affecting BAL, we analyzed the BAL from yeast 
Saccharomyces cerevisiae as a representative eukaryotic organism. The relationship between the BAL 
intensity and the amount of reactive oxygen species that originates as a result of the Fenton reaction 
as well as correlation between spontaneous BAL and selected physical and chemical parameters (pH, 
oxygen partial pressure, and cell concentration) during cell growth were established. Our results 
contribute to real-time non-invasive methodologies for monitoring oxidative processes in biomedicine 
and biotechnology.

One of the main missions of modern society is to prevent, manage, and cure diseases. A key requirement to 
achieve this is the development of effective and ideally non-invasive diagnostic methods. New gentle diagnostic 
methods will help to overcome limitations of current methods, which can be painful for the patient and destruc-
tive for the analyzed biosamples. In addition to human diseases, the development of new diagnostic methods is 
also important for monitoring diseases of animals or plants, which have a strong impact on agriculture and the 
food industry. In this work, we contribute to the development of a non-invasive biophotonic method for real-
time monitoring of oxidative processes in cell cultures as model organisms.

Multiple diseases, including those that are the leading causes of deaths worldwide, such as  cancer1, 
 neurodegenerative2, and  cardiovascular3,4 diseases, are closely related to an increased amount of reactive oxy-
gen species (ROS) in affected body parts. In living organisms, incomplete reduction of O2 during respiration is 
considered to be a typical source of ROS. However, ROS are also naturally produced during fatty acid metabolism 
in peroxysomes and by NADPH oxidases in the membrane of  macrophages5. Non-mitochondrial ROS sources, 
originating from proteins encoded by NADPH oxidase orthologs, have also been recently discovered in single 
cell organisms, such as  yeast6. The level of ROS in an organism can also be increased by ionizing radiation or 
 chemicals7. To maintain redox homeostasis, which is necessary for proper functioning of an organism, organisms 
have developed various defense mechanisms to eliminate undesirable ROS or prevent the damage caused by 
them. Endogenous antioxidants include antioxidant enzymes (e.g., catalase, superoxide dismutase, or glutathione 
reductase), metal binding proteins (such as ferritin binding iron or ceruloplasmin binding copper), and several 
other compounds (e.g., lipoic acid, NAD(P)H, or thioredoxin)8. Water-soluble ascorbic acid or lipid-soluble 
tocopherol are examples of antioxidants usually supplied by nutrients.

Interactions of ROS with biomolecules lead to a cascade of reactions. ROS are initiators of these reactions but 
also their products. We can distinguish radicals with unpaired electron (e.g., superoxide anion O−·

2
 , peroxynitrite 

ONOO
−· , hydroperoxyl HO

·

2
 , hydroxyl HO

· , peroxyl ROO· , alkoxyl RO· , or alkyl R· radicals) and less reactive 
two-electron ROS (e.g., hydrogen peroxide H2O2 , organic hydroperoxides ROOH, or singlet oxygen 1O2 ) or if 
they are organic or  not7. However, these oxidants can convert among themselves under particular circumstances 
and reaction conditions. The probable mechanism from the reaction of ROS with biological matter to final photon 
emission (BAL) is briefly described below.

Highly reactive non-organic radicals (mainly HO
· or HO

·

2
 ) adopt an electron from organic matter RH result-

ing in the formation of an organic radical R·9. In the presence of molecular oxygen, peroxyl ROO· can be created 
and subsequently remove the hydrogen from another RH, leading to the formation of ROOH and the restora-
tion of an alkyl R· radical. Cyclization or recombination of ROO· results in the creation of unstable high-energy 
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intermediates, dioxetanes  ROOR10 and tetroxides  ROOOOR11, respectively. 1,2-dioxetane decomposes to triplet 
excited 3R=O

∗ and ground R=O carbonyls, and tetroxide, either to triplet excited carbonyl 3R=O
∗ , molecular 

oxygen, and organic hydroxide ROH or to ground-state carbonyl R=O, singlet oxygen 1O2 , and  ROH9. If a 
chromophore or molecular oxygen are in proximity of triplet excited carbonyls 3R = O

∗ , energy transfer can 
occur and lead to the formation of a triplet 3P∗ or singlet 1P∗ excited chromophore and singlet oxygen 1O2 , respec-
tively. Singlet oxygen can also be the primary product of decomposition of unstable high-energy intermediates. 
Redundant energy of excited species can be released in the form of heat or as light  emission12. Triplet excited 
carbonyls 3R = O

∗ emit between 350 and 550 nm, chromophores in the region 550–750 nm ( 1P∗ ) and 750–1000 
nm ( 3P∗ ), depending on their type. Typical emission wavelengths for singlet oxygen 1O2 are 1270 nm for mono-
mol or 634 and 703 nm for dimol photon emission. A simplified scheme of the reactions is shown in Fig. 1.

However, the probabilities of the reactions leading to the formation of excited species and subsequent radia-
tive de-excitation are very low; therefore, the intensity of photon emission is also very  low13. From tens to several 
hundreds of photons s−1

cm
2 is the range of intensities typical for spontaneous photon emission of a  sample12. 

The intensity can increase by 2–3 orders of magnitude in the case of artificially induced photon emission. On the 
other hand, detector efficiency, distance between the sample and detector, and additional optical effects (such as 
absorption or scattering in the sample) decrease the amount of photons that can be detected. Several terms are 
used to describe this phenomenon. Here we use biological autoluminescence (BAL) to emphasize the biological 
and endogenous origin of this luminescence phenomenon. Other terms used in the literature are ultra-weak 
photon emission, biophotons, or bio-chemiluminescence12.

Although the probable general biochemical and biophysical mechanisms of BAL are rather well  established13, 
the origin and physiology of the processes leading to BAL are different for different organisms in different 
 conditions14–17.

The amount of ROS in organisms can be affected by endogenous processes but also by the presence of external 
oxidants and pro-oxidants. Natural and artificial processes can lead to the generation of various types of ROS. 
One of the common reactions that yields highly reactive hydroxyl radicals besides other  products18 is the Fenton 
reaction, which involves divalent iron ( Fe2+ ) and hydrogen peroxide ( H2O2 ). In organisms, these two chemicals 
are strictly controlled and separated. However, artificial usage of the Fenton reaction is popular in many industrial 
fields in which production of the highly reactive radical is desirable.

As a biological system for the analysis of ROS-BAL correlations, we chose yeast Saccharomyces cerevisiae, 
which is a widely used and well characterized model organism in molecular biology research. Furthermore, yeasts 
and their various strains are also essential in the food  industry19,20 and  biotechnology21. They are eukaryotic, 
which is the same as humans, animals, or plants, but single-celled organisms; thus, it is easier to evaluate the 
effects of various stress factors on the organism.

There have been several studies of spontaneous BAL from yeast. For example, Quickenden et al.14,22–25 stud-
ied the intensity and spectral distribution of spontaneous BAL in the exponential and stationary phase of yeast 
growth. Other researchers have used various methods to study oxidation caused by the Fenton  reaction26,27. 
Ivanova et al.28 focused on mechanisms of chemiluminescence as a result of the Fenton reaction. To connect 
these topics and broaden the knowledge about them, we decided to evaluate the correlation between BAL of a 
living organism, yeast Saccharomyces cerevisiae, and artificially increased amount of ROS by the Fenton reaction. 
We also investigated the correlation between spontaneous BAL and selected physical and chemical parameters 
(pH, oxygen partial pressure, cell concentration, and concentration of the antioxidant ascorbic acid) to verify 
the hypothesis of ROS-BAL correlation. See Fig. 2 for the scheme of the paper.

Results and discussion
Biological autoluminescence enhanced by Fenton reagents. First, we evaluated the BAL signal 
from yeast samples containing three different cell concentrations to determine which concentration resulted 
in the highest BAL intensity. The BAL intensity was observed during real-time oxidation of yeast cells with 0.5 
mM FeSO4 and 2.5 mM H2O2 (final concentrations are always provided, unless noted otherwise). The kinet-
ics during the first 60 s are shown in Fig. 3a. Hydrogen peroxide was injected into the sample after 10 seconds 
of background measurement. The sums of the BAL signal during the first 60 s after injection of H2O2 with a 
subtracted background (first 10 s before the injection of H2O2 ) are shown in Fig. 3b. The average from 3 inde-
pendent measurements and standard deviation are displayed. We can see that the BAL signal increases together 

Figure 1.  A simplified scheme of reactions of ROS with biological matter and subsequent possible reactions 
leading to photon emission based on earlier  work9. Initially, the reaction of ROS with a biomolecule RH leads to 
the formation of various radicals, which in turn lead to the formation of unstable high-energetic intermediates 
(ROOR, ROOOOR). Decomposition of these energetic intermediates leads to the formation of electron excited 
species and subsequent photon emission h ν . See details in the text.
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with the yeast concentration up to the limit 108 cells mL
−1 . With increasing yeast concentration, the amount of 

biomass that ROS can react with is higher and the amount of potential sources of BAL grows. However, above 
10

8
cells mL

−1 , the samples start to become increasingly turbid and also sediment faster, making the lower lay-
ers inaccessible for oxygen and the Fenton reagents, hence decreasing the actual amount of biomass that could 
be directly oxidised. All these factors, we believe, lead to the lower BAL intensity for cell concentrations above 
10

8
cells mL

−1 . Therefore, for subsequent experiments we used a yeast concentration of 108 cells mL
−1 , which 

exhibited the highest BAL intensity.
We measured the BAL response of yeast cell cultures at a concentration of 108 cells mL

−1 induced by the 
addition of various concentrations of the Fenton reagents FeSO4 and H2O2 . The final concentration ranges of the 
reagents were 50 nM–0.5 mM FeSO4 and 25 µM–25 mM H2O2 . The sums of the BAL intensities during the first 
60 s after injection of H2O2 with a subtracted background (calculated from the previous 10 s before the injection 
of H2O2 ) are shown in Fig. 3c. The given numbers (represented by colours) are the average from 3 measure-
ments with a standard deviation. At the lowest used concentrations ( 50 nMFeSO4 and 25µMH2O2 ), a signal 
comparable to the intensity of a control sample (only Milli-Q water without yeast) was obtained, see Fig. S1. For 
the measurements at higher concentrations, the BAL signals were substantially higher than those obtained with 
the control samples. Generally, higher Fenton reagent concentrations resulted in a higher BAL signal.

The influence of oxidation induced by the Fenton reaction (caused by the 0.5mMFeSO4 and 2.5 mM or 
25mMH2O2 ) on a yeast cells was evaluated under a microscope. In Fig. 3e,f yeast (e) before and (f) after 10 
min oxidation with 0.5 mM FeSO4 , 2.5mMH2O2 are shown. The yeast concentration (evaluated for cells with 
a diameter between 3 and 9 µm ) was 108 cells mL

−1 for control sample and before oxidation (Fig. 3e) and 
3 · 10

7
cells mL

−1 after oxidation of the cells (Fig. 3f). For both H2O2 concentrations, we did not observe any 
damaged cells. However, the yeast cells tended to cluster after oxidation. Cell aggregation could be one of the 
possible reasons for the lower yeast concentration that was measured in the 3–9 µm cell diameter range.

Toledano et al. claimed that the toxic concentration of hydrogen peroxide for yeast is approximately 5 mM 
(depending on the yeast species)5, [chap. 6, p.246], which is within the range of the concentrations we evaluated. 
However, inducing the apoptosis by external oxidants depends on the incubation time. There are also several fac-
tors that can modulate the resistance to oxidative stress. For example, yeasts have a higher resistance to oxidative 
stress in the stationary phase and during respiration, when their metabolic processes (oxidative phosphoryla-
tion) employ oxygen and inevitably generate ROS endogenously. Also, previous mild stress condition (including 
different types of stress) can lead to increased tolerance to oxidative stress. For example, the sudden transfer of 
yeast cells from room temperature to 30 ◦

C and change of the medium can be experienced as  stress5, [chap. 6]. 
To assess the viability of cells after the oxidation by Fenton reagents (10 min incubation; 0.5mMFeSO4 , 2.5–250 
mMH2O2 ), we performed a Trypan blue assay using identical experimental conditions (yeast strain, buffers, all 
reagent and cells concentration, duration of oxidation treatments) in our recent  work29. Under our experimental 
conditions, the cell viability remained >98% after treatment with 2.5 mM and 25 mMH2O2 and reduced to 87 
% after treatment with 250 mMH2O2.

The effect of the Fenton reaction ( ≈ 10min incubation; 0.5mMFeSO4 , 2.5 - 250mMH2O2 ) on yeast growth 
was also evaluated here. As shown in Fig. 3d, the samples treated with a higher concentration of hydrogen perox-
ide had a longer lag phase. However, the final amount of cells (in the stationary phase) was similar for all samples. 
The duration of the lag phase depends on several factors such as the temperature, aeration, the conditions in a 
previous environment, amount of transferred biomass, or yeast  health30, [chap. 9]. More stressed cells probably 
need more time to overcome unfavourable consequences and to prepare for cell division.

Figure 2.  A schematic summary of the parameters and processes related to biological autoluminescence (BAL) 
explored in this paper. We analyzed the BAL and related parameters both under the conditions of induced 
and spontaneous (endogenous) oxidation in the yeast cell cultures. For induced oxidation, the amount of free 
radicals in a sample was regulated (increased) by the Fenton reaction. Then, the effects of various concentration 
of yeast and Fenton reagents ( FeSO4 and H2O2 ) on BAL, growth curves, and cell clustering was analyzed. The 
BAL due to spontaneous oxidation processes and its correlation with several selected parameters (pH, pO2 , 
concentration of antioxidant ascorbic acid) were established.
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Figure 3.  Effects of the Fenton reaction on BAL of yeast, their growth curve, and evaluation of the oxidised 
yeast under a microscope. First two graphs (a,b) show induced BAL of yeast by the Fenton reaction (0.5 mM 
FeSO4 , 2.5 mM H2O2 ) for different concentrations of yeast ( 107–109 cells mL−1 ). Part c) displays induced yeast 
BAL by the Fenton reaction for various concentrations of Fenton reagents (50 nM–0.5 mM FeSO4 , 25µM–
25mMH2O2 ) and a fixed yeast concentration ( 108 cells mL

−1 ). (a) BAL kinetics after the injection of hydrogen 
peroxide into the sample after 10 seconds of background measurement (t = 0). (b) Bar graph and (c) heat map 
of the sum of the BAL intensities during the first 60 s after injection of H2O2 with a subtracted background (the 
previous 10 s before the injection of H2O2 ). (d) Yeast growth curves after oxidation of cells ( 108 cells mL

−1 ) by 
the Fenton reaction ( ∼ 10 min; 0.5 mM FeSO4 , 0/2.5/25/250 mM H2O2 ) depicted by OD at 600 nm. In all cases 
(a–d), the average from 3 measurements and the standard deviation are shown. Microscopic pictures of a yeast 
sample in water (e) before and (f) after the Fenton reaction ( ∼ 10 min; 0.5 mM FeSO4 , 2.5 mM H2O2 ). Yeast 
concentrations (3–9 µm in a diameter) were 108 cells mL

−1 before and 3 · 10
7
cells mL

−1 after oxidation.
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Spontaneous biological autoluminescence. We also analyzed the spontaneous BAL of yeast culture 
in a bioreactor during their growth (Fig. 4a). Because the sample was prepared under normal laboratory light 
conditions, we observed an initial slight decrease of the BAL signal while the sample was adapting to the dark 
condition in a black box (the decreasing signal was observed also in YPD medium only, see Fig. S2, so we do 
not attribute it to cellular processes). Then, the signal increased during several hours. At the same time, the pH 
decreased and pO2 displayed nonlinear behavior. After approximately 12 h of measurement, the BAL signal 
sharply decreased, whereas the pH and pO2 slightly increased. Quickenden et al. observed that the BAL of yeast 
Saccharomyces cerevisiae was similar to nutrient luminescence (i.e. close to background) in anaerobic conditions 
(nitrogen instead of air)24. However, there was still enough oxygen in our samples after approximately 12 h (Fig 
4a). As shown in Fig. 3d, a transition from exponential to stationary phase of the cell growth curve occurs after 
approximately 12 h (in a control sample = without Fenton reagents treatment). This change of phases is called 
the diauxic shift and it is connected with a change in yeast metabolism from fermentation to aerobic respiration. 
Therefore, a sharp decrease of the BAL intensity could be caused by internal changes related with the initiation 
of respiration. This statement might look contradictory at first sight, because within classical understanding 
of physiological processes underlying BAL, a higher respiration rate (mitochondria-enabled) should lead to a 
higher rate of ROS  generation31–34, hence to a higher BAL intensity. To explain our observations, we propose the 
following hypothesis: 

1. the ROS generation rate kROS =
dROS

dt
 per unit of effective amount of metabolically active yeast biomass 

Mactive during anaerobic phosphorylation is smaller than the one during the oxidative phosphorylation, i.e., 
kROS,anaerobic < kROS,aerobic

2. the metabolic activity of yeast is much higher during anaerobic metabolism than during aerobic metab-
olism, as demonstrated by the cell growth-rate in the exponential phase versus stationary phase, i.e., 
Mactive,anaerobic ≫ Mactive,aerobic

3. the BAL intensity IBAL is proportional to MactivekROS

4. Mactive,anaerobic kROS,anaerobic > Mactive,aerobic kROS,aerobic , i.e., IBAL,anaerobic > IBAL,aerobic

What could be the potential sources of ROS during anaerobic metabolism and is there any supporting data 
for our hypothesis? According  to35, non-mitochondrial ROS generation can be related to cellular biosynthesis. 
Tilbury et al. also suggested that possible source of BAL during the exponential phase of yeast growth (during 
fermentation) are oxidative side-reactions accompanying protein  synthesis14. Rinnerthaler et al. found that an 
important non-mitochondrial source of ROS in yeast is a NADPH-oxidase ortholog Yno1p/Aim14p6. Maslanka 
et al. also evaluated the content of pyridine nucleotide cofactors and the ratios of their reduced and oxidised 
form. They observed a higher ratio of NADPH/NADP+ for yeast cultivated in the media supporting aerobic 
 respiration35. Besides other functions, NADPH is considered to directly operate as an antioxidant to scavenge 
free radicals and reduce oxidised  biomolecules36. Jamieson et al.37 observed significantly higher (oxidative) 
stress resistance during respiratory growth and stationary phase than during fermentation. Because incomplete 
reduction of O2 during respiration is usually considered as the major source of  ROS5, organisms have developed 
active, antioxidant-based defense mechanisms, which lead to a decreased amount of ROS in cells or repairing 

Figure 4.  (a) Spontaneous BAL of yeast measured in a bioreactor together with the change in pH and pO2 
(average from 3 measurements with a standard deviation). Dashed vertical lines around the twelfth hour 
delimit the sharp decrease of the BAL intensity and corresponding changes in pH and pO2 . (b) Influence of 
various concentrations of the antioxidant ascorbic acid (0–1 mM) on spontaneous BAL of yeast. The initial 
concentration of the sample was 5 · 10

5
cells mL

−1.
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of the damage caused by them. Maslanka et al. observed a dependence of ROS amount and also the ROS source 
on the type of carbon source/concentration of glucose and on the type of metabolism of yeast Saccharomyces 
cerevisiae wild-type and two mutant strains: �sod1 and �sod235. Their results showed that non-mitochondrial 
ROS sources are an important pool of ROS in yeast, especially during fermentation. They also observed that 
more ROS are generated by yeast in the medium with higher concentration of glucose when they estimated the 
level of ROS with dihydroethidium (DHET). Because glucose is an important source of energy for yeast and its 
concentration in a sample has influence on yeast metabolism, we also performed experiments with glucose. We 
observed changes in the glucose concentration in the yeast samples during their growth (Fig. S4) and an increase 
in the yeast BAL intensity when glucose was re-supplied into the sample (Fig. S3). Our data are in agreement 
with the results of Maslanka et al.35. The glucose concentration decreased with increasing yeast concentration. 
In our second mentioned type of the experiment with glucose, after the BAL signal reaches the peak and drops 
to a low level, the addition of glucose causes a temporary increase of the BAL intensity (Fig. S3).

To briefly comment on the kinetics of the pH and partial pressure of oxygen ( pO2 ) in the sample during 15-h 
yeast growth in the bioreactor (Fig. 4a): The decrease of pH during fermentation is a well-known effect in yeast 
biotechnology caused by excretion of organic acids and absorption of basic amino  acids38. The kinetics of pO2 
is much more enigmatic: Initially, there is a decrease of pO2 , then an increase starting after approximately 6–7 h 
and then a decrease again after 10 h. In general, there are two competing processes that determine the pO2 : O2 
(air) supply to the bioreactor via an injecting tube through a bubbling output and consumption of the O2 in the 
sample, which explain the three observed phases of the pO2 kinetics. The initial decrease of pO2 might be due 
to slowly fading auto-oxidation taking place in the YPD medium, which binds O2 . The following increase might 
be due to O2 supply starting to dominate over the O2 consumption. The decrease that starts after 10 h is likely 
owing to the onset of cellular respiration.

We carried out further experiments to test whether oxidative reactions are indeed involved in spontaneous 
BAL generation. The amount of ROS in a sample can be increased by the Fenton reaction, as demonstrated in 
previous  studies26–28. On the other hand, the sample ROS content can also be artificially decreased by using, for 
example, an antioxidant. For experiments in which we wanted to suppress ROS (with an expected consequence 
of suppressing the BAL intensity), a sample with a higher BAL intensity is more suitable for observing a signifi-
cant signal decrease. Therefore, the influence of the antioxidant ascorbic acid on the BAL of yeast culture was 
observed at the time points with high BAL intensity (Fig. 4b). The effect of the antioxidant depended on its final 
concentration in the sample. After injection of ascorbic acid at a lower concentration (0.1 mM), we observed a 
rapid decrease followed by a steep increase back to the values expected for a sample without antioxidant treat-
ment. The injection of ascorbic acid at a higher final concentration (1 mM) resulted in a steep decrease and no 
renewal of the signal. The observed effects probably depended on the ratio of the amounts of ROS and anti-
oxidant. At a lower final concentrations of antioxidant, the molecules of ascorbic acid react with ROS and are 
quickly depleted. Then, the amount of ROS, and thus the BAL signal, increases again without any hindrance. A 
higher concentration of ascorbic acid either terminates the chain production of ROS or considerably reduces the 
amount of ROS for such a long time that the yeast can pass through the fermentation to the aerobic respiration 
phase. Červinková et al.39 also studied the effects of ascorbic acid (vitamin C), among other antioxidants, on 
yeast BAL intensity. They tested concentrations of 1, 5, and 10 mM and also did not observe any renewal of the 
BAL signal. They also tested the influence of ascorbic acid (1, 500, and 1000µM ) on the BAL intensity of HL-60 
cells. Even at the lowest used concentration ( 1µM ), the signal did not recover. As expected, each sample has a 
different threshold antioxidant concentration and also a different response to various  antioxidants39.

Conclusion
We investigated the correlations between selected physical, chemical, and biological factors and the BAL inten-
sity of yeast samples. The oxidation of a yeast cells using the Fenton reaction caused a higher BAL signal with 
increasing concentrations of the Fenton reagents. A higher BAL signal was also observed with increasing yeast 
concentration up to a certain limit, after which the BAL signal decreased again. On the other hand, the addi-
tion of the antioxidant ascorbic acid to the sample decreased the BAL intensity for some time depending on the 
antioxidant dose. We did not observe any damaged yeast cells under a microscope after short-time oxidation, 
just the tendency of the cells to cluster. However, a higher H2O2 concentration caused prolongation of the lag 
phase of the yeast growth.

During yeast culture growth in a bioreactor, the BAL intensity increased together with the number of cells, 
the pH and glucose concentration decreased, whereas the change in pO2 was nonlinear. After approximately 
12 h, when the glucose concentration was low and the yeast samples were undergoing the growth phase change 
(diauxic shift), the BAL signal sharply decreased.

We demonstrated that the BAL intensity of the yeast sample is proportional to the amount of ROS in the 
sample. Our data indicated that non-mitochondrial sources of ROS also play an important role in the production 
of ROS and BAL. We were able to monitor various processes closely connected with the change of ROS content 
in the studied object by observing changes of the BAL intensity over time. However, the ROS content can be 
affected by many various factors. Beyond chemical factors, it could be also physical factors such as  magnetic29 
and electric field, particularly pulsed electric field, which is a part of our ongoing work. In general, knowing 
which other factors can influence the BAL intensity and the mechanisms involved will allow the development 
of a new reliable diagnostic method.
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Methods
Yeast Saccharomyces cerevisiae wild type (BY 4741) was used as a model organism. They were cultivated for 
approximately 24 h in an orbital shaking incubator (Yihder Co., Ltd; LM-420D) at 30 ◦

C , 180 rpm, in standard 
YPD medium (1 % yeast extract, 2 % peptone, 2 % D-glucose). Then, they were centrifuged (Heraeus Biofuge 
Stratos) 2 times and the YPD medium was changed to Milli-Q H2O . Measurement of yeast concentration was 
performed with a cell counter (Beckman Coulter, Z2 series) in the range 3 - 9µm . Yeast Saccharomyces cer-
evisiae has a diameter between 1 and 10µm . Their mean cell size depends on various factors such as growth 
 temperature40, strain, and  age41.

Biological autoluminescence measurement setup. Induced BAL. Induced emission was measured 
from a 3 mL of yeast sample in Milli-Q water in a Petri dish (Thermo Scientific, diameter 35 mm). The con-
centration of yeast was between 107 and 109 cells mL−1 . The amount of ROS in the sample was regulated by the 
Fenton reaction

After preparation of a yeast sample at a required cell concentration, 50µL of iron(II) sulfate was added to 
the sample so that the final FeSO4 concentrations in the sample was 50 nM, 5µM , or 0.5 mM. Then the sample 
was placed into a special black box with a photomultiplier module H7360-01 (Hamamatsu Photonics K.K., 
spectral range 300–650 nm) where the measurements of BAL were performed. After approximately 1 min of 
BAL measurement, 50µL of H2O2 (final concentrations: 25µM , 250µM , 2.5 mM, and 25 mM) was injected 
into the yeast sample with FeSO4 . The whole BAL measurement took approximately 10 minutes. A scheme of 
the experimental setup is shown in Fig. 5a.

Spontaneous BAL. Spontaneous emission was measured in a bioreactor Biostat Aplus (Sartorius Stedim Bio-
tech) in a dark room. The bioreactor with the photodetector chamber was light-isolated by a black cloth con-
struction to further minimize any background light. Yeasts at an initial concentration of 5 · 10

5
cells mL

−1 were 
stirred (180 rpm), bubbled with air ( ∼1 L min

−1 ) and maintained at a temperature of 30 ◦
C during their cultiva-

tion in YPD medium. 75µL of antifoaming agent (polypropylene glycol) was added to the 750 mL sample. The 
measurement time was between 15 and 20 h. The photomultiplier module (H7360-01, Hamamatsu Photonics 
K.K., spectral range 300–650 nm) was used for BAL measurements. A scheme of the experimental setup is 
shown in Fig. 5b. Measurement of the pH, pO2 , and temperature was performed by original probes included in 
the bioreactor.

The initial yeast concentration is lower compared with measurements of BAL intensity after short-time oxi-
dation of yeast cells in water induced by the Fenton reaction. If we want to measure spontaneous BAL of yeast 
and their growth curve simultaneously, it is better to start at a lower yeast concentration to have a nicer shape of 
the curve. (The higher initial amount of yeast quickly depletes the glucose , the exponential phase is really short, 
and the difference between the initial and the final cell concentration is not so distinct.) Also, the measurement 
of yeast concentration is easier and more precise (without dilution of a sample) in the used concentration range. 
(Upper limit of a sample concentration is approximately 3 · 10

8
cells mL

−1 for the cell counter.)
The experiment for observing the influence of glucose re-supply into the sample on BAL intensity was per-

formed in an Erlenmeyer flask in a black box similar to the measurements of induced BAL. The measurement 
setup is described  in42. Cells were cultivated in an orbital shaking incubator (YPD, 30 ◦

C , 180 rpm) for 16 h. The 
cell concentration in the sample was established with a Bürker chamber. The required amount of yeast cells was 
transported to 200 mL of cold YPD medium so that the initial yeast concentration was 5 · 10

5
cells mL

−1 . The 
sample was bubbled with filtered room air. After 16 h of spontaneous BAL measurement, 11 mL 40% glucose 
was added into the sample.

(1)Fe
2+

+ H2O2 → Fe
3+

+ HO
·
+ OH

−

Figure 5.  A scheme of the experimental setup for the measurements of BAL during (a) induced oxidation in a 
Petri dish in a black box and (b) spontaneous oxidation in a bioreactor. The bioreactor with the photodetector 
chamber was light-isolated by a black cloth construction.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10852  | https://doi.org/10.1038/s41598-021-89753-9

www.nature.com/scientificreports/

Glucose concentration measurement. The glucose concentration was established with a commercial 
glucose kit (Glu 1000, Erba Lachema). Optical density was measured at 500 nm and subsequently recalculated 
to a real glucose concentration in mM (using calibration solutions at known glucose concentration).

Growth curve. Growth curves were measured in a Spark microplate reader (Tecan). After approximately 
24-h cultivation of yeast in an orbital shaking incubator ( 30 ◦

C , 180 rpm) in standard YPD medium, the samples 
ware centrifuged (2× ) and the YPD medium was changed to Milli-Q H2O . Then, oxidation of the yeast sample 
(concentration of 108 cells mL

−1 ) was performed with the Fenton reaction ( 0.5mMFeSO4 , 2.5 mM/25 mM/250 
mM H2O2 ) for 10 min. The samples were in the shaker ( 30 ◦

C , 180 rpm) during the oxidation. Then, the samples 
were centrifuged and the water was changed to fresh YPD medium. After dilution of each sample 100 times, 
200µL of each sample was put in a well of a 96-well plate (Thermo Scientific Nunc, transparent, non-treated, flat 
bottom, type no. 269620) and covered with a lid. 5–7 replicates of each sample were prepared on the same plate. 
The optical density at 600 nm was measured every 10 min for 24 h. The samples were shaken for the rest of the 
time. The temperature during measurement of the growth curves was maintained at 30 ◦

C.

Microscopic imaging. Microscopic imaging before and after the oxidation by the Fenton reaction was per-
formed with the microscope BX50 (Olympus) with the camera Moticam 1080. Phase contrast and an objective 
magnification of 20× was used.

Data availability
Raw data are available under https:// doi. org/ 10. 5281/ zenodo. 43823 42 and described in the supplementary infor-
mation S1.
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A B S T R A C T

Pulsed electric field (PEF) technology is an important emerging modality for both biomedicine and the food
industry, yet the mechanisms of action of a PEF on a biomolecular level remain unclear. In order to gain a better
understanding of this, a sensing platform was developed to enable sensitive detection of oxidative processes
induced by the PEF. It was found that the application of PEF in phosphate buffer leads to the electrogeneration
of reactive oxygen species (ROS) which in turn triggers intrinsic chemiluminescence. Furthermore, the presence
of the bovine serum albumin (BSA) was found to increase the luminescence signal, which was attributed to
biochemiluminescence due to the reactions of BSA with the electrogenerated ROS. A carbonyl determination
assay was then used to confirm that the BSA molecules had indeed been oxidatively modified. We proposed a
scheme describing the reactions leading from charge transfer at the anode/electrolyte interface to the actual
photon emission, helping to elucidate the mechanisms of action of PEF on proteins. The results may to open
up new avenues for the application of PEF technology.

1. Introduction

Pulsed electric field (PEF) technology has rapidly growing appli-
cations in several research and industrial fields: e.g. in medicine (en-
abling electrochemotherapy [1–3], non-thermal tissue ablation [4],
novel methods for drug and gene delivery and therapy [5–8]), in the
food industry (enabling non-thermal pasteurization [9,10], increasing
yields of active food compounds extraction [11–13]) and in biotech-
nology (manipulating the function of the biomolecules, such as the
self-assembly of protein complexes [14] and enzyme activity [15]). The
core physical mechanism of PEF relies on manipulating, through the ac-
tion on either mobile or bound electric charges, biomolecular structures
such as membranes or proteins with an intense electric field (EF) to
exert functional changes in biomolecules. Furthermore, the application
of an intense EF for a duration of a short (nanosecond–millisecond)
pulse (often delivered in series) reduces unwanted thermal effects.
While often the primary desired effects of PEF are physical (induction of
the transmembrane voltage or deformation of biomolecules), in samples
(which are of the vast majority) with substantial electrical conductivity,
the passing electric currents inevitably cause electrochemical reactions
at sample/electrode interfaces, which are often not well characterized.
In this paper, we provide new evidence and demonstrate a novel
photonic method for sensing the oxidative effects of PEF on proteins.

∗ Corresponding authors.
E-mail addresses: viliam.kolivoska@jh-inst.cas.cz (V. Kolivoška), cifra@ufe.cz (M. Cifra).

We also demonstrate the PEF acts on proteins through the generation of
reactive oxygen species (ROS) as products of electrochemical reactions
taking place at the anode.

While lipid membranes have been a canonical target for PEF [16],
there is a rising interest and need to understand the PEF effects on
proteins — by mass the most abundant biomolecules in most biological
cells, crucial food constituents, and potential bio-nanotechnological
workhorses. So far, the effects of intense short-duration EF on pro-
teins have been explored theoretically using computational molecular
dynamics simulations and experimentally, mainly for food technology
applications. Molecular dynamics simulations considering the influence
of an EF [17,18] can predict mechanisms and pathways of the EF
effect on proteins structure and dynamics. For instance, an EF has
been shown to change the shape of the protein [19], molecular surface
area [20–22] dipole moment [19,22–24], secondary structure [25–28]
and eventually lead to unfolding [21,25,29]. EF was also found to
affect the propensity towards protein and peptide complex formation
or dis/aggregation [24,30].

In general, these computational results of PEF effects are directly
and indirectly corroborated by various experimental works, albeit there
is only a small overlap between protein types analyzed using com-
putational simulations and those probed experimentally. In several

https://doi.org/10.1016/j.snb.2023.133676
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experimental works, the changes in the UV-circular dichroism spectra
of proteins after PEF application indicate a change in the secondary
structure [31–37]. Often, a change in the fluorescence of intrinsic
aromatic amino acids in proteins has been observed, which indicates
structural changes in the molecule [14,33,38]. The analysis of hy-
drophobic groups and newly accessible SH groups has been used to
demonstrate structural changes and (partial) unfolding [33,39]. In
some cases, the denaturation [40] aggregation of proteins has been
observed [38,41,42]. In the case of enzymes, a change (typically de-
crease) of catalytic activity has been observed after applying PEF [15,
31,36,38]. For these effects to occur, exceeding a certain threshold
of EF strength or a number of pulses and an optimal combination of
PEF parameters and experimental conditions (e.g., buffer composition,
design of the PEF chamber, temperature) must be applied.

Under common PEF treatment conditions of electrically conductive
samples, a substantial proportion of electric current induced by the
delivered EF is associated to charge transfer (reduction and oxida-
tion) reactions at the interface of the sample and employed elec-
trodes, i.e., Faradaic currents. These electrochemical reactions generate
ROS [43], which can subsequently react with biomolecules present
in the sample. These reactions are favored by longer pulses (tens
and hundreds of microseconds and longer) due to their low-frequency
spectral content and by the electrode materials supporting Faradaic
processes [44]. Although some works on lipids [45–47] and complex
cellular biosamples [48–53] have reported oxidative changes after PEF
treatment, oxidative effects of PEF on well-defined protein samples
have not yet been reported, even if tested [54].

The oxidation of proteins can be probed by a wide variety of
methods with distinct features, sensitivity and specificity [55]. One of
the sensitive, label-free, and in-situ methods for sensing of oxidative
processes is intrinsic (bio)chemiluminescence, also termed ultra-weak
photon emission or biological auto(chemi)luminescence (BAL) [55–57].
In this paper, we demonstrate that intrinsic chemiluminescence and
bio-chemiluminescence can be used to sense the electrochemical gen-
eration of ROS by PEF and that those ROS cause oxidation of a model
protein — bovine serum albumin (BSA). Furthermore, we also propose
the reaction mechanism leading to PEF-induced biochemiluminescence.

2. Materials and methods

Materials and Methods are described in Supplementary Information
1.

3. Results and discussion

3.1. PEF induced biochemiluminescence depends on electrode material

Steel is a commonly used electrode material for PEF applications in
medicine and the food industry. However, the use of metals as anodes
may lead to the electrochemical oxidation of their surface, causing
the liberation of metallic cations to the solution, potentially affecting
the structure, properties, and function of the present biomolecules.
The release of cations may be circumvented by using conductive ma-
terials other than metals. Carbon allotropes involving sp2 atoms are
conductive and chemically more inert than metallic elements consti-
tuting steel. Even when oxidized, carbon dioxide is formed, which has
negligible biological activity compared to metallic cations.

To investigate the role of the anode material in the electrochemical
generation of ROS by PEF leading to chemi- and biochemilumines-
cence, we devised a chamber with either a steel or glassy carbon
anode. In both cases, the chamber contained a steel cathode, with
the interface to the inspected sample being beyond the reach of the
photomultiplier tube (PMT) employed as the sensing device (see Fig. 1).
The cathode was partially optically transparent, which enabled the
(bio)chemiluminescence signal from the interior of the chamber to
be sensed. Such an experimental arrangement (see Fig. 2) allows the

specific inspection of anodically generated ROS and their follow-up
reactions. To probe the inherent chemiluminescence of electrogener-
ated ROS without the interference of biomolecules, the experiments
were first performed by employing aqueous phosphate buffer (PB).
Subsequently, measurements were repeated with an aqueous solution
of bovine serum albumin (BSA) taken as a model biomolecule. The
concentrations of PB and BSA in their solutions were adjusted so that
the conductivity of both these samples was identical. This conductivity
equality guarantees that, for a given chamber geometry and applied
voltage, the electric current flowing through the chamber (and hence
passed charge) is the same, enabling direct comparison of the ob-
tained chemiluminescence and BAL signals and referencing them to the
amount of electrogenerated ROS. In all experiments with BSA, we used
a constant concentration of 20 mg/mL (i.e. 0.3 mM) to demonstrate
the principle. This concentration was chosen to optimize the solution
conductivity so that the resistance of the load presented to the PEF
generator was high enough. This enabled maintaining the accuracy
of applied voltage for the entire pulsing series without the distortion
of desired rectangular PEF waveform (see below for details). We also
made additional experiments with higher concentrations of BSA (re-
sults not shown). The general observation is that the higher the BSA
concentration, the higher the current and the higher the BAL signal.
Applied PEF consisted of 30 pulses repeated in 1 s intervals, each of
them polarizing electrodes at a constant voltage of a given magnitude
(see below) for 100 μs (see Fig. 3a for the voltage profile). To obtain the
baseline response, monitoring of luminescence was commenced 120 s
before the PEF period. To monitor the residual response after pulsing,
the signal was measured for another 450 s.

The current transients recorded during the first pulse within PEF
performed with a voltage of 1500 V (the highest value applied in
this work), for both inspected anode materials and samples is shown
in Fig. 3b. The subtle deviations in current magnitudes observed for
the carbon and steel anodes were ascribed to a slight difference in
the chamber geometry (gap between the anode and the cathode, see
Supplementary Information 1 for details). For both the carbon and
steel anodes, the PB and BSA samples showed nearly identical current
profiles. The small current overshoots evident at the beginning of
the pulse and upon its termination originate from the fact that the
probed circuit contains capacitors arising from interfacial double lay-
ers formed naturally at the anode/electrolyte and cathode/electrolyte
interfaces. Constant current observed for most of the pulsing period
suggests that reactance contributions to the impedance due to inter-
facial charging phenomena may be neglected. In the following, we
consider that the entire measured current carried through the elec-
trode/electrolyte interfaces is due to the charge transfer involved in
respective electrochemical reactions.

The chemiluminescence transients obtained for both electrode ma-
terials and samples are shown in Fig. 3c. In contrast to the current
transients, the chemiluminescence profiles showed marked differences.
On the carbon anode, signals obtained for both the PB and BSA samples
have well-developed maxima corresponding to the pulsing period (120
to 150 s). This clearly indicated that anodic charge transfer processes
lead to chemiluminescence. A residual signal was observed upon puls-
ing (150 to 600 s), gradually returning to the baseline response. A
blown-up view of the residual signal for the period between 150 and
210 s is shown in the inset of Fig. 3c. To quantify the chemilumines-
cence during and after pulsing, we performed signal integration in
the respective time intervals, with results shown in Fig. 3d. The BSA
sample had a higher signal integral than the PB sample both during
and after pulsing, implying that protein molecules were involved in
reactions leading to biochemiluminescence. The higher BSA/PB signal
ratio obtained for the period after pulsing indicated that the residual
luminescence signal occurred mainly due to slow processes involving
protein molecules.

With the steel anodes, both samples showed only minute chemilu-
minescence signals, both during and after pulsing. This suggested that
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Fig. 1. (a) 3D model of the PEF chamber and its compartments. (b) Top view of contacting ring, cathode and sample with a zoom into the cathode perforation. (c) Cross-sectional
view of the chamber (cathode, sample and anode) (d) Numerically simulated electric field strength with used pulse amplitude 1500 V. Photograph of (e) an assembled and (f) a
disassembled PEF chamber. See Supplementary Information 1 for more details.

Fig. 2. A schematic diagram of the experimental setup for measuring (bio)chemiluminescence during and after PEF treatment in the dedicated chamber. See Supplementary
Information 1 for more details.

on the steel surface, anodic charge transfer processes do not generate
ROS at quantities detectable by our PMT setup. Presumably, the high
catalytic activity of metal atoms contained in steel in contact with
the samples enables fast electrochemical oxidation of water directly
to non-emissive triplet molecular oxygen 3O2 as the final product.
More detailed analysis of anodic reactions and follow-up interactions

among electrogenerated ROS will be presented below. At the steel
electrode, it cannot be excluded that the charge transfer is partially
realized by the dissolution of metallic atoms. Due to the absence of
chemiluminescence signals, steel was not used further as the anode
material and all experiments presented in the remainder of this work
were performed with the carbon anode.
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Fig. 3. (a) Voltage profile applied in PEF experiments performed in this work (here shown with amplitude of 1500 V). (b) Current transients obtained in the first voltage pulse for
PB and BSA samples employing carbon and steel anode. (c) Luminescence transients recorded before (0 to 120 s), during (120 to 150 s) and after (150 to 600 s) the PEF treatment
of above systems; inset is a close-up on the period just after PEF application (150 to 210 s), (d) Luminescence integrals evaluated for during PEF and after PEF periods.

3.2. Possible mechanisms leading from PEF to biochemiluminescence

To gain deeper mechanistic insights in the anodic process leading
to (bio)chemiluminescence in PB and BSA samples, we performed ex-
periments with systematically varied amounts of electrogenerated ROS.
This was realized by tuning the applied voltage in PEF to different levels
between 300 V and 1500 V. The obtained current–voltage profiles (with
current being taken as the average within the first pulse) were nearly
identical for the two samples (their conductivity was intentionally
adjusted to the same level) and show clear linear dependence (Fig. 4f).
The constructed best linear fits had close-to-zero intercept and thus
demonstrated the Ohmic behavior of the samples in the PEF chamber.

In the bulk of the electrolyte, the transport of charge is realized
by the migration of dissolved ions. For the PB sample, the majority
of the charge carriers were Na+ cation and H2PO−

4 / HPO2−
4 anions.

Contributions of H+ and OH− ions may be neglected due to the pH
neutrality of the sample (∼ pH 7.5). BSA dissolved in the neutral envi-
ronment is negatively charged [58,59]. When dissolved in pure water,
BSA anions are balanced by cations originating from the purchased
sample. As demonstrated above, under the conditions selected in this
work, the entire current is at the electrode/electrolyte interfaces trans-
ferred by electrochemical reactions. For the applied voltage amplitude
values (300 V to 1500 V), the resulting currents ranged from 1.5 A to
8.0 A (Fig. 4f). These figures were several orders of magnitude higher
than diffusion-limited currents expected for substances dissolved at
the millimolar range (concentrations of PB constituents and BSA were
0.36 mM/0.83 mM and 0.30 mM in this work). This implied that at such
high current, the interfacial charge transfer is realized chiefly by the
electrochemical decomposition of water coupled to migration of charge
carriers in the EF.

At the cathode, water is reduced to molecular hydrogen, forming
OH− as a by-product. The geometrical arrangement of the employed
PEF chamber keeps cathodic reactions hidden (i.e not in the line-of-
sight) from the PMT. Furthermore, formed molecular hydrogen has
very low reactivity in an aqueous solution and hence cannot influ-
ence other processes in the chamber. We conclude that the cathodic
hydrogen evolution reaction had no measurable impact on studied
(bio)chemiluminescence.

At the anode, water is oxidized, with molecular oxygen as the most
chemically stable product (see the proposed reaction scheme in Fig. 5
left). The water oxidation process is composed of four elementary steps
(reactions 1 to 4) [60], each of them harvesting one electron to the
anode and releasing one H+ ion to the electrolyte, thus making the
local reaction environment acidic. Importantly, three kinds of ROS are
generated along the reaction pathway (OH∙, O∙∙ and HO∙

2). From them,
OH∙ and HO∙

2 radicals mutually recombine (reactions 5 to 7), with
singlet molecular oxygen 1O2 being one of the products [61]. 1O2 is
converted to its ground triplet state either by a monomolecular decay
(reaction 8) or a bimolecular collision (reaction 9); these processes
are accompanied by photon emission, with maxima at 1278 nm and
634 nm, respectively [57,62–64]. In our work, the range of wavelengths
sensed by the PMT was selected to be from 300 nm to 650 nm with
the highest quantum efficiency from 320 nm to 400 nm. The reason
was selective sensing of the electron-excited triplet carbonyls formed
through reactions of proteins and ROS, which is of our focus (see
below), emit in the wavelength range of 350 nm to 500 nm [57]. The
fact that PMT senses wavelengths from 300 nm to 650 nm implies
that for 1O2 only the emission upon the bimolecular collision (634 nm,
reaction 9, [57]) is included in the chemiluminescence signal measured
and discussed in this work.
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Fig. 4. Luminescence transients recorded for PEF with varied voltage amplitude employing a carbon anode and (a) PB and (b) BSA as the sample. (c) Characteristic decay time
in the after PEF period. Luminescence integrals obtained for during PEF and after PEF period for (d) PB and (e) BSA. (f) Current recorded in the first voltage pulse as a function
of applied voltage amplitude.

The chemiluminescence transients obtained for the PB sample sub-
jected to PEF of varied voltage amplitude values are shown in Fig. 4a,
with integrals evaluated during and after pulsing shown in Fig. 4d.
The signal scales with flowing current (Fig. 4f), clearly confirming
that the observed chemiluminescence originates from electrogenerated
ROS. Pulsing performed at the lowest applied voltage (300 V) leads
to close-to-zero chemiluminescence signal, implying that under these
circumstances the concentration of electrogenerated ROS is low. Pre-
sumably, at low voltages, the catalytic activity of the glassy carbon
anode surface is sufficient for facile oxidation of ROS to non-emissive
3O2. (Note that the same effect was observed for the steel anode for
voltage amplitude as high as 1500 V.) At voltages higher than 300 V,
the rate of ROS generation seems to exceed the capacity of the carbon
surface for their further oxidation to 3O2. Formed ROS get desorbed
from the anode surface and are transported to the bulk electrolyte by
diffusion, where their subsequent mutual collisions (Fig. 5, reactions
5 to 7) are followed by photon emissions (Fig. 5, reactions 8 and
9). Interestingly, at the highest applied voltage (1500 V), the chemi-
luminescence signal decreased during the pulsing period. We presume
that the amount of electrogenerated 3O2 exceeded its solubility limit
in water (1.3 mM). As a result, gaseous adsorbates (nanobubbles and
nanopancakes) are formed and partially cover the anode surface [65,
66]. Most likely, these gaseous structures create obstacles for the mass
transport of ROS, manifesting as a decline in the chemiluminescence
signal.

Similar luminescence versus voltage amplitude dependence was also
obtained for the BSA sample, with overall more pronounced signals
both during and after pulsing (Fig. 4b). The evaluated signal integrals
are presented in Fig. 4e. Higher signals confirmed that BSA molecules
were involved in processes leading to BAL. At neutral pH, during
pulsing, negatively charged BSA molecules move towards the anode,
where ROS are formed by the oxidation of water. Hence, it is intuitive
to interpret an increase of the signal by collisions between ROS and BSA
molecules and follow-up emissive reactions. However, such a seemingly

simple picture is complicated by two physicochemical phenomena.
(1) Electrochemical oxidation of water generates H+ as a by-product,
forming a local pH gradient at the anode. In the acidic environment,
carboxylate moieties in the BSA molecule (imparting a negative charge
in the neutral solution) are discharged, while amine groups are proto-
nated. These acido-basic reactions may cause halting or even reversal of
the migration motion of BSA molecules, complicating their transport to
the anode. (2) Proteins in general, and BSA in particular, tend to adsorb
on carbon surfaces, typically creating a monolayer [67,68]. While
an accumulation of proteins at reaction interfaces may be beneficial
for a signal increase in potential analytical applications, it cannot
be excluded that adsorbed molecules affect electrochemical kinetics
of ROS formation. Reactions among molecules accompanied by their
adsorption on the electrode surface are processes that often complicate
interfacial charge transfer. One should always consider the existence
of these phenomena when interpreting the results of electrochemical
experiments.

During pulsing, the presence of BSA in the sample increases the in-
tegral of the chemiluminescence signal by a factor of approximately 1.5
(Fig. 4d, e). The amplification is more pronounced in the after-pulsing
period (factor of 3 to 4). This comparison implies that BSA molecules
contribute to the luminescence signal chiefly in the post-pulsing period.
This observation motivated us to quantify the characteristic times of
the luminescence decay in the post-pulsing period. We evaluated the
signal at the end of the pulsing period (at 150 s) and determined the
time interval required for this signal to fall to 1/10 of its original
intensity. The obtained results (Fig. 4c) indicated that the presence
of BSA approximately doubles the characteristic decay time. A higher
signal maintained for a longer period upon pulsing recorded for the
BSA sample suggested that the observed BAL is preceded by sluggish
physical (diffusion) and chemical (bimolecular collisions) processes
involving protein molecules.

While evaluating the amount and spatial distribution of ROS formed
at the anode in the PEF is beyond the scope of this work, we briefly
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Fig. 5. Upper: Proposed reaction scheme of the anodic ROS generation and BSA oxidation induced by PEF. (1) to (4) Anodic oxidation of water leading to radical ROS and
oxygen. (5) to (7) Recombination reactions among radical ROS. Photoemissive monomolecular decay (8) and bimolecular collision and emission (9) of singlet oxygen. (10) and
(11) Damage of aliphatic structures in the BSA molecule by ROS and oxygen. Possible reaction routes of further oxidative damage of BSA molecule — dioxethane (A) and tetroxide
(B) pathway, with electron-excited triplet carbonyl (B1) and singlet oxygen (B2) as final BAL emitters. Lower: Cartoon cumulatively depicting physical processes (mass transport
due to diffusion and migration) and chemical reactions (charge transfer processes at anode (+) and cathode (-), bulk collisions and photoemissive deexcitations) taking place in
the PEF chamber filled with PB (left) and BSA (right).

present an approach enabling the estimation of their surface con-
centrations and the extent to which they penetrate to the bulk of
the sample. We applied basic laws governing mass transport/charge
transfer phenomena and performed several simplifications to keep the
involved mathematics at a widely understandable level (see Supple-
mentary Information 2). We considered that the hydroxyl radical OH∙

was the only electrogenerated ROS, i.e. only reaction 1, Fig. 5, takes
place; the mechanism of the reactions between ROS and BSA will be
presented below. This allowed the amount of ROS 𝑛 to be estimated
based on Faraday’s law for electrolysis, 𝑛 = 𝐼𝑁𝛥𝑡∕(𝑧𝐹 ), where 𝐼 is
current, 𝑁 is the number of applied pulses with a width of 𝛥𝑡, 𝑧 is
the number of electrons (per molecule) exchanged in the reaction (one
for OH∙) and 𝐹 is Faraday‘s constant (96485 C mol−1). For the applied
PEF (30 × 100 μs pulse) and measured currents (1.5 A to 8.0 A), the
amount of electrogenerated ROS ranged from 0.5 to 2.5 ⋅10−7 mol.
ROS formed at the anode are transported to the bulk of the sample
by diffusion. The thickness of the diffusion layer ⟨x⟩ is used to estimate
the distance to which ROS penetrate, ⟨x⟩ scales with time 𝑡 according
to the formula ⟨x⟩2 = 4𝐷𝑡, where 𝐷 is the diffusion coefficient (5.3

⋅10−9 m2 s−1 for OH∙). We applied this relationship to determine the ⟨x⟩
value for the characteristic decay time of luminescence (roughly 15 s,
see Fig. 4c). We considered that the entire ROS were generated at once
at 𝑡 = 0 s and corrected this assumption by adding the length of pulsing
period (30 s) to the time introduced to the calculation. The obtained
result (⟨x⟩ = 0.98 mm) indicated that at the characteristic decay time
of luminescence, the ‘‘fastest’’ ROS were transported roughly to the
middle of the PEF chamber (see Supplementary Information 1 for the
geometry). The concentration profile of ROS electrogenerated at the
anode can be approximated by a decreasing linear function, running
from 𝑐0 at the anode to 0 mM at ⟨x⟩. This allows 𝑐0 to be estimated
based on the relationship 𝑐0 = 2𝑛∕(𝐴⟨x⟩), where 𝐴 is the electrode
area (in this work 5.3 ⋅10−4 m2). For the performed PEF experiments,
the resulting 𝑐0 values ranged from 0.18 to 0.96 mM, which is com-
parable to the concentration of initially introduced BSA (0.30 mM).
Importantly, the presented calculations may help design experimental
conditions (e.g., chamber geometry, PEF parameters, sample conductiv-
ity and duration of experiment) for tuning the concentration and spatial
distribution of electrogenerated ROS. In the Supplementary Information
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Fig. 6. Carbonyl content (a) and fluorescence (excitation at 280 nm, measurement at 338 nm) response (b) of pristine BSA samples (purple bands), BSA samples subjected to PEF
treatment with one (green bars) and eight (blue bars) pulsing series at carbon and steel anode and BSA samples subjected to Fenton reagent (magenta bars). In (b) fluorescence
response of pristine (cyan band) and respectively treated (light shades) PB samples is additionally depicted.

2, we provide an excel sheet containing applets enabling the scrutiny of
various physicochemical aspects (diffusion, migration, sample conduc-
tivity, amount of dissolved gases, amount and concentration profiles of
electrogenerated products, temperature increase in the solution due to
Joule heating in PEF and diffusive heat transport) relevant to PEF ex-
periments with biomolecules. The temperature increase during the PEF
treatment was monitored experimentally employing a thermal camera,
see Fig. S1 in the Supplementary Information 1 — the temperature
increase was 2.2 ◦C above the initial temperature after 30 pulses. Such
small temperature increase is assumed to have no influence on the
chemical structure and BAL of BSA molecules.

In the following, we present a suggested reaction mechanism of
the BSA oxidation by ROS generated at the anode in the PEF and
subsequent photoemissive reactions, with the scheme presented in
Fig. 5,right. A significant portion of the amino acids constituting pro-
teins contain aliphatic sequences, which allows BSA to be generally
depicted as a R’CH2CH2R" structure, where R’ and R" denote the rest
of the molecule. Based on the equal current–voltage characteristics
obtained for the PB and BSA samples (Fig. 4f), we consider that ROS
are electrogenerated irrespective of the protein presence. Following
mechanistic models developed for the oxidation of biomolecules [57],
we presume that the BSA molecule is first attacked by an OH∙ radi-
cal (Fig. 5, reaction 10), forming a BSA (alkyl) radical. This radical
further reacts with an oxygen molecule (either electrogenerated or
naturally dissolved in water), forming a BSA peroxyl radical (reaction
11). The latter undergoes one of the following reaction pathways: (A)
The terminal oxygen radical atom of the peroxyl group attacks an
adjacent carbon atom, causing hydrogen abstraction and formation
of 1,2-dioxoethane derivative. It decomposes, forming two separate
carbonyl-containing products, one of them being an electron-excited
triplet carbonyl that is subsequently converted to the ground singlet
state, with the process being accompanied by the emission of a photon.
(B) Two BSA peroxyl radicals dimerize forming a tetroxide derivative,
which decomposes by a disproportionation reaction to an alcohol, a
carbonyl-containing species and molecular oxygen. This reaction either
forms electron-excited triplet carbonyl (B1) or 1O2 (B2), with both of
them producing photons in follow-up reactions. As mentioned above,
1O2 is converted to its ground triplet state either by a monomolecular
(reaction 8) or by a bimolecular emissive process (reaction 9), the latter
being sensed by the PMT employed in this work.

3.3. PEF generated ROS cause chemical changes in protein

To corroborate the correctness of the proposed reaction mechanism,
we analyzed BSA samples subjected to the PEF treatment for the
content of carbonyl moieties. The analysis is based on colorimetric
determination of a product of the reaction between carbonyl groups and
2,4-dinitrophenylhydrazine (Brady test, see Supplementary Information
1 for details). As a negative and positive control, the analysis was
performed for pristine (untreated) BSA and BSA oxidized by a Fenton
reagent (1 μM FeSO4 and 146.5 mM H2O2) replacing the PEF treatment.
The Fenton reagent generates HO⋅ and OOH⋅ ROS according to the
following reaction scheme

Fe2+ + H2O2 → Fe3+ + HO⋅ + OH− (1)

Fe3+ + H2O2 → Fe2+ + OOH⋅ + H+ (2)

For comparison, we also include the analysis performed for BSA
samples subjected to the PEF treatment employing steel anodes where
almost no luminescence signal was observed (see Fig. 3c, d. The con-
tent of carbonyls depending on the sample treatment is depicted in
Fig. 6a. The result obtained for the pristine BSA is interpreted as a
natural content of carbonyl groups in the protein. The treatment of
the BSA sample by Fenton reagent leads to a profound increase of the
carbonyl content, implying that new carbonyl groups are formed in the
sample upon the oxidation of BSA by chemically generated ROS. In
contrast, the samples subjected to the PEF treatment show only a subtle
increase of the carbonyl amount. The increase is roughly triple for the
carbon anode in comparison with the steel anode. It is important to
highlight that in PEF-based experiments, ROS are generated only at the
anode and are transported to a limited volume of the BSA sample (see
the discussion above), whereas in Fenton-reagent-based experiments
ROS are present in the entire volume of the sample. To enhance the
reach of electrogenerated ROS in the bulk of the sample, we repeated
the PEF treatment with number of pulses increased from 30 to 240
(i.e., multiplied 8-times, with 90 s pause between each pulsing series).
For the steel anode, the carbonyl content remained almost unaltered,
which is in line with the very sluggish ROS formation as deduced from
the minute luminescence signal (see Fig. 3c, d. For the carbon anode,
an approximately three-fold increase in the amount of carbonyl was
observed upon extended pulsing. The deviation between the change
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of the carbonyl content and the increase in the number of pulses
was ascribed to non-linear nature of the diffusion as a mass transport
mechanism preceding the reactions among ROS and BSA.

Samples of BSA treated as described above were further analyzed
for the content of aromatic amino acid residues by evaluating the
fluorescence signal at 338 nm (Fig. 6b). The fluorescence was excited
at 280 nm, which falls within the absorption bands of tyrosine (TYR)
and tryptophan (TRP), to selectively probe these residues.

The BSA sample subjected to the Fenton treatment showed a con-
siderable decrease of the fluorescence signal when compared to the
pristine sample, indicating that TYR and TRP residues were oxidized.
In contrast, all BSA samples treated by PEF showed only a very subtle
fluorescence decrease (less than 5 %), implying that the vast majority
of TYR and TRP residues remained intact upon pulsing. This result
indicated that the oxidation of BSA by electrogenerated ROS takes place
in the non-aromatic parts of the molecule. This is in line with the
proposed reaction mechanism (Fig. 5), in which the oxidation of the
aliphatic parts of the BSA molecule is considered.

Besides luminescence measurements with BSA and electrogenerated
ROS in PEF (see Figs. 3 and 4), we additionally employed luminescence
measurements to probe chemical oxidation of BSA by Fenton reagent.
We found out that observed luminescence signals scale with amounts of
H2O2 and Fe2+ introduced as the ROS precursor and catalyst in the Fen-
ton reagent (see Supplementary Information 1 for details). These find-
ing corroborate that biochemiluminescence observed in PEF is indeed
due to reactions among electrogenerated ROS and BSA molecules.

In this paper, we aimed to explore essential mechanistic aspects
of PEF-induced oxidative processes in biomolecules leading to BAL.
Therefore we focused on a very simple biomolecular system — aqueous
solution of BSA. However, the results lie a foundation for the potential
use of our method for ROS generation by PEF and their action also
in more complex ex vivo or in vivo systems. Some earlier pioneering
works [50], which nevertheless provided no mechanistic details of how
the ROS are generated, as well as our ongoing work, suggest there is a
correlation between cell membrane electroporation and BAL.

4. Conclusions and outlook

In this work, we designed and manufactured a unique experimental
platform for sensing the formation of reactive oxygen species and the
oxidation of bovine serum albumin as a model biomolecule in pulsed
electric fields by (bio)chemiluminescence measurements.

We demonstrate that the anode material has a decisive role in the
formation of reactive oxygen species, with glassy carbon producing
significant quantities. The introduction of bovine serum albumin led
to an increase of the luminescence signal, indicating that its molecules
were involved in chemical reactions leading to the photon emission.
Based on a general scheme applicable to the oxidation of biomolecules,
we proposed a reaction mechanism of bovine serum albumin oxidation
by electrogenerated reactive oxygen species, with the observed bio-
chemiluminescence being due to electron-excited triplet carbonyls and
singlet oxygen originating from oxidative damage of aliphatic regions
in the molecule. The validity of the proposed mechanism was confirmed
by the chemical spectroscopic analysis of protein samples. Additionally,
we explored the chemical oxidation of bovine serum albumin by Fenton
reagent, further corroborating the correctness of the suggested reaction
mechanism.

Our work clearly confirms that biochemiluminescence is a valu-
able tool for in-situ real-time monitoring of oxidative changes in
biomolecules induced by reactive oxygen species. At the same time,
the obtained results underscore that these species are unavoidably
formed in pulsed electric fields, contributing to structural and func-
tional changes (e.g. enzymatic activity) of probed biomolecules. In
future work, we intend to perform spectral analysis of electrogenerated
biochemiluminescence to provide further evidence for the proposed
photon emitters. Apart from pulsed electric field, our investigations will

utilize linear sweep voltage profiles enabling closer revelation of reac-
tion mechanisms of reactive oxygen species formation. Furthermore, we
aim to explore how various pro-oxidants and anti-oxidants modulate
oxidative damage of proteins in pulsed electric fields. Besides that,
we will employ other electrolyte anions (nitrate and halogenides) to
inspect the formation and oxidation properties of other types of reactive
species.

5. Abbreviations & terminology

BAL = biological autoluminescence = (bio)chemiluminescence (‘‘auto’’
refers to the fact that species, after being oxidized by ROS, which lead to
the luminescence signal are already present (endogenous) in the sample)
BSA = bovine serum albumin
EF = electric field
PB = phosphate buffer
PEF = pulsed electric field
PMT = photomultiplier tube
ROS = reactive oxygen species
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7 Results

The results of the research presented in this thesis were published in scientific journals (see the list of author’s

publications on the page 87). The core of the dissertation consists of three main parts, namely Chapters 4, 5,

and 6 and one paper in the Appendix, Section A. Full bibliographic citation, the contribution of the candidate,

and acknowledgments are stated at the beginning of each section.

The fourth chapter (Chap. 4) reviews methods for monitoring oxidation mainly in biochemical systems,

cells and tissue cultures and mentions their basic characteristics. The second part is focused on the particular

chemiluminescent method – BAL and its correlations with various aspects. The pros and cons of this method

are discussed. The review provides an overview of BAL employment to report on various aspects of oxidation

processes starting from oxygen consumption to the generation of oxidation products such as carbonyls.

In further chapter 5, the correlation between BAL from yeast Saccharomyces cerevisiae and selected phys-

ical, chemical, or biological parameters are analyzed. For example, the BAL signal increased together with

the number of ROS (resulting from the Fenton reaction) in a sample, while it increased just up to a certain

limit and then started to decrease together with increasing yeast concentration. The addition of the antioxidant

ascorbic acid to the sample suppressed the BAL signal for some time or completely depending on the antioxi-

dant dose. Short-time oxidation of yeast cells by Fenton reagents did not cause any damage observable under

a microscope, just increased the tendency of the cells to cluster. Additionally, higher H2O2 concentrations

caused prolongation of the lag phase of yeast growth. During yeast culture growth in a bioreactor, the BAL

intensity increased together with the number of cells, while the pH and glucose concentration decreased. The

changes in oxygen partial pressure were nonlinear. After approximately 12 hours, when the glucose concen-

tration was low and the yeast growth phase changed (’diauxic shift’), the BAL signal sharply decreased. These

results contribute to real-time non-invasive methodologies for monitoring oxidative processes in biomedicine

and biotechnology.
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Section 6 engages BAL employment for monitoring oxidation in a BSA solution caused by PEF treatment.

A special PEF chamber was designed and manufactured for this purpose. Comparison of a stainless steel anode

(commonly used for PEF treatments) with a glassy carbon (anodically inert material) anode showed that the

glassy carbon anode evinced significantly higher chemiluminescence signals than the steel one for our setup

and measurement parameters. Variation of the applied voltage magnitude showed that the chemiluminescence

signal increases together with increasing current, confirming that the origin of observed chemiluminescence is

in electrogenerated ROS. The chemiluminescence signal increase in the BSA sample compared to the phos-

phate buffer (with the same conductivity) indicates involvement of BSA molecules in processes leading to

biochemiluminescence. BAL based on BSA oxidation by electrogenerated ROS is probably due to excited

triplet carbonyl groups and singlet oxygen originating from the oxidative damage of aliphatic regions in the

protein molecule. This proposed reaction mechanism was supported by the results of spectroscopic analysis of

protein carbonyls and measurement of changes in fluorescence of aromatic amino acid residues.

Possible approaches for enhancement of very low BAL signals are reviewed in the article in Appendix,

Section A. Enhancement of the intensity by the application of electric or magnetic field and employment of

nanoparticles (such as gold ones) into cells are discussed.
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8 Conclusions

8.1 Contribution of the dissertation

This thesis provided an overview of available methods for monitoring oxidation in biosamples and their ba-

sic characteristics and capabilities (Chap. 4). It immersed deeply into one of these methods, namely the one

employing BAL, and focused on the correlations between BAL characteristics and selected physical, chem-

ical, and biological parameters (Chap. 4). References related to the BAL correlations with various aspects

influencing the BAL process (such as ROS generation or various oxidative products) were separated into two

groups according to the level of sample complexity and summarized in Chap. 4 (Table 2). Possibilities of the

enhancement of the very low BAL signals were also discussed (Appendix, Section A).

Experimental results confirmed ROS participation in the reaction mechanism leading to BAL and the pos-

itive correlation between the number of ROS and BAL intensity (Chap. 5 and 6). Additionally, a proposal of

a reaction scheme in a BSA sample where BAL was significantly enhanced by electrogenerated ROS was pro-

vided (Chap. 6, Fig. 5). The thesis also contributed to the extension of current knowledge of BAL correlations

with various physical, chemical or biological parameters or aspects related to 1) spontaneous BAL of yeast

Saccharomyces cerevisiae cell culture during its cultivation in a bioreactor (Chap. 5), 2) chemically enhanced

BAL (by a hydroxyl radical originated from the Fenton reaction) from yeast cell culture (Chap. 5) and from the

protein BSA (Chap. 6), and 3) physically enhanced BAL (by PEF) from the protein BSA (Chap. 6). The results

of the thesis support the possibility of BAL employment as a non-invasive monitoring and diagnostic method

in medicine and food industry.

In conclusion, the goals of the thesis summarized in Chapter 3 were fulfilled in Sections 4–6 and in the

article in Appendix, part A.

8.2 Future directions

During my work, I have pioneered and optimized multiple experimental protocols, mainly connected with mea-

surement of BAL from yeast cell culture and PEF-induced BAL from the protein. It provides scope for other
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CHAPTER 8. CONCLUSIONS

experiments with the great model organism, the simplest eukaryote, single cell - yeast Saccharomyces cere-

visiae and also for studying the influence of PEF on various other proteins or other biosamples. For example,

putting together, a natural next step could be measurement of BAL from yeast treated by PEF.
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Abstract 

All organisms, including humans, emit ultraweak luminescence (10 – 1000 

photons∙s-1∙cm-2 in the wavelength range of at least 350 – 1270 nm). These photons 

can be detected by very sensitive photomultiplier tubes or charge-coupled device 

imaging detectors. Biological autoluminescence (BAL) is an endogenously generated 

light and does not depend on external excitation by chemical means or light 

irradiation. It is widely accepted that BAL originates from electron-excited states, 

which are produced during oxidation reactions of biomolecules in living cells, i.e., it is 

related to the formation of reactive oxygen species (ROS). Because oxidative 

metabolism, as the main generating source of ROS, continues throughout the life of a 

living organism, it is possible to identify the health or disease status of a living system 

by analyzing the properties of these photons. Although BAL signals might contain 

valuable information about the physiological environment of a living cell, the 

detection of their ultraweak signal is a challenge for future in vivo diagnostic 

applications. Therefore, the development of appropriate strategies for enhancement of 

the BAL signal is necessary. Here we review novel biophysical approaches for 

enhancement of BAL. 

Key words: Biological autoluminescence; Signal enhancement, Nanoparticles, 

Short intense electric pulses, Reactive oxygen species. 

Abbreviations: 

(BAL): Biological autoluminescence, (ECL): Electrochemiluminescence, (LFE): 

Low field effect, (ROS): Reactive oxygen species, (NP): Nanoparticle 



 

 

1. Introduction 

Biological autoluminescence (BAL) is known to be generated by electronically 

excited states of molecules in biosystems [1-12]. The typical intensity is <1000 

photons∙s-1∙cm-2. These rays cover a range of the electromagnetic wave spectrum 350 – 

1270 nm (depending on the type of emitter molecule), which includes a significant 

portion of the visible range, and hence is also called ultra-weak photon emission, 

biophotons, endogenous bioluminescence, autoluminescence, weak luminescence, 

low-level chemiluminescence, spontaneous chemiluminescence, spontaneous ultra-

weak light emission, or ultra-weak bioluminescence [9]. BAL is endogenously 

generated and, unlike other luminescence phenomena, does not depend on exogenous 

chemical, physical, or electrical excitations. In fact, BAL is emitted from 

endogenously excited biomolecules. Extensive indirect investigation of BAL as light 

dates back to the 1920s [13, 14] when it was referred to as mitogenetic rays [15]. The 

existence of this phenomenon was controversial until the 1950s, when the first 

photomultiplier tubes were used to reliably confirm this phenomenon in a number of 

species [16, 17] and further supported using charge-coupled device camera systems in 

the 1990s [18]. To date, a widely accepted view regarding the origin of BAL is that the 

oxidative reactions of biomolecules initiate the generation of electron excited 

molecular species. There are also other hypotheses: one of them, which is not accepted 

by the wider scientific community because of the lack of experimental evidence, 

claims that endogenous biological light emanates from a coherent electromagnetic 

field and the main source of these emissions could be inside the DNA molecule and 

other intracellular cavity resonators [19]. Although profiling the genes (genomics), 

proteins (proteomics), and other cellular biomarkers (metabolomics) provide 

promising methods to detect different physiological states, these methods depend on 

applying invasive sampling methods. Therefore, the monitoring of intracellular and 

intercellular events at the appropriate time and location without the use of invasive 

methods is a major goal of future research in various disciplines. As all metabolically 

active cells (both eukaryotic and prokaryotic) generate electronically excited 

biomolecules during their metabolism as the main source of BAL, it can be considered 

as a new non-invasive diagnosis approach [20]. A significant increase in the BAL 

signal intensity of in vivo implanted tumors has been observed [21]. Researchers have 

shown that there is a strong relationship between the enhancement of the BAL signals 

intensity and an increase in tumor size [22]. In normal tissue, generated ROS are 

quickly eliminated by the enzymatic (as self-defense antioxidant mechanisms of living 

cells) or non-enzymatic pathways [23]. Compared with normal tissue, cancer tissue 

has a lower concentration of ROS eliminators, such as superoxide dismutase and 

catalase [24]. Such evidence shows the potential application of BAL as a noninvasive 

monitoring method for the early detection of cancer. Recently, cancer biomarkers have 

also been successfully detected by the analysis of BAL intensity. Among all human 

tissues, the skin is the most prone to oxidative damage. Considering the powerful 

relationship between the BAL intensity and oxidative processes, skin-related diseases 

could also be studied using BAL [25-29]. Several studies have shown that neuronal 

tissue activity can be studied by BAL [30-32]. In agriculture, the intensity and the 

spectrum of biologically generated photons can be used to evaluate plant responses to 

pathogens [33], drought stress [34], salinity stress [35], and herbicides [36]. The 

researchers also indicate it is possible to study physiological changes during 



 

 

metamorphosis non-invasively by imaging of BAL [37]. Despite widespread efforts to 

optimally exploit the valuable properties of BAL, the weak intensity of these signals is 

considered as a major constraint both in in vivo and in vitro applications [38-42]. 

Hence, BAL signal enhancement studies are strongly required. 

In this chapter, selected biophysical approaches for modulating the BAL signal 

intensity are introduced. First, the related mechanisms that are involved in the 

generation of electronically excited species are described. Then, we reviewed selected 

experimental studies that are related to the field of BAL signal enhancement. 

2. Mechanisms of the BAL generation as a starting point for signal 

enhancement 

Radiative relaxation of chemically generated electronically excited states of 

molecules (generated during the oxidative cell metabolism or stress) are recognized as 

the main sources of endogenous radiative processes we term here as BAL [43]. The 

general working hypothesis is displayed in Fig. 1. and is described in the following 

text. 

 

 

Fig. 1. Biological autoluminescence during dynamic metabolic processes. A) 

Formation of ROS and electronically excited states of molecules in metabolically 

active cells. B) The BAL emission from electron excited states of molecules caused by 

an imbalance between oxidants and antioxidants.  



 

 

There are several pathways that lead to the formation of various ROS, reactive 

molecules standing at the beginning of the BAL generation.  The one-electron 

reduction of molecular oxygen leads to the formation of a superoxide anion radical 

(O2
•-) and occurs in the mitochondria during cellular respiration, in the chloroplast 

during light exposure, and in the membrane-bound enzyme complex NADPH oxidase 

during the oxidative burst [44]. Although O2
•- is preferentially formed at a neutral pH, 

it is converted into HO2
• in an acidic microenvironment because pKa (HO2

•) = 4.8 [45]. 

One-electron reduction of O2
•- (occurring spontaneously or catalyzed by various types 

of superoxide dismutases in mitochondria, peroxisomes, and cytoplasm) [44] or two-

electron oxidation of H2O (in water splitting manganese complex in photosystem II in 

chloroplasts) [46] lead to the creation of hydrogen peroxide (H2O2). A hydroxyl 

radical (HO•) is formed through the one-electron reduction of H2O2 mediated by free 

metal ions such as Fe2+ [47]. Triplet-singlet energy transfer from excited triplet 

chromophores (3C*) to molecular oxygen leads to the formation of singlet oxygen 

(1O2). Radical ROS with unpaired electrons have high positive redox potential so they 

are highly reactive. An appropriate amount of ROS in the right place plays an 

important role in cellular signaling pathways, immune defense systems, apoptosis, or 

aging. On the other hand, undesirable reactions with biomolecules lead to the damage 

of cells. 

ROS, especially HO• and HO2
•, can react with organic matter RH and form organic 

radicals R•. In the presence of molecular oxygen, peroxyls ROO• can be created. The 

hydrogen abstraction from another RH by ROO• leads to ROOH and R• formation. 

ROOH can be also created “directly” from RH during reaction with 1O2 via an ‘ene’ 
reaction. If transition metals, such as Fe2+, Mn2+, Cu+, or Zn+, and reducing agents are 

in proximity to ROOH, reduction of ROOH leads to the creation of alkoxyl radicals 

RO• [43]. 

The recombination of peroxyls ROO• results in the formation of unstable high-

energetic tetroxide ROOOOR, which is decomposed either to ground-state carbonyl, 
1O2, and organic hydroxide ROH, or to triplet excited carbonyl 3R=O*, molecular 

oxygen, and ROH. Cyclization of ROO• or cycloaddition of 1O2 to polyunsaturated 

fatty acids or amino acids lead to the creation of another high-energetic intermediate, 

1,2-dioxetane ROOR, which decomposes to 3R=O* and R=O [48]. 

Excited triplet carbonyls 3R=O* can relax to the ground state and emit light in the 

spectrum region 350 – 550 nm. In the presence of natural chromophores, such as 

tetrapyrroles (porphyrin, bilirubin), flavins (FMN, RAD), pyridine nucleotides 

(NADH, NADPH), melanin, urocanic acid, or pterins, excitation energy can be 

transferred from 3R=O* to the chromophore. As a consequence of the triplet–singlet or 

triplet–triplet energy transfer, singlet (1C*) or triplet excited (3C*) chromophores are 

formed. During their radiative transition to the ground state, they emit photons in the 

range 550 – 750 nm (1C*) or 750 – 1000 nm (3C*). For example, excited chlorophylls 

emit in the red part of the spectrum (670 – 740 nm) [49]. In aerobic conditions, the 

triplet–singlet energy transfer from 3R=O* and 3C* to molecular oxygen causes the 

formation of 1O2. Its transition to the ground triplet state is accompanied by monomol 

photon emission at 1270 nm. A collision of two 1O2 results in dimol photon emission 

at 634 and 703 nm. However, not all emitters are created with the same probability. 



 

 

For example, the formation of 3R=O* is lower by 3 – 4 orders of magnitude than the 

generation of 1O2 (3 – 14 %) during recombination of two ROO• [43]. However, 

measurement of BAL is focused on the near UV and visible part of the spectrum 

because BAL intensity in the near infra-red region is comparable with photon emission 

caused by thermal excitation (Fig. 1-A). In general, BAL generation stems from 

oxidation reactions of the ROS with practically all types of biomolecules, such as 

lipids, proteins, or DNA (Fig. 1-B).  

3. The BAL signal enhancement strategies  

Here we review several biophysical approaches that could lead to an increase of the 

intensity of BAL by modulating the rate of processes across the whole chain of 

reactions leading to BAL: from the production of free radicals to radiative transitions 

of the electronically excited species.  

3.1 Application of the magnetic fields 

The most important possible biophysical mechanism involved in magnetic field 

modifying effects on biological responses to UV radiation and other oxidizing agents 

is the “radical-pair mechanism” [50]. Based on this mechanism, the low (below 
approximately 1 mT) and high field magnetic field can affect specific types of 

chemical reactions, which involve pair of radical molecules, by generally increasing or 

decreasing the concentration of free radicals in low and high fields, respectively. The 

low field effect (LFE) could explain the effects reported at 100 μT. Experimental 
studies have shown that the radical-pair mechanism is involved not only in cell-free 

biochemical systems but also has bioeffects in cells. For example, some studies have 

shown that the 50-Hz magnetic fields of approximately 100 μT have been able to alter 
the biological responses to ultraviolet (UV) radiation in yeast cells [51] and in mouse 

skin [52, 53]. Also, several other studies of biological samples treated with physical or 

chemical agents and exposed to a magnetic field indicate a similar radical-pair 

mechanism. Therefore, considering the ability of a small-magnitude LFE to generate a 

high radical level, LFE potentially has multiple effects on biological functions. In a 

normal cell, a crucial balance exists between the generation and elimination of 

radicals. If any external or internal agent disturbs this balance, the oxidative stress 

phenomenon will occur. Because the initial outcome of LFE exposure is generation of 

high radical levels, the oxidative stress is not unexpected and has meaningful effects 

on biological functions [54] and can also affect BAL intensity [55, 56]. 



 

 

3.2 Application of electric fields 

3.2.1. Pulsed electric field 

Pulsed electric field has been used for a long time to generate electroporation or 

electropermeabilization, with potential biomedical applications leveraging the delivery 

of various molecules such as exogenous genetic material and proteins into cells [57]. 

The permeability of the eukaryotic (human, animal, plant) cell membrane could be 

transiently increased by applying monopolar electric pulses or polarity alternating 

(bipolar) pulses (Fig. 2) [58]. It has also been shown that by reducing the duration of 

the applied electric pulses, some vital organelles such as mitochondria can be 

temporarily more permeable. 

 

 

 

Fig 2. Molecular mechanism of lipid peroxidation and ROS generation in the 

presence of a pulsed electric field. Increasing the trans-membrane potential (1) caused 

the temporary formation of the pore (2). Generated Hydroxyl radical near the pore (3) 

can produce lipid radical (4), and such a radical eventually can generate the lipid 

peroxyl radical (5) and lipid peroxide (6) in the presence of molecular oxygen as BAL 

generating source. 

 

In theory, electric field can directly or indirectly generate ROS. Direct generation is 

owing to reduction-oxidation (redox) reactions of the molecules at the electrode-

electrolyte interface, when voltage is applied and exceeds a certain electrochemical 

threshold, which is almost always the case for intense electric pulses [59]. Indirect 

ROS generation by an electric field could also occur from electric-field-induced 



 

 

cellular stress (permeabilization of membranes, leakage of ions) [60]. There are 

experimental works that support both the direct and indirect regime of ROS generation 

[61, 62]. Several works employing direct physical contact of electrodes with a 

biological sample have shown that pulsed electric fields cause oxidation in 

bio(molecular) systems. Interestingly, increased oxidation of biomolecules has also 

been found after delivery of intense electric pulses without contact through the antenna 

[63]. Furthermore, electric pulses have been demonstrated to induce cellular stress and 

biological production of ROS [62]. 

 

Table 1. The oxidation effect of short intense electric pulses  
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100 resin; (E): sucrose, 

potassium 

phosphate,MgCl2, 69 

mM KCI 

4 ∙ 108 105 1.4 Not-

specif
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Chemilumines

cence: Metal-

ion- catalyzed 

Haber-Weiss 

reaction 

[62] 

K562 RPMI 1640 with 10% 

fetal bovine serum 

1.25 ∙ 
106 

Not-
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d 
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cence: Lipid 

peroxidation 

and generation 
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oxygen and 

excited triplet 

carbonyl 

[67] 

PIEC RPMI 1640 with 10% 

fetal bovine serum 

1.1 ∙ 
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100 5, 10 

and 20 

6000

0 

0.2 Chemilumines

cence: ROS 

generation 

[68] 

 



 

 

The generated ROS are able to oxidize cellular biomolecules (lipids, proteins, or 

DNA) and very likely initiate reactions leading to the formation of electron excited 

states and eventually to BAL [26, 64-66]. The factors influencing the effects of pulsed 

electric field on cells and on BAL include the cell type and cell concentration, time 

duration, pulsing buffer conductivity and osmolarity, temperature, signal time interval, 

electric field strength, distance between electrodes or gap size, and electrode material. 

The oxidation effects of short intense electric pulses on BAL signal enhancement are 

summarized in Table 1. 

Although it has not yet been possible to visualize all the mechanisms involved in 

the electroporation process in detail, evidence from various studies has shown that the 

localized generated ROS in the permeabilized part of the plasma membrane causes the 

direct or indirect production of further ROS. 

3.2.2. Electrochemiluminescence 

The direct generation of ROS and consequent BAL might be conceptually very 

similar to the phenomenon of electrochemiluminescence (synonymous with 

electrogenerated chemiluminescence) (ECL) [69, 70], which is a widely explored 

research topic (Fig. 3).  

Definition box  

In electrochemiluminescence (ECL), electrogenerated species undergo electron-

transfer reactions (in the vicinity of a working electrode) to form excited species, and 

these species relax to the ground state with the release of energy in the form of light. 

Fundamental research on ECL since the mid-1960s with smart compounding of 

electrochemistry with chemiluminescence has revealed that ECL is a powerful 

potential diagnosis tool over optical methods [71]. First, because ECL does not require 

any external light as a triggering source, this not only simplifies ECL devices but also 

eliminates the background noise that originates from internal luminous impurities and 

scattered light. Second, ECL responses aren't affected by luminous position changes 

because the ECL emission occurs close to the surface of the electrode; hence ECL 

shows preferable control toward the position. Third, due to the relationship between 

the ECL luminophore and co-reactants, ECL has an excellent specificity. Because the 

luminophore excited states can be operated by using an alternative applied potential, 

ECL has satisfactory selectivity. Finally, ECL reproducibility is related to its 

controllability over time. Considering the high sensitivity, low background, and 

excellent controllability of ECL signals, ECL has attracted much attention in various 

fields of analysis including bioassay (DNA sensing, enzymatic detection), clinical 

diagnostics, drug screening, biodefense [72], environmental monitoring (such as food 

and water safety), and other application such as solid-state electrochemiluminescence 

sensor [73, 74]. Furthermore, the combination of ECL with other analytical techniques 

such as capillary electrophoresis, flow injection analysis, high-performance liquid 

chromatography, and micro total analysis has brought good results [75-80]. 



 

 

However, in contrast to typical electrochemiluminescent systems, in which donor 

and acceptor molecules are selected by design, endogenous ECL might involve a 

plethora of endogenously present donor and acceptor molecules and complex reaction 

dynamics taking place. 

 

 

 

 

Fig 3. Schematic diagrams showing the general principles of 

electrochemiluminescence. Electron is transferred from the cathode to electron 

acceptor to form a radical. Electron donor transfers an electron to the anode and 

becomes a radical. The acceptor-based radical transfers a ground state electron to the 

donor radical and electron excited state of an acceptor is generated. The excited state 

can decay radiatively to generate luminescence. 



 

 

3.3. Application of nanoparticles into the cell 

The size similarity between nanoparticles and various intracellular components not 

only facilitates the delivery of particles into the cell [81], but can also cause subtle 

interactions with various intracellular molecules and organelles [82, 83]. Therefore, 

we consider nanoscale particles as a promising tool for manipulating processes leading 

to BAL, potentially leading to BAL signal enhancement. 

Here we review two main classes of mechanisms for the prospective BAL signal 

enhancement by nanoscale particles, then a combination of electric field and 

nanoparticles, and finally the current evidence of BAL enhancement using 

nanoparticles in cells. 

3.3.1. Nanoparticle-mediated increase of ROS production 

Nanoscale particles contribute to the increase of BAL intensity via ROS 

production. Increased formation of reactive groups on the nanoparticle (NP) surface 

with decreasing particle size [84-86], active redox cycling on the surface of the NPs 

[87, 88] and the interaction of NPs with different intracellular components [89, 90] are 

probably three main possibilities of how metal NPs could affect the BAL through ROS 

production. Some studies have shown that gold nanoparticles (AuNPs) are able to 

promote oxidation of biomolecules within the cells [2, 91]. How AuNPs can enhance 

the BAL signal through the production of electron-excited species is summarized in 

Figure 4. Interaction of the free radicals (CO3
•- and O2

•-) and AuNP results in the 

formation of emissive intermediate complex (Gold (I)), carbon dioxide dimers, and 

singlet oxygen molecular pairs (Fig. 4-A.).  [92]. These intermediates species relax to 

their ground state via radiative relaxation. 

 

Fig 4. Formation of emissive intermediate gold(I) complex. AuNP interaction with 

CO3
•- and O2

•- caused formation of excited molecules on AuNP surface [92]. 

Also, during the mitochondrial metabolism, this organelle produces various free 

radicals (mainly superoxide anion radical) [93]. In the presence of AuNPs, it is 



 

 

possible to form a complex between AuNPs and superoxide radicals. After formation 

of this complex, the superoxide radical acts as an electron donor and transfers its 2π* 
electron to the gold conducting bond (Fig. 4-B.). Mitochondria is the main molecular 

oxygen consumption organelle within the cell. By the arrival of the molecular triplet 

oxygen to the AuNP surface, this molecule is able to receive the one electron from the 

conducting electron band and finally convert to another superoxide radical. This 

superoxide radical can go to two distinct routes: Combine with another superoxide 

radical and form hydrogen peroxide (by action of mitochondrial superoxide dismutase 

(SOD) enzyme) or return to the surface of the AuNP. Because the absorption spectra 

of the Au surface plasmon bond remain unchanged upon adsorption of the radicals, the 

electron density at the surface remains essentially unchanged. The mechanism is likely 

based on the exchange interactions between the unpaired electrons of radicals and 

conduction-band electrons of the metal. The superoxide radical can convert to singlet 

oxygen in two processes. First, it can act as a donor and transfer one of its 2π* electron 
to the conducting bond. Second, this molecule can be converted to the singlet oxygen 

via spin conversion relaxation. (Note: singlet oxygen has the same electron spin on its 

2π*) [93]. 

3.3.2. Nanoparticle-mediated manipulation of the radiative yield of electron 

excited species 

From a chemical point of view, owing to the low efficiency of reactions that 

generate BAL, several strategies have been developed to enhance the BAL intensity. 

In this chapter, we do not consider fluorescent molecules (such as fluorescein [94] or 

DBAS (9,10-Dibromoanthracene-2-sulfonic Acid) [95]), which can accept electron 

excitation energy from otherwise weakly emitting endogenously generated electron 

excited states and emit the energy in the form of a photon with high efficiency. Rather, 

we focus on more “physical”, material science-based and nanoscale approaches for 

BAL enhancement. 

One such physical approach is metal-enhanced chemiluminescence, which is 

another novel strategy in which plasmonic nanoparticles such as gold, silver, and 

platinum are used for the enhancement of chemiluminescence [96-98]. In metal-

enhanced chemiluminescence, excitation of the metal surface plasmons by 

electronically excited molecules of chemiluminescent species can enhance the 

chemiluminescence intensity. Two mechanisms have been proposed for the 

enhancement effect of plasmonic nanoparticles: (1) increasing the local 

electromagnetic field [99] and (2) interaction of the plasmons with chemiluminescence 

species [97, 98]. 

This mechanism for the BAL signal enhancement in the presence of AuNPs is 

based on the plasmonic antenna effects of the AuNPs. The metal nanoparticles have 

been shown to modulate and to potentially enhance the radiative yield of electron-

excited molecules [100]. Triplet excited carbonyls, one of the primary excited states 

produced chemically in the process preceding BAL emission, have very low radiative 

yield because of quenching by molecular oxygen [4]. Hence, enhancing radiative yield 



 

 

of triplet excited state due to AuNPs antenna effects [101] could be another potential 

mechanism for the BAL signal enhancement in the presence of AuNPs. 

Quantum dots (QDs) are zero-dimensional nanoparticles that have been used as 

potential alternatives to chemiluminescence emitters owing to their excellent 

electronic and optical properties [102]. There are three possible mechanisms for QDs 

as chemiluminescence enhancers: (1) modulators of the radiative relaxation rate of 

chemically generated excitons after direct electron- and hole-injection, (2) acting as 

the catalysts or energy acceptor, and (3) acting as emitter species after 

chemiluminescence resonance energy transfer (CRET). 

3.3.3. Combination of electric field and nanoparticles 

Since the first report of ECL on silicon QDs, ECL enhancement using other alloyed 

or core−shell structure QDs including CdSe, CdS, CdTe, ZnS, and Ag2Se has also 

been reported [104-110]. Furthermore, polymer dots, carbon nanodots, graphite like 

carbon nitride, upconversion nanoparticles, and noble metal nanoclusters such as Au 

[110, 111], Ag [112-115], Cu [116-118], Pd [119], Pt [117, 120-123] are other ECL 

emitters. In this section we discuss metal nanoparticles as a new ECL component.  

Because of the unique properties of metal nanoclusters, including high electrical 

conductivity, good water solubility, and stability, they are ECL luminophores, 

quenchers, and catalysts [125-127]. For example, the discrete electronic energy level 

(due to the comparable size to the Fermi wavelength of electrons) and direct electron 

transition of gold nanoclusters (GNCs) caused their use as new ECL nanomaterial. 

However, because of the low ECL efficiency of GNCs, increasing the ECL efficiency 

of GNCs by decreasing the nonradiative transition and complications from mass 

transport between the reactants has been investigated [103, 128]. Functionalization of 

gold nanocluster with luminol resulted in up to 100-fold enhancement in ECL intensity 

for alkaline phosphatase detection [129]. Hybrid gold nanocluster (AuNCs/graphene) 

showed a low detection limit (0.1 fM to 0.1 nM) of pentacholophenol [130]. A 

AuNPs-modified ECL electrode showed high sensitivity and good stability in 

immunoassays and DNA assays [131-133]. Although enhancement of the ECL signals 

of cell with a AuNPs-modified electrode is mainly attributed to its high surface area, 

the powerful electrons transfer properties of AuNPs caused sensitivity enhancements 

of 10- and 6-fold for detection of some biological material such as bovine serum 

albumin (BSA) and immunoglobulin G (IgG) [134]. Also, the catalytic effect of 

AuNPs on the redox of ECL-emitting species is considered as another reason for the 

enhancement of the ECL intensity in the presence of AuNPs. By using the gold 

nanorods, the intensities of ECL peaks were enhanced approximately 2 – 10-fold on a 

gold-nanorod-modified gold electrode [135]. AuNP also shows catalytic activity for 

the generation of ROS. Actually, AuNP surface can generate the ROS and these 

species are ultimately able to produce ECL by combination with ECL reagent (Fig. 5) 

[136]. 



 

 

 

Fig. 5. AuNP surface can generate ROS and these species are ultimately able to 

produce ECL by combination with ECL reagent. ECL reagent accepts an electron 

from cathode. Subsequently, ROS gains the low-energy electron from the intermediate 

ECL reagent and convert it to the excited state. The final excited species radiatively 

relax and emit a photon. 

 

3.3.4. Nanoparticle-mediated BAL enhancement - evidence from cells  

In this section, we briefly outline recent reports in which nanoparticle-mediated 

BAL enhancement has been demonstrated. 

BAL signal enhancement by metal nanoparticles under in vitro conditions has 

revealed a few valuable endpoints related to the importance of manipulating the ROS 

as the main source of BAL. An exponential increase in the BAL signal was observed 

when prostate cancer cells (105 cell∙ml-1) were treated with a 10 nM silver nanoparticle 

(AgNPs) solution (6 – 20 nm in diameter). The main reason for such an enhancement 

is related to the increase in the number of ROS, especially singlet oxygen in the 

presence of AgNPs [137]. Similarly, the treatment of 5 mm thick disks of sweet potato 

roots with 1 nM AgNPs (8-15 nm in diameter) resulted in BAL signal enhancement 

through two proposed mechanisms: ROS generation and energy resonance transfer 

[138]. 

      Given that mitochondria are the most important source of BAL (approximately 

90% of ROS are produced by mitochondria [139]), it is expected that the amount of 

generated BAL can be increased by affecting this vital organelle. F  or example, in a 



 

 

recent study, we showed that mitochondrial-targeted delivery by liposomal gold 

nanoparticles nanocarriers could significantly increase the intensity of BAL in a 

completely safe manner (Fig. 6) [140].  

 

 

Figure 6. Mito-liposomal gold nanoparticles nanocarriers for the enhancement of 

the BAL signal. A) Functionalization of reducer liposome (1) with mitochondrial 

penetrating peptides (2) produced the Mito-liposomal GNPs nanocarrier (3). B) 

Incubated Mito-liposomal GNP nanocarriers can enhanced the UPE of U2OS cells by 

affecting the mitochondria 

4. Conclusion 

Biological autoluminescence detection is a potentially important non-invasive 

diagnostic method. However, owing to the ultraweak intensity of BAL signals, it is 

necessary to enhance it to be able to detect an unknown biological condition. Here, we 

reviewed novel approaches for the enhancement of the BAL signal by selected 

biophysical means by focusing on the application of electric and magnetic fields and 

metal nanoscale particles. 
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ABSTRACT

In this supplementary information, we provide additional data to BAL measurements: the autoluminescence signal from media
without any cells, data showing the effect of a glucose injection on the BAL intensity, and simultaneous detection of cell and
glucose concentration .

Water background of (chemi)autoluminescence induced by the Fenton reaction

Figure S1. BAL from medium alone (Q water without any yeast cells) induced by the Fenton reagents at edge concentrations.
The colour indicates the sum of the BAL intensities during the first 60 s after injection of H2O2 with a subtracted background
(the previous 10 s before the injection of H2O2). The given numbers are usually the average from 3 measurements and the
standard deviation.

BAL of YPD measured in bioreactor

Luminescence recovery after addition of glucose
In Fig. S3 the effect of addition of glucose into the yeast sample after sharp decrease of the BAL signal (approximately at
seventeenth hour of the measurement) is shown. The measurement protocol was little bit different than for other experiments.
Yeast cells were cultivated in an orbital shaking incubator just for 16 hours (standart YPD, 30 ◦C, 180 rpm). Yeast concentration
was established using Bürker chamber. Required amount of cultivated yeast was transferred to 200 mL of cold YPD medium
at initial concentration 5·106 cells·mL−1 placed in Erlemeyer flask covered with cotton stopper. The sample was bubbled
with filtered room air. The experimental setup for BAL measurements was similar to the setup for measurements of induced



Figure S2. BAL signal from YPD medium (without yeast cells) measured in bioreactor for almost 18 hours. Initial higher
BAL intensity was caused by the illumination of the sample during its preparation in the normal laboratory light conditions.

BAL from samples in a Petri dish, just instead of a Petri dish an Erlenmeyer flask was placed in a special black box (30 ◦C)
with a photomultiplier module H7360-01. After the sharp decrease of the BAL intensity (approximately after 17 hours of
measurement), 11 mL of 40% glucose was injected into the sample. The measurement was several times interrupted in order to
establish the yeast concentration.

Figure S3. Development of BAL intensity during yeast growth in Erlenmeyer flask and repeated increase of the BAL signal
after injection of glucose.

Development of glucose concentration in a growing yeast culture
Fig. S4 shows the development of glucose concentration during the yeast culture growth in bioreactor that is depicted by yeast
cell concentration. Yeast concentration was evaluated by a cell counter (Beckman Coulter, Z2 series) in the range 3 - 9 µm.
Glucose concentration was established by a commercial glucose kit (Glu 1000, Erba Lachema). Optical density was measured
at 500 nm and subsequently recalculated to a real glucose concentration in mM (using calibration solutions at known glucose
concentration). Both measurements are subject to a large deviation. However, trends are clear: with increasing amount of cells
in the sample, glucose decreases. In other words, low concentration of glucose is correlated with the change of yeast growth
phase and the change of yeast metabolism.
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Figure S4. Simultaneous measurement of concentrations of glucose and yeast cells during their growth in a bioreactor. While
the small measurement errors are visible, the trend is clear.

Raw data description
The source data can be found under https://doi.org/10.5281/zenodo.4382342 and are sorted according to the
figure number and parts. For plotting the mean and the standard deviation of several (3 - 7) independent measurements in the
Fig. 3a, 3d, and 4a, the predefined Matlab function ’shadedErrorBar’ was used. Figures 4(ab), S2, and S3 contain smoothed
data obtained by function ’rsmooth’1. To create Fig. 3c and S1 the Matlab command ’heatmap’ was used.

References
1. Garcia, D. Robust smoothing of gridded data in one and higher dimensions with missing values. Computational Statis-

tics & Data Analysis 54, 1167–1178 (2010). URL https://linkinghub.elsevier.com/retrieve/pii/
S0167947309003491.
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C Supplementary data of Section 6

This section include the supplementary data of chapter 6 - Biochemiluminescence Sensing of Protein Oxidation
by Reactive Oxygen Species Generated by Pulsed Electric Field.
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Abstract
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S1-1. Materials and Methods

The sample preparation, assembly of the measurement setup and experiments were performed at ambient pressure
and temperature ranging from 20 to 25 ◦C.

S1-1.1. Chemicals, preparation of samples
Bovine serum albumin (BSA; Sigma, A3803) was selected as a model biomolecule. Solid BSA was dissolved

in Milli-Q water (Millipore, resistivity 18.2 MΩ·cm) at a concentration 20 mg·mL−1 (0.30 mM, ∼ pH 7.1). As a
control sample, phosphate buffer (PB, 0.36 mM NaH2PO4 and 0.83 mM Na2HPO4 , ∼ pH 7.5, obtained from solid
phosphate salts (NaH2PO4 · 2 H2O (P-Lab, D 03102), Na2HPO4 · 12 H2O (P-Lab, H 08102)) containing no BSA was
employed. The concentration of PB constituents was selected so that the resulting solution had the same conductivity
(approximately 190 µS·cm−1) and similar pH (7.5) as the BSA sample (7.1). The employed conductometer (Sev-
enCompact S230, probe InLab 751-4mm, Mettler Toledo) was calibrated with a standard solution 84 µS·cm−1 (T =
25 ◦C). Iron(III) nitrate nonahydrate (Fe(NO3)3.9H2O, p.a.) and potassium thiocyanate (KSCN, p.a.) were purchased
from Lach-Ner, Czech Republic. Hydrogen peroxide (H2O2, non-stabilized 30 % solution, p.a.) and sulfuric acid
(H2SO4, 96 %, p.a.) were obtained from Penta. Hydrochloric acid (HCl, 30 %, suprapure) and nitric acid (HNO3,
65 %, suprapure) were purchased from Merck.

S1-1.2. PEF chamber
PEF treatment of the samples was executed in a special chamber designed and manufactured in the Institute of

Photonics and Electronics of the Czech Academy of Sciences, Prague, Czechia (Fig. 1). The chamber consists of
a dielectric (transparent polymethylmethacrylate, PLEXIGLAS GS, Zenit) housing equipped with an anode (bottom
electrode) and a cathode (top electrode) positioned in a parallel-plate arrangement. Two types of anodes were em-
ployed - glassy carbon (Sigradur G, Hochtemperatur-Werkstoffe GmbH, Germany) and stainless steel (type 1.4571,
AKROS), both with a diameter 26 mm, defining the cross-sectional area of the liquid sample in the PEF chamber
(5.31 10−4 cm−2) . In the case of the glassy carbon electrode, a 3 mm thick carbon disk was fixed to a thin stainless
steel support by adhesive conductive copper foil (1182, 3M), with the final resistance of ∼ 10Ω. The cathode was
manufactured from stainless steel (type 1.4304, thickness 130µm, PragoBoard). The central part of the cathode was
perforated by hexagonally arranged holes with a diameter of 1.0 mm and spacing of 1.5 mm between the centers of the
holes, creating 50 % voids. The cathode-anode gap was 2.00 and 1.88 mm for the steel and glassy carbon anode, re-
spectively. The corresponding voltage to gap ratio (electric field strength magnitude) was 0.75 MV/m (7.5 kV/cm) for
the 2.00 mm gap and 0.80 MV/m (8.0 kV/cm) for the 1.88 mm gap for the highest used voltage 1500 V. For the lowest
used voltage (300 V), the values were 0.15 MV/m (1.5 kV/cm) for the 2.00 mm gap and 0.16 MV/m (1.6 kV/cm) for
the 1.88 mm gap.
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S1-1.3. PEF treatment and measurement setup

Before the PEF experiment, both the cathode and anode were cleaned with an aqueous 8.79 M solution of H2O2
for at least 10 min. The anode was cleaned as integrated in the PEF chamber by introducing the cleaning agent to
its surface. The cathode was cleaned by immersion in the solution in a separate beaker. Cleaning was followed by
copious rinsing with Milli-Q water and drying with dust-free wiping paper. Afterwards, a freshly prepared sample
(either PB or BSA solution, see above) was introduced into the PEF chamber in volumes of 1.08 mL (in the case of
the glassy carbon anode) or 1.24 mL (in the case of the steel anode). The assembly was finalized by mounting the
steel cathode, the contacting ring and closing the PEF chamber, see Fig. 1. In all experiments, the same glassy carbon
or steel anode and the same steel cathode were used.

A PEF was generated by a pulse generator (ELECTROcell B15, Leroy-Biotech) that simultaneously recorded
the applied voltage and resulting current. The PEF consisted of 30 pulses with 100µs width fired at a frequency of
1 Hz and voltage amplitude as a variable (ranging from 300 to 1500 V in increments of 300 V). Characteristics of the
first pulse of each PEF sequence were additionally recorded by high voltage (P5100, Durlclth) and current (ICP5150,
Instrance) probes connected to the oscilloscope (GDS-2202E, GW Instek). To verify proper chamber assembly, an
LCR meter (BK891, BK PRECISION) was used to measure the impedance magnitude and phase shift between the
anode and the cathode of the chamber before and after the PEF treatment.

Measurements of PEF-induced (bio)chemiluminescence were performed using a photon counting regime in a
light-tight box equipped with a photomultiplier tube (PMT) module H7360-01 (Hamamatsu Photonics K.K.), which
was selected as appropriate for the intended experiments due to its spectral range (300 to 650 nm). The luminescence
sensing setup further comprised a C8855 counting unit (Hamamatsu Photonics K.K.), which also served as an interface
to PC. The setup enabled tuning the distance between the chamber and the PMT module. The distance between the
PMT module and the cathode was always set to 8.2 mm. To obtain the background response, sensing of photons was
commenced 120 s before the beginning of the PEF treatment and the signal was additionally recorded for another
450 s after the PEF treatment. A schematic diagram of the experimental setup is shown in Fig. 2.

S1-1.4. Protein carbonyl assay

To determine the amount of carbonyl moieties in BSA samples, a commercial kit (Protein carbonyl content assay
kit, Sigma-Aldrich, MAK094) and the corresponding measurement protocol (see lower) were used. The assay was
based on the spectrophotometric determination of products of the reaction between carbonyls in the analyzed sam-
ples and 2,4-dinitrophenylhydrazine (Brady’s test). As a negative control, the analysis was performed for pristine
(untreated) BSA sample. Subsequently, BSA samples treated by PEF with either a glassy carbon or a steel anode
employed were inspected. Additionally, the analysis was performed for BSA samples subjected to extended PEF
treatment, in which the number of pulses was increased from 30 to 240. Extended PEF treatment was separated into 8
pulsing series with 30 pulses in each series, with 90 s pauses between the series to avoid excessive heating. As a pos-
itive control, a BSA sample treated with Fenton reagent was investigated. The latter involved iron(II) sulfate (FeSO4,
obtained from P-LAB, final concentration 1µM) and hydrogen peroxide (H2O2, final concentration 146.5 mM). The
mixture of BSA and the Fenton reagent was prepared by introducing FeSO4 to the BSA solution and then adding
H2O2, with final concentration of BSA being 0.30 mM. Such obtained reaction mixture was left at room temperature
for 70 ± 80 min. After execution of all the sample handling steps prescribed by the measurement protocol (see lower
for the full protocol), the absorbance of the reaction mixture was measured at 375 nm employing a transparent 96-well
plate (269620, Thermo Scientific) with 100µL of a sample in each well was used. The measurement was performed
with a multiwell plate reader (Tecan Spark). Each sample (untreated, treated by PEF or by the Fenton reagent) was
inspected at least four times, with each individual measurement being an average from at least four wells. The car-
bonyl content (presented in units of µmole/L denoting the concentration in the protein solution further in this work)
was determined based on Lambert-Beer‘s law, with background (solvent) subtraction being performed. Calculations
underlying the determination of carbonyl content in BSA samples inspected in this work are presented in the detailed
protocol lower.

S1-1.5. Iron assay

To determine the total amount of iron in purchased BSA, the sample (100 mg) was dissolved in 1.0 mL of water
and mixed with 4.0 mL of aqueous 65 % solution of HNO3. The resulting mixture was heated to 75 ◦C for 6 hours
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and then left overnight at room temperature. The treatment by strongly oxidizing and acidic agent guarantees that
the entire amount of iron present in the sample is converted to the Fe3+ ion. The sample was then heated to 75 ◦C to
reduce its volume to approximately 1 mL. The remaining content was quantitatively transferred to a 5 mL volumetric
flask, with the rest of the volume being filled with 3 % aqueous solution of HCl. Subsequently, 1.0 mL of the sample
was introduced to Suprasil quartz cuvette (10 mm light path, purchased from Hellma Analytics) and its absorption
spectrum in the range of 200 to 1100 nm (used further as a blank) was obtained using an Agilent 8453 UV-Vis-
NIR diode array detector spectrometer. Afterwards, 20 mg of solid KSCN as an agent to determine Fe3+ ion was
introduced to the sample in the cuvette, the mixture was homogenized and the absorption spectrum was measured
again. Subsequently, five 10 µL aliquots of 1.00 mM Fe(NO3)3 used as the internal standard (corresponding to a
concentration range of 10 to 50 µM) were sequentially introduced to the sample in the cuvette, with absorption spectra
being recorded upon each addition. The content of Fe3+ ion in the solution was determined based on absorbance
values evaluated at 480 nm.

S1-1.6. Tryptophan and tyrosine fluorescence

In addition to analyzing the carbonyl content, the BSA samples, treated as described above, were probed for the
amount of aromatic amino acid residues employing fluorescence spectroscopy. The excitation wavelength was set to
280 nm, which falls within the absorption bands of tryptophan and tyrosine, implying that the cumulative content of
these two amino acids was determined in the analysis. Emission spectra of samples were obtained in the wavelength
range of 318 and 398 nm with a 5 nm step. The signal analyzed and presented further was evaluated at the emission
maximum of 338 nm. The fluorescence analysis utilized multiwell plate reader Spark (Tecan) and black 96-well plates
(Thermo Scientific, 237105). Each kind of BSA sample was measured at least 4 times. As a negative control, the
analysis was carried out with the PB sample replacing the BSA sample, subjected to the same treatment. Each kind of
PB sample was measured at least 3 times. Within individual measurements, the fluorescence signal presented further
was obtained as an average from 3 ± 6 wells, filled with 100µL of the same sample.

S1-1.7. Chemiluminescence detection using multiwell plate reader

To detect (bio)chemiluminescence from either pure water, PB or BSA solutions (see above for their respective
chemical composition) across a large range of concentrations of Fenton reagents (Fe2+ and H2O2), we utilized multi-
well plate reader Spark (Tecan) and black 96-well plates (236105, Thermo Scientific). The plate reader luminescence
detector is sensitive in the wavelength range from 370 to 700 nm. The plate wells were filled using a multichannel
pipette (PB, water, iron solutions) or an electronic repeater pipette Eppendorf Multipette E3X (BSA solutions) to
prevent bubble formation. The plate reader was set to inject the solution of H2O2 and luminescence measurement
started right after the H2O2 injection (< 1 s). The luminescence signal was collected for 1 minute (using kinetic mode
setting in the plate reader). After the measurement, the signals were integrated to obtain the total counts per 1 minute.
Injected volumes were always the same across the experiments (hence the concentration in the final mixture was var-
ied by the concentration of the stock solutions) and the final volume was always 200 µL per well. The experiments
were performed at 28 ◦C. In the 96-well plate, we varied concentrations of H2O2 and FeSO4 across different columns
(1±12) and made N=8 repetitions along the single column (i.e. A±H). The final concentrations were 0, 0.01, 0.1, 1,
10 and 100 mM for H2O2 and 0, 0.01, 0.1, 1, 10 and 100 µM for FeSO4.

S1-2. Difference in mechanisms of PEF action on membranes vs. proteins

It is well known that PEF enables electropermeabilization and electroporation of membranes with EF strengths
starting from the order of kV/cm (depending on the pulse duration); therefore, membranes are the first and canon-
ical targets of PEF [1]. The physical reason is that biological membranes are practically electrical insulators that
cause a voltage drop (large difference in electrical potential across them) [2] effectively enhancing the EF strength in
their interior by orders of magnitude compared to an external EF. This enhancement effect is absent in water-soluble
biomolecules, which reside outside the membrane. Therefore, substantially less data is available on the effect of
PEF on soluble proteins than on membranes, because much higher EF strengths are typically needed to affect the
proteins physically. Nevertheless, the progress in technology has resulted in more powerful electric pulse generators
in a lab bench format, enabling EF strengths [3, 4] that are now capable of direct action on the electromechanics of
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proteins. The EF thresholds required to induce an effect are largely unexplored and uncertain because of the much
wider diversity of protein structures compared to membranes. However, methods for controlling protein structure
and function, which PEF might enable, are extremely important for several vast areas of science and industry: pro-
teins are by mass the most abundant biomolecules in most biological cells, crucial food constituents, and potential
bio-nanotechnological workhorses. Therefore, the new technology-enabled opportunities and potential research and
industrial impact of potential PEF effects on proteins strongly motivate research in this area.

Protein carbonyl content assay kit (Sigma-Aldrich)

Before measurement

• Place 10 mL of acetone in -25 ◦C freezer.

• Place appropriate amount of 6 M guanidine solution into a test tube and leave it to come to room temperature
(200µL for each sample + 4x 100µL as a reference).

• For each sample put 100µL of DNPH solution into a 1.5 mL eppendorf and leave it to come to room tempera-
ture.

Protocol

1. To each 1.5 mL eppendorf with 100µL of DNPH solution, add 100µL of a sample (4x each sample), vortex,
incubate for 10 min at room temperature.

2. Approximately 2 min before the end of incubation time, take out 87 % TCA from fridge and put it into the ice.
3. Add 30µL of 87% TCA to each sample, vortex, incubate on ice for 5 min.
4. Centrifuge samples at 13000 g for 2 min.
5. Remove supernatant carefully, do not disturb the pellet.
6. Add 500µL of ice-cold acetone to each pellet.
7. Place samples in a sonication bath for 1 min.
8. Incubate samples in a freezer for 5 min.
9. Centrifuge samples at 13000g for 2 min.

10. Carefully remove acetone from pellet.
11. Add 500µL of ice-cold acetone to each pellet.
12. Place samples in a sonication bath for 1 min.
13. Incubate samples in freezer for 5 min.
14. Centrifuge samples at 13000 g for 2 min.
15. Carefully remove acetone from pellet.
16. Add 200µL of 6 M guanidine solution (room temperature) to pellets, sonicate briefly (samples should be ho-

mogenous).
17. Transfer 100µL of each sample to the 96-well plate.
18. Measure absorbance at 375 nm.

Protein carbonyl quantification

• Subtract background (absorbance of 6 M guanidine solution) from absorbance of a sample.

• Calculate amount of carbonyl in sample well according Lambert-Beer’s law:

C
(

nmol
well

)
=

A375sub ∗ V
L · ε

where A375sub is measured absorbance at 375 nm after background subtraction, L = 0.2893 cm is path-length
in a well for 96-well plate, ε = 22 mM−1·cm−1 is molar extinction coefficient of the product of the reaction
between DNPH and carbonyl moieties and V = 100µL refers to total volume in well.
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Figure S1-1: (Bio)chemiluminescence from a) water, phosphate buffer, and b) BSA solution (in water) induced by various concentrations of H2O2
and Fe2+SO4. The data mean is depicted as a thick line and the standard deviation from N=8 measurements (wells) is depicted as a shaded error
bar. The inset in a) is a photo of an example plate after the experiment.

• To recalculate carbonyl content into micromoles per liter, it is necessary to multiply the obtained number
C (nmol/well) by 10.

S1-3. (Bio)chemiluminescence due to BSA oxidation by Fenton reagent

When cleaning glassware employed to prepare stock solutions of BSA by Piranha solution (96 % H2SO4 and 30 %
H2O2 freshly mixed in 3/1 v/v ratio) we noticed formation of gas bubbles (attributed to oxygen and ROS) with a rate
higher than typical for this cleaning procedure. This observation motivated us to perform an additional experiment
focusing on the oxidation of BSA dissolved in water by Piranha solution. In particular, 4 mL of Piranha solution were
mixed either with 1 mL of water (a control experiment) or 1 mL of aqueous BSA solution (its concentration in the
resulting mixture was set to 20 mg/mL, i.e., identical to that in PEF experiments). We stress here that this experiment
involves mixing of a very potent oxidizing agent with organic matter and has to be performed at a very well-ventilated
environment and employing protective equipment (face-shield, gloves, lab coat). In the absence of BSA, the resulting
mixture became warm, but remained quiescent, with hardly detectable bubble formation. In the presence of BSA,
additionally to warming, gas bubbles were vigorously formed, accumulated at the surface of the liquid phase (see
Fig. S1-5) and an intense ozone odor was sensed. This striking difference suggests that BSA (or its oxidation products
or impurities contained in the sample) facilitates the formation of oxygen and ROS from H2O2 in a strongly acidic
environment.

These results stimulated us to monitor the formation of ROS from H2O2 and their subsequent reactions with BSA
by (bio)chemiluminescence measurements. To make a bridge to the above-presented experiments with electrochem-
ically generated ROS by PEF, we replaced the strongly acidic Piranha solution by neutral environments (pure water,
PB and BSA samples). We examined these systems with H2O2 introduced as the ROS precursor at concentrations
ranging from 0.01 to 100 mM in a decadic logarithm spacing. At the same time, we explored the influence of Fe2+

employed as the catalyst in the Fenton reagent on the kinetics of the ROS formation and action, by introducing FeSO4
at concentrations ranging from 0.01 to 100 µM. Biologically relevant values for H2O2 concentration are in the range
of nM-mM [5, 6, 7], which is well within the concentration range we explored. The biologically relevant concen-
tration values of iron are in the range of 0.1±10 mM, where the iron is often present in a bound form [8, 9, 10].
The maximum FeSO4 concentration was set to 0.1 mM in our experiments due to solibility limits, as a higher value
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(1 mM) caused a substantial formation of precipitates (see inset of Fig. S1-1), presumably composed of poorly soluble
hydrated iron(III) oxide formed by oxidative hydrolysis of Fe2+ ions in neutral solutions saturated with ambient oxy-
gen. These precipitates would distort measured luminescence signal by light scattering and absorption phenomena.
Besides concentration-resolved measurements, control experiments were performed in the absence of H2O2 and/or
FeSO4.

Fig. S1-2 shows averaged luminescence transients obtained immediately upon the introduction of H2O2 solution
to the BSA sample containing FeSO4, with the highest H2O2 (10 and 100 mM) and FeSO4 (10 and 100µM) con-
centrations used in this work. For both H2O2 and FeSO4, a ten-fold concentration increase lead to significantly
elevated luminescence signals, implying that these agents are involved in the reaction sequence leading to photoemis-
sive processes. In water or PB and the same concentrations of H2O2 and FeSO4, the obtained luminescence signals
(Fig. S1-3,S1-4) were practically equal to the dark count of the measurement apparatus (60 counts/s). This confirms
that the vast majority of the signal observed for the BSA sample is due to biochemiluminescence resulting from re-
actions involving protein molecules. Integrals evaluated for luminescence transients obtained for the entire inspected
range of H2O2 and FeSO4 concentrations are cumulatively depicted in Fig. S1-1 (panel A for water and PB, panel B
for BSA). For BSA and the absence of FeSO4, the signal is elevated for H2O2 concentrations equal to and greater
than 1 mM, i.e. for values exceeding the concentration of dissolved BSA (0.3 mM). The same picture is preserved for
FeSO4 concentrations up to 1µM. This suggests that under these conditions, H2O2 species are either spontaneously
decomposed (i.e. without the need for Fe2+/Fe3+ as the catalyst) or that a certain amount of catalyst species is con-
tained in the BSA sample. To ascertain which scenario is more plausible, we analyzed a sample of BSA used in
this work for the total iron content. The assay was realized by thermal mineralization of 20 mg/mL BSA solution
in concentrated HNO3 and subsequent spectrophotometric determination of such formed Fe3+ exploiting its reaction
with SCN− anion as the specifically binding colorizing agent (see Experimental part for details). The analysis led us
to the conclusion that the BSA sample contained 6± 3 ppm of total iron, which, for 20 mg/mL solution of BSA, trans-
lated to 2± 1µM. This result corresponds well to the upper end of the FeSO4 concentration range (1µM) for which
a constant biochemiluminescence signal was observed. We conclude that the signal obtained in solutions with FeSO4
concentrations of 1µM and lower is due to the intrinsic catalytic activity of iron species contained in the BSA sample,
while for higher FeSO4 concentrations, elevated reaction rates are due to externally introduced catalyst. Note that
the oxidation of the BSA by the Fenton reagent composed of 1µM FeSO4 and 146.5 mM H2O2 lead to a noticeable
increase of the carbonyl content in the sample (see Fig. 6), implying that profound oxidation of molecules takes place
under these conditions.

An absence of a chemiluminescence signal in water and PB (samples without BSA) as underlying media for
Fenton reactions indicates that the overall reaction rate is low for concentration ranges and pH selected in this work.
While the reaction between the Fe2+ and H2O2 (Eq. 1) has a rate constant of ca. 100 M−1 s−1 [11], converting the
majority of the catalyst to the Fe3+ form, the regeneration of the Fe2+ form (Eq. 2) is much slower (ca. 0.001 M−1 s−1)
[11], being the rate-limiting step in the catalytic cycle. Note that anodically generated ROS were found to produce a
significant chemiluminescence response in the absence of BSA. High rates of reactions underpinning photoemissive
processes may be rationalized by the reactive nature of electrogenerated ROS (OH• and HO•2) [12, 13, 14] combined
with their spatial confinement to the electrode/electrolyte interface. In the Fenton reagent, the chemiluminescence
intensity is limited by rates of reactions among relatively stable species (Fe2+, Fe3+ and H2O2) diluted in the entire
solution. This comparison points to the advantages of electrochemical approaches based on carbon anodes enabling
localized production of ROS of desired amounts via polarizing electrodes by voltage steps and pulses performed in
customized reactor geometries.

S1-4. Measurement of electrolyte heating due to PEF

The temperature increase in the electrolyte due to Joule heating was estimated theoretically for the highest applied
voltage (1500 V) and observed current (8 A) considering the geometry of the employed PEF chamber (see Experimen-
tal part) and specific heat capacity of water (4184 J kg−1 K−1), with heat transport through electrodes being neglected.
The temperature increase calculated for one and thirty 100 µs pulses amounts to 0.3 and 8.4 ◦C, respectively. Sensing
performed during the PEF experiment by a thermal imaging camera revealed a temperature increase of ca. 2 K imply-
ing that losses due to heat transport are significant. Importantly, such a low change in temperature is assumed to have
no influence on the chemical structure, reactivity, and chemiluminescence of BSA molecules.
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Figure S1-2: Chemiluminescence transients induced by Fenton reagents (H2O2 and Fe2+) in 20 mg/mL BSA solutions as measured with lumines-
cence module of Tecan SPARK multiwell plate reader.

Figure S1-3: Chemiluminescence transients induced by Fenton reagents (H2O2 and Fe2+) in water as measured with luminescence module of Tecan
SPARK multiwell plate reader.
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Figure S1-4: Chemiluminescence transients induced by Fenton reagents (H2O2 and Fe2+) in phosphate buffer (0.36 mM NaH2PO4 and 0.83 mM
Na2HPO4) as measured with luminescence module of Tecan SPARK multiwell plate reader.

Figure S1-5: Optical photograph of freshly prepared Piranha solution (3 mL of 96 % H2SO4 and 1 mL of 30 % H2O2) mixed with 1 mL of water
(left) and 1 mL of aqueous BSA solution (final concentration of 20 mg/mL, right).

Abbreviations

DNPH = 2,4-dinitrophenylhydrazine
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Figure S1-6: Evolution of temperature of the 20 mg/mL (0.3 mM) BSA sample (ca. 200 µS) during one train of 30 pulses, 100 µs, 1 Hz, 1500 V.
Legend refers to three replications of the experiments

TCA = trichloroacetic acid
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