CzecH TecuNIcAL UNIVERSITY IN PRAGUE
Faculty of Electrical Engineering

MicHAELA PopLovA ~ Doctoral Thesis

January 2024

<« _||CTU
e Bs

UNIVERSITY
IN PRAGUE







CzecH TecHNICAL UNIVERSITY IN PRAGUE
Faculty of Electrical Engineering ~ Department of Circuit Theory

PHOTOCOUNT STATISTICS AND SPECTRAL ANALYSIS
OF ULTRAWEAK PHOTON EMISSION FROM
BIOLOGICAL SYSTEMS

Doctoral Thesis
ING. MicHAELA PopPLOVA
PrAGUE, JANUARY 2024

Pu.D. PRoGRAMME: ELECTRICAL ENGINEERING AND INFORMATION TECHNOLOGY - P2612
Branch oF Stupy: ELECTRICAL ENGINEERING THEORY - 2602V013

SupPERVISOR: PROF. ING. PavEL Sovka, CSc.
SUPERVISOR SPECIALIST: ING. MIcHAL CIFRA, PH.D.



Thesis Supervisor:

Pror. InG. PaveL Sovka, CSc.
Department of Circuit theory
Faculty of Electrical Engineering
Czech Technical University in Prague
Technicka 2
160 00, Prague 6
Czech Republic

Thesis Supervisor Specialist:

ING. MicHAL CiFraA, Pa.D.
Bioelectrodynamics research team
Institute of Photonics and Electronics
The Czech Academy of Sciences
Chaberska 1014/57
182 00, Praha 8 - Kobylisy
Czech Republic



ACKNOWLEDGEMENTS

First of all, I would like to express my deepest gratitude to my supervisor, Dr. Michal Cifra, for
his amazing guidance, considerate support, overall insights into the topic, and enthusiastic assistance
during my research project. Further, I would like to thank my supervisor, Prof. Pavel Sovka, for his
valuable experience and advice on signal analysis and the thoughtful recommendations for this disser-
tation. I am also thankful to the Faculty of Electrical Engineering at the Czech Technical University
in Prague and all members of the staff for providing knowledge. Many thanks to colleagues from
the Institute of Photonics and Electronics of the Czech Academy of Sciences for their scientific and
personal support. And my biggest thanks to my husband and parents for all the unconditional support
in these very intense academic years. Finally, I cannot forget to thank my kids for bringing a different
view to the world and adding worry but also fun and laughter to my daily life.

This dissertation has been financially supported by the Czech Grant Agency under grants No.
P102/11/0649, GP13-292948S, and GX20-06873X. Further, the Czech Technical University in Prague
under grants No. SGS13/138/OHK3/32T/13 and SGS15/198/OHK3/3T/13.

DECLARATION OF ORIGINALITY

I, the undersigned, hereby declare that this doctoral thesis is the result of my research in our research
team and my contribution corresponds to that specified at the beginning of each research chapter.
The thesis was written under the professional supervision of Dr. Michal Cifra and Prof. Pavel Sovka,
using the literature and resources listed in the Bibliography and References. I used Al technologies

in proofreading and correcting the grammar of this thesis.

In Prague, 31. January 2024

ING. MicHAELA PopPLOVA




ABSTRACT

Biological autoluminescence (BAL), also known as ultra-weak photon emission (UPE), is an endoge-
nous bioluminescent phenomenon present in all biological samples with an active oxidative metabolism caused
by the chemical formation of electronically excited species. BAL can reflect changes in oxidative metabolism
due to differences in the surrounding environment or the presence of biological agents. The main aims of this
dissertation include (I) developing a methodology for BAL measurement; (II) examining the statistical and
spectral properties of measured BAL signals; (IIT) devising a new method for improving BAL signal analysis
and (IV) designing a new type of experiment demonstrating the practical usability of BAL.

At the outset, a light-tight chamber was designed to ensure a dark environment. Biological samples and
detectors were selected, and a measuring methodology for BAL was developed. Preliminary BAL results
from human leukemia (HL-60) cells and yeast cells were presented, demonstrating oxidative changes under
different measurement conditions or using an antioxidant. In the subsequent part, mung bean seedlings were
investigated during growth in two different media: pure water or 1% sucrose. Their photocount distributions of
BAL time series followed the negative binomial distribution with mean BAL values increasing during seedling
growth, while Fano factor values showed a decreasing trend through the days. Optical spectral analyses of
BAL from differentiated HL-60 cells and yeast cells revealed clear differences between them. Additionally, an
optical model of BAL propagation through the human skin at selected wavelengths was created to estimate the
initial intensity generated inside the skin. A preprocessing method for non-stationary signals with dependence
between the mean and variance, typical for a Poisson-like process, was developed, preserving the type of
photocount distribution and phase-space structure of the signal. The importance of the suggested pre-processing
method was demonstrated by Fano factor and Hurst exponent analysis. In the final part, an experiment was
conducted, demonstrating the capability of quantitative differentiation between several degrees of oxidation
level on human skin in vivo induced by the application of H,O; and the possibility of monitoring the protective
effect of antioxidants. The imaging of BAL identified spatial inhomogeneity and local differences in oxidative
stress under controlled conditions.

Overall, the results of this dissertation demonstrate that BAL is a label-free, real-time, non-contact, non-
invasive, and likely the only technique that requires no additional acute external energy input to the biosystem

to observe endogenously or exogenously triggered oxidation processes.

KEYWORDS
biological autoluminescence, ultra-weak photon emission, reactive oxygen species, PMT, EMCCD camera,

photocount statistics, pre-processing, time series, imaging, spectral analysis

I



ABSTRAKT

Biologicka autolumininscence (BAL), zndma také pod pojmem ultraslaba fotonova emise (UPE),
je endogenni bioluminiscencni fenomén, vlastni v§em organismim s aktivnim oxidativnim metabolismem,
vznikajici diky chemickym reakcim vedoucim k elektronové excitovanym staviim. BAL zrcadli zmény oxida-
tivniho metabolismu vzniklé naptiklad zménou okolniho prostiedi ¢i pfitomnosti biologickych Cinitelt. Hlavn{
cile dizertacni prace jsou: (I) vytvorit metodiku méfeni BAL; (II) zhodnotit statistické a spektralni vlastnosti
naméfenych BAL signald; (IIT) navrhnout metodu pro zlepSeni analyzy BAL signald; (IV) vymyslet novy typ
experimentu demonstrujici vyuZitelnost BAL v praxi.

V prvni ¢asti dizertacni prace jsem navrhla svétlotésnou komoru pro méfeni BAL a urcila vhodné bio-
logické vzorky a detektory. Dale jsem vypracovala metodiku pro BAL méfeni. Vysledky z diferencovanych
bunék HL-60 a kvasinkovych bunék ukazuji oxidativni zménu v BAL signdlech pfi zménach podminek méfeni
¢i pouziti antioxidantu. V ndsledujici ¢dsti jsem se zabyvala fotopulzni statistikou BAL signdld z kli¢icich
seminkek munga ve vodé nebo roztoku 1% sacharézy. Distribuce obou skupin byla ve shodé s negativni bi-
nomickou distribuci po dobu 6 dntl, kdy stfedni hodnota postupné naristala a Fano faktor klesal. Porovnanim
optické spektrdlni analyzy BAL z diferencovanych bunék HL-60 a kvasinkovych bunék jsem demonstrovala
rozdilnd spektra v zdvislosti na daném biologickém systému. Dale jsem navrhla model odhadujici mnoZstvi
generovanych fotond uvnitf lidské kiize na jednotlivych vinovych délkach, ktery zahrnuje jejich dtlum v jed-
notlivych vrstvach pfi prichodu k povrchu kize. Nakonec jsem navrhla metodu predzpracovani pro nesta-
ciondrni signdly, pro které plati rovnost stfedni hodnoty a rozptylu jako jsou napiiklad Poissonovské procesy.
Tato metoda zachovava typ distribuce a strukturu dat signélt ve faizovém prostoru. DileZitost navrhovaného
predzpracovani byla demonstrovdna na analyze Fano faktoru a Hurstové exponentu. V zdvére¢né Casti jsem
provedla experiment demonstrujici vyuziti BAL k zobrazeni prostorovych nehomogenit tedy lokalnich rozdila
oxidativniho stresu v pfedem definovanych podminkdch. Experiment byl proveden na lidské kizi, ukazujici
schopnost kvantitativné rozlisit nékolik stupnd oxidace vyvolané peroxidem vodiku H,O, a moZnost pozorovat
ochranné d¢inky antioxidantu.

Z dizertacni prace vyplivd, Ze BAL je neinvazivni, nepfima metoda méfeni oxidativnim procest v biolog-

ickych vzorcich v redlném Case bez pouZiti externich zdroji a markert a je vyuZitelnd v praxi.

KEYWORDS
biologickd autoluminiscence, ultra-slabd emise fotond, reaktivni formy kysliku, PMT, EMCCD kamera, fo-

topulsnf statistika, predzpracovani, Casova fada, spektralni analyza
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1 INTRODUCTION

At the beginning of the 20th century, researchers observed natural light emission in living organisms, which
occurred without the involvement of specialized enzymes, such as luciferase [1}]2]. Technological limitations
hindered its exploration, and it was often dismissed as a secondary product of metabolism [3|]. This phe-
nomenon is being reevaluated with advancements in sensitive detectors like photomultipliers tubes and CCD
cameras [3}/4]]. Recent studies connect luminescence to cellular oxidation processes, offering new insights
into fundamental biology and applications in various fields [5H8].

Cellular oxidation processes are essential for functions such as cell signaling and pathophysiology [9-11].
The accepted mechanism of generating natural luminescence is the chemical production of electron excited
states within organisms, hinging on the presence of reactive oxygen and nitrogen species (RONS) [4,(6}7]].
RONS are vital signaling molecules, that contribute to cell regulation, energy conversion, and immune defense
[5,/12]. RONS arise from endogenous metabolic processes such as respiration in mitochondria [[13]], non-
enzymatic peroxidation of lipids in membranes, or are induced by abiotic (chemical [[14] or physical stimuli
[[15]]) or biotic (virus [16]], bacteria [17] or fungi [18]]) factors. Within these processes, transient intermediates
form, emitting photons as they return to their ground energy state [[7/19].

At its core principle, biological auto-luminescence (BAL) offers a way to assess oxidative processes within
living organisms. The advantage of BAL monitoring is a non-invasive, label-free method without perturbing

the organism using any external source of energy [8].







2 STATE OF THE ART

2.1 HISTORICAL PERSPECTIVE ON THE NATURAL LIGHT PHENOMENON

The terminology for natural light phenomenon, originating from all living system without any specific pig-
ments or enzymes, historically varies by research field. In the early 20th century, A. Gurwitch suggested that
this light was produced during cell mitosis in the ultraviolet wavelength range of 200 to 400 nm and naming it
as mitogenetic radiation [1,20]]. Nevertheless, its existence was challenged by other authors [21]].
In the mid-1970s, German professor F.A.Popp introduced the term biophoton emission [22] and proposed that
light originates from DNA (deoxyribonucleic acid). According to this theory, the DNA double helix was con-
sidered as a quantum electrodynamics structure [23]] that is continuously stimulated by the metabolic activity
leading to the creation of a coherent electromagnetic field [22]. DNA serving as an energy reservoir, can emit
accumulated energy as photon quanta in the wavelength range of 100 to 300 nm [23]]. However, these hypothe-
ses have not been adequately experimentally validated [24].
Concurrently, a large biochemistry group was formed in Brazil around G. Cilento, W. Adam, H. Sies, and
E.J.H. Bechara. This scientific community, specializing in excited electronic states during biological processes,
termed this phenomenon as biological chemiluminiscence or simply chemiluminiscence [25H27]].

Currently, spiritual alternative medicine speculates about the link between biophoton emission or biopho-
tons [2] and the aura. However, scientists are progressively shifting away from this terminology and aiming

for a more precise description.
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Figure 2.1: BAL intensities vs other light phenomenons.




2.2 FROM ULTRA-WEAK PHOTON EMISSION TO BIOLOGICAL AUTO-LUMINESCENCE

Recently, the term ultra-weak photon emission(UPE) [19] has been commonly used. UPE describes this
light phenomenon from the perspective of detected particles-photons with very low intensity, without pro-
viding information about the generation mechanism. Biological auto-luminescence (BAL) appears to be a
more informative term. "Biological" indicates that the light originates from living systems or organic samples.
"Auto" signifies that the generation mechanism is endogenous within cells and occurs spontaneously without
external inputs, maintaining a basic luminescence level. "Luminescence" refers to the non-thermal essence of

light emission.

2.3 BIOLOGICAL AUTO-LUMINESCENCE

BAL is a product of oxidative processes [28131]], especially involving reactive oxygen species (ROS) that react
with biomolecules to create electronic excited states and emit photons without external photoexcitation [32].
Photons are emitted in the spectral range of at least 350 to 1300 nm [[19]; further details are described in Chap-
terf2.3.1] Two types of BAL are distinguished. Spontaneous BAL, occurring naturally, is characterized by

'.em™2 [2.7], depending on the organism type.

low intensity emission, typically around 100 or less photons-s™
Induced BAL is a term used for endogenous luminescence that increases due to stress factors originating from
changes in the surrounding environments such as temperature [[15]], chemical treatments (H,O, [14], PMA
(phorbol 12-myristate 13-acetate) [33]]), variations in gas concentration [[15] or the presence of biotic factors
like viruses [16], bacteria [|17]] or fungi [18] in the organism. The intensity of induced BAL is around 100 -
1000 photons-s~' -ecm~2 [19]. BAL is not visible directly by human eyes due to their limited sensitivity, and
because the surrounding daylight intensity is higher than BAL, as depicted in Fig[2.T] It can not be attributed
to thermal radiation from a black body [19], as shown in Fig[2.2 or bioluminescence. Bioluminescence is
a different type of light generation process because its main principle involves electron excited states of spe-

cial complex (luciferin-luciferase) or photoproteins (green fluorescent protein GFP, Aequorin), which not all

organisms possess, making it highly specific [[19].
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Figure 2.2: Spectral radiance of black body with temperature 25°C (dotted line) and 37°C (dashed line) is com-
pared with BAL flux approximation of 10 photons-s~! -cm™2 per 10 nm (solid line). The BAL may
be influenced by thermal radiation in the near infra-red region of the spectrum.

2.3.1 Generation mechanism of photons

Reactive oxygen species (ROS) are crucial for BAL generation, examples are provided in Tab. [23]34}
33].

oxygen [13,36]]. One-electron reduction of molecular oxygen (30,) creates superoxide anion (O37). The

Mitochondria or chloroplasts primarly produce ROS during aerobic metabolism in the presence of

dismutation of O~ generates hydrogen peroxide (H,O;). Consequently, one-electron reduction of HyO,
could lead to the formation of hydroxyl radical (HO®). HO® is a highly reactive radical due to the presence
of unpaired electrons and high positive redox potential [7]. Other cellular components capable of generating
ROS include peroxisomes, cytosol, the plasma membrane [13|37]], the endoplasmatic reticulum [38]] and the
extracellular space [39]]. ROS can also form during various cellular enzymatic reactions involving NADPH
oxidase and nitric oxidase synthase [5,40|]. They may arise during a respiratory burst as part of the defense
against pathogens [10},|12]] or as a product of cellular signaling pathways [|10,|12,35]], contributing to the
maintenance of the surroundings environment [9,10,/40] and the regulation of the cell cycle including
processes like differentiation, proliferation, growth and apoptosis [9]). Exogenous conditions such as heat,
drought, UV exposure, or the presence of heavy metals cations (Hg, Cd, Pb) [11] can also increase ROS

production.

Table 2.1: Examples of reactive oxygen species

free radicals

non-radical species

superoxide anion O3~
hydroxyl HO®
alkoxyl RO*

nitric oxide NO*

nitrogen dioxide NOO*

hydrogen peroxide H,O,
hydroperoxides ROOH
singlet oxygen 'O,
singlet ozone O3

hydrochlorous acid -HOC1




A long-term imbalance of ROS inside cells can lead to pathological states such as cell death, fibrogenesis,
or tumor growth [35]. The antioxidant defense system protects the organism against oxidative stress, char-
acterized by increased ROS production. Disruption of the ROS balance can result in i) an adaptive response
by organism to increase antioxidant production, ii) cell damage or iii) cell death [10}[36]]. Too little ROS can
also disrupt the cell’s redox homeostasis due to errors in signaling pathways [41]]. Two types of antioxidants
are distinguished: enzymatic (catalases, superoxide dismutases, glutathione reductase and peroxidase, etc.),
and non-enzymatic (ferritin, albumin, NADPH, ascorbic acid, carotenoids, etc.) [42-435].

The hydroxyl radical (HO*®), a reactive oxygen species, can react with various biomolecules (RH) like

lipids, proteins or DNA, and leading to the formation of alkyl organic radical (R®), Eq. [2.1][[7,46].
RH+HO® — R® + H,0 Q.1

One-electron oxidation of R®(alkyl radical) can lead to the formation of a peroxyl radical (ROO®), Eq.
[7./46,147]. The peroxyl radical (ROQO*®) can abstract a hydrogen atom from another biomolecule (RH),
forming hydroperoxide (ROOH) and regenerating R°®(alkyl radical), Eq. [7446]]. ROOH (hydroperoxide)
can also be created, by the ene reaction of RH (biomolecule) with 10, (singlet oxygen), Eq. [7./46]. The
one-electron reduction of ROOH (hydroperoxide) can result in the formation of alkoxyl (RO°®), Eq. [7].
Alkoxyl (RO®) could react with hydroperoxide (ROOH) resulting back in peroxyl radical (ROO*®), Eq.
[46]. Alkyl radical (R®) can be also formed by S-fragmentation from alkoxyl (RO®), Eq. or reaction
alkoxyl (RO®) with biomolecule (RH), Eq. [46,147].

R* +0, — ROO* (2.2)

ROO® +RH — ROOH +R* (2.3)

RH +! 0, — ROOH (2.4)

ROOH +Fe?* —s Fe’* +RO® + OH~ (2.5)
RO® + ROOH — ROO® + ROH (2.6)
RO®* —R*+R=0 2.7

RO® +RH — R* +ROH (2.8)




Very unstable, high energy intermediate called tetraoxide (ROOOOR) is created by the recombination
of two peroxyls (ROO°®), Eq. and it’s decomposition results to two alkoxyls (RO*), Eq. [[7,46].
Dioxetane (ROOR), second intermediate, can be formed by cyclization of ROO*® (peroxyls), Eq. [[7] or
the cycloaddition of lOz(singlet oxygen) to RH(biomolecule), Eq. [71.

ROO* + ROO®* — ROOOOR (2.9)
ROOOOR — 2RO"* +3 0, (2.10)
ROO®* —s ROOR 2.11)
RH+! 0, — ROOR (2.12)

Decomposition of dioxetanes (ROOR) and tetraoxides (ROOOOR) can result in electron excited states
[48]]. These electron excited species return to ground states through several possibilities, including vibrational
decay, releasing energy as heat, or engagement in further chemical reaction [8]. The emission of energy in

the form of photons is often the least probable outcome, and this phenomenon is referred to as BAL.

Triplet excited carbonyls

Decomposition of dioxetanes (ROOR), Eq. or tetraoxides (ROOOOR), Eq. leads to production
of triplet excited carbonyls CR = O*) [7,147,149].

ROOR — R=0+3R =0" (2.13)

ROOOOR — ROH+*R = O0* +3 0, (2.14)

Triplet excited carbonyl returns to its ground state through photon emission, Eq. [2.15|[4][7,149,[50].
3R =0" — R = O+h-v(350—550nm) (2.15)

Chromophores

Energy from triplet excited carbonyls °R = O*) can be transferred to chromophores (P) leading to the

generation of singlet ('P*), Eq. or triplet (*P*), Eq. excited chromophores [[7].
SR=0"+P—>R=0+'P* (2.16)

SR=0"+P—>R=0+P* (2.17)




These excited singlet ('P*), Eq. and triplet CP*), Eq. chromophores return to their ground state
by emitting photons [[7,51-53]. While photon emission from excited triplet chromophores (*P*) has not been
experimentally verified, it is assumed to occur in the infrared (IR) wavelength range [7]]. Typical examples of

chromophores include chlorophyll, melanin, bilirubin.

'P* — P+h-v(550 - 750nm) (2.18)

3p* — P+h-v (750 — 1000nm) (2.19)

Singlet oxygen 'O,

Singlet oxygen (' 0») can be generated from triplet oxygen (0») its basic state when it receives energy from
excited triplet carbonyl R = O*), Eq. or excited chromophores (°P*), Eq. [7]. Additionally, the
decomposition of tetraoxide (ROOOR) can also lead to the formation of singlet oxygen ('O,) due to the

Russel-type mechanism, Eq. [2.22][[7]..

S3R=0"+0, - R=0+'0, (2.20)
P 0, - P+ 0, (2.21)
ROOOOR — ROH+R =0+'0, (2.22)

While monomolar emission from singlet oxygen ('0,), Eq. [2.23| within biological organisms has not

been experimentally confirmed, it is assumed that it may contribute to BAL in the IR wavelength range [[7,47].

10, —3 0, +h-v(1270nm) (2.23)

The recombination of two singlet oxygen molecules ('0,) may result in dimol emission, Eq. [2.24}
characterized by the emission of a photon of double the energy (half the wavelength of monomolar emission)
a photon leaving the two triplet oxygen molecules (?0,) in ground state [2.[7,47./54]. A simplified diagram

illustrating the complex chemical reactions that result in photon emission is depicted in Fig[2.3]
10, +' 0, — 270, +h-v(634,703nm) (2.24)

A simplified diagram illustrating the complex chemical reactions that result in photon emission is depicted in

Fig23]
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Figure 2.3: Approximate reaction scheme leading from oxidation of biomolecules to BAL.

2.3.2 Application of BAL

BAL holds a potential for evaluating oxidative processes in bio-samples within the food industry, agriculture,
and medicine. Intensity and spectra are key parameters, there is a perspective that time series data can
contain more information based on fractal theory [|55]]. The primary advantage of monitoring BAL is its label-
free, non-invasive real-time approach without the need for external energy input. Representative BAL
experiments are shown in Tab[2.2] Germany’s SUPER lab company (https://super-lab.de/liana.html, Germany)
has developed LIANA (LIght ANAlaser), a device that assesses food quality covering aspects like freshness,
chemical composition, and biological contamination through a combination of BAL and auto-fluorescence.
BAL has also been applied in plant studies, examining their responses to pathogens [[16,|17,|56]], herbicides
[57./58]], and environmental stress [59}/60]. Additionally, animal studies [61-63] have served as a precursor
to human experiments in biomedicine, indicating BAL’s potential as a diagnostic tool for various diseases

[64H68].




Table 2.2: Representative BAL experiments, demonstrating key findings and results

Authors

Measurements of BAL in biological samples and others experiments

W. Adam and W. J. Baader
R.C. Allen

R.P. Bajpai

E.J.H. Bechara

L.V. Beloussov, 1.V. Volodyaev
and A. B. Burlakov

A.V. Budagovski

E. Cadenas, A. Boveris

G. Cilento

Ch.M. Gallep

A.A. Gurvich
A.G. Gurwitsch

E. Hideg

H. Inaba

H. Inagaki
M. Kobayashi

S. Miyamoto and P. Di Mascio
F.A. Popp

P. Pospisil, A. Prasad

and A. Rastogi

T.I. Quickenden

and R.M. Tilbury

H. Siess

J. Slawinski

J. Stauff

R. F. Vasil’ev, G.F. Ferodova
and A.V. Trofimov

Y. A. Vladimirov and I.P.Ivanova

R. van Wijk and E. van Wijk

dioxetanes [27]], peroxidase [[69]], cyclic peroxides [[70]]
phagocyte [71]], leukocyte and bacteria [[72]]

lichen (Parmelina wallichiana (73|, Parmelia tinctorum [[74])
dioxetane [25]], proteins [75], lipid peroxidation [[76]

fish [61},/77H79] and amphibian [80]] eggs and embryos

apple with fungi spores [81]] and plant leaves with chlorosis [|82]
bovine heart mitochodria [54]], hepatocytes [83]] and liver of rat [30]
electronic excited states from free radicals [|84]] and triplet carbonyls [49]]
wheat seedlings [85/[86], coffee seeds [87],

toxicology of seedlings [|88]] and planktonic crustaceans [|89]]
glycine [90], liver cells [91] and muscles [92]]

cell division of root-tip [[1], yeasts [93]], red blood cells [[1]]

and amino acid [94]

spinach leaf and plant organelles [95-97]

human body [98]], human blood [66] and soybeans [99]

rice [58]] herbicide [57]]

human body [[100}/101]], HeLa cancer cell line [|67]], rat’s brain [[102]]
cucumber mosaic virus [[16]], soybean seedlings [[103]]

peroxyl radical [[104] and singlet molecular oxygen [[105}/106]
DNA structure [22}[23]], cucumber [[107]] and human body [[108]]
plants [[14,|109+111]], heat stress [60]

human body [112]] and porcine skin [[113}|114]

Saccharomyces cerevisiae [|115)/116]]

and Candida utilis [|117]]

oxidative stress [[118}/119]

yeasts [|120]], plants [59]], cereal grains [[121,/122]] humic acids [[123}|124]]
triplet states [|125]]

molecular oxygen [|126], tetraoxides [[127]]

indol [128]] and vegetable lipids [[129]

free radicals [6,/130] and Fenton reaction [[131]

mouse [[132], blood of diabetics [68]], human [133-135|

and Chinese medicine [|[136-H138]]
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2.3.3 BAL from human body

BAL from human subjects in vivo has only been detected from the outer surface of the human body, specifi-
cally the skin [139-142]. The BAL intensity depends on various factors [[141], including the particular body
site [[133]] and physical activity [[143}/144], displays anatomic asymmetry [134,/145], undergoing diurnal,
monthly and annual cycles [[100,|146-148]]. It tends to increase with age [149]] and, when combined with
spectral analysis, has the potential to be used to monitor disease processes, such as diabetes, hemipare-
sis, protoporphyria, or a typical cold [150]. However, research on BAL from humans is often related to
skin research and dermatology, reporting the capability of using BAL to detect oxidation processes in the
skin [113}|151}|152]. The skin protects humans against continuous oxidative damage by ROS coming from
environmental stresses (physical and chemical factors) [28}|112,|139]. BAL measurements on the skin have
also been performed ex vivo in biopsies [[113}/153/[154], in vivo, and in vitro conditions (e.g., keratinocytes,
fibroblast, homogenate) under diseased conditions such as malignancy and/or externally applied stresses (such
as ultraviolet irradiation, exogenously applied chemicals) [[113|1555157]]. The studies mentioned above con-
cluded that BAL can be used to evaluate the physiology of the skin and help to understand how skin tissue reacts
to different exogenous stresses. It is necessary to mention that the measuring BAL in the skin is challenging,

primarily due to the low intensity of BAL.

2.4 MEASUREMENTS OF BAL

BAL is measured using highly sensitive light detectors. The most commonly used detectors are photomulti-
pliers (PMT) and CCD (Charge-Coupled Device) cameras, which operate in completely dark conditions due
to very low intensity of BAL (Fig. 2.1), as mentioned in Chapter{2.3] PMTs offers very high time resolution,
ranging from seconds to nanoseconds, but they lack spatial resolution. To measure very low light, PMTs
require the detection system to operate in the photon counting mode. In contrast, CCD cameras provide high
spatial resolution, but capturing a single BAL image can take 15-60 minutes. To reduce noise, both types of
detectors can be equipped with air or water cooling systems. The physical principle underlying these detectors
is the photoelectric effect, where photons strike the surface of a special material, leading to the ejection of elec-
trons. The entire process is facilitated by the transfer of energy from the photons to the material. This Chapter
@] and its sub-sessions are based on handbooks of Hamamatsu [[158-160]], Stanford research systems [161]],

Oxford Instruments [[162}|163]], and Teledyne technologies companies [[164,|165]] producing light detectors.

2.4.1 Photomultipliers

The PMT (Photomultiplier tube) is a photosensitive device that converts light into an electrical signal. Pho-
tons enter through entrance window and interact with the photo-cathode, typically composed of highly reac-

tive alkali metals such as sodium (Na), potassium (K), rubidium (Rb), and cesium (Cs). As a result, emitted
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photo-electrons are accelerated by a focusing electrode toward the first dynode, where secondary emission
occurs. This secondary emission process is repeated on each subsequent dynode, leading to electron multi-
plication. The degree of electron gain typically ranges from 10° to 10%, depending on the number of dynodes
and the applied high voltage, ranging from 1000 to 2500V. The final emission of electrons is collected by the
anode, resulting in a current output signal. All of these processes take place in a vacuum at a pressure of
approximately 107 Pa.

The photon counting method involves converting the current output into voltage pulses using a wide-
band pre-amplifier. These voltage pulses are either accepted or rejected by the comparator based on the
discriminator level. Finally, the accepted pulses are shaped and counted.

PMTs can be categorized based on their geometry into side-on and head-on types. Most side-on detectors
feature an opaque, reflective photo-cathode and typically have a circular arrangement of dynodes. In
contrast, head-on types include a semitransparent photocathode on the top and typically feature a linear
array of dynodes. The head-on type often provides better spatial uniformity of the photo-cathode compared

to the side-on type.

Construction of PMT

PMT detectors typically consist of two detachable parts: a vacuum glass tube with electrodes, and a socket
containing electronic components and input/output connectors for high-voltage, signal, and supporting devices.
The current gain at each dynode typically ranges from 2 to 6 electrons. To stabilize the output signal, the
first two dynodes of the voltage-divider circuit use higher resistors to increase electron gain. Replacing the
last few resistors with a combination of Zener diodes and capacitors resolves the issue of voltage drop as the
output current increases. However, this combination can cause high-frequency ringing in the anode output
signal, so it is recommended to add a small resistor between the dynode and capacitor. Snubber networks
on the anode consist of a short piece of 50 Q coaxial cable terminated into a resistor (less than 50 Q). These
networks serve several purposes, including (i) protecting the PMT from the dark current of the anode, (ii)
improving pulse-pair resolution, (iii) canceling ringing in the output caused by multiple counts from a single
photon, and (iv) terminating reflections from the input to the pre-amplifier.

The spectral response of a PMT depends on the material of the photo-cathode and entrance window. It
is expressed by two physical quantities: Radiant Sensitivity S, [mA/W] and Quantum Efficiency QE; [%]
as a functions of wavelength. The relationship between these quantities is described by the equation:

h-v =5, E S

=124.22 (2.25)

E, =S, —
Q}S/le A-e A

Here, A [nm] represents the wavelength, e [J] is the electron charge, h is Planck’s constant, and c is the speed of

light in a vacuum. Radiant sensitivity is the ratio of the current I [A] transmitted by the photo-cathode to the
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incident radiant power ¢ [W] at a specific wavelength. Quantum efficiency is the ratio of photo-electrons
emitted from the photo-cathode ny to the number of incident photons n,. The type of window material
determines the short wavelengths cutoff of the PMT’s spectral response. Borosilicate glass is suitable for
measurements in the VIS spectrum (4 > 300nm). For UV measurements, materials like UV glass (1> 185nm),
synthetic silica (4 > 160nm), or MgF, (1 > 115nm) are used. The choice of photo-cathode material affects

the long wavelength cutoff ot the spectral response, as shown in Tab. 2.3]

Dark current refers to the low-level current that persists in a detector in the absence of any external light
source, establishing the lower limit of light detection. It depends on the supply voltage and can have various
sources, including: (i) Thermionic emission from the photo-cathode, which is a primary source of dark current
but can be reduced by cooling the photo-cathode. (ii) Residual gas ions inside the PMT that may interact with
electrons and strike the photo-cathode or first dynodes, resulting in larger output noise pulses, often observed
after the primary signal pulse. (iii) Glass scintillation, caused by the collision of glass and electrons due to
deviation in their trajectories. (iv) Leakage current, resulting from imperfect connections between the glass
tube and the socket of the PMT or contamination from dirt and moisture. (v) Field emission, arising from
high operating voltages near the maximum rate. It is recommended to work with 70-80 % of the maximum
voltage. (vi) Electrical devices, which can be a source of noise. (vii) Cosmic radiation from the surrounding

environment. PMTs are typically designed with electric and magnetic shields.

Table 2.3: Photocathode materials

materials spectral range [nm]  specification

Ag-O-Cs 300-1200 near IR with cooled photocathode, transmission mode
GaAs(Cs) 160-930 wider range than multialkali (300-850 nm flat)
InGaAs(Cs) 300-1000 extended IR than GaAs; higher S/N ratio than Ag-O-Cs
Sb-Cs 185-650 reflection mode only

Bialkali 185-650 higher sensitivity and lower noise than Sb-Cs

(Sb-Rb-Cs/Sb-K-Cs)

Bialkali(Na-K-Sb) 185-680 higher operating temperature (175°C)

or very low dark current
Multialkali(Na-K-Sb-Cs) 185-900 high, wide spectral response (spectrophotometers)

Cs-Te/Cs-1 115-320/115-200  sensitive only for UV
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2.4.2 CCD cameras

A charge-coupled device (CCD) is an image sensor that converts light into electric charge. The CCD
chip is composed of small elements known as pixels. In each pixel, incoming photons are absorbed by
the semiconductor material, releasing electrons that are then accumulated under electrodes. Subsequently,
these electrons are transferred to the output node, where they are amplified and converted into voltage. The
electric charge is directly proportional to the intensity of light captured by the pixel. For measuring very weak
light emission, it is recommended to use a back-illuminated EMCCD (Electron multiplying) camera with a
pre-amplifier directly on the chip. The binning method, which combines 2x2, 3x3, 4x4, or 8x8 pixels, is
a valuable technique for improving the signal to noise ratio (SNR). However, this method comes with the

disadvantage of decreasing the resolution in the final image.

Construction of CCD cameras

A CCD is composed of silicon matrix in the photo-active region and a shift register in the transmission
region. The semiconductor is grounded on the lower side, and covered with a thin layer of silicon dioxide,
which acts as an insulator, on the other side. Electrodes are deposited on this dioxide layer. Each pixel consists
of three electrodes, with only one electrode being activated at a time. The first electrode creates the potential
well, while other are responsible for transferring the charge to the output of the CCD through their gradual
activation. The CCD chip features both a vertical shift register and and an output horizontal shift register.
Described schematic structure of EMCCD chip is shown in Fig[2.4] Ultimately, the current pulse corresponds
to the incoming brightness at the pixel. Silicon-based CCDs are optimized for the visible wavelength range
(400-700 nm). Lower wavelengths are blocked by the insulator and higher wavelengths are penetrating into the
deep-depletion layer.

The noise in a CCD degrades the image quality and arises randomly, depending on surrounding tem-
perature, pixel size, manufacturing, and structural technology. There are three main types of noise: (i) Dark
current, which is a thermally generated charge expressed in electrons per pixel at a defined temperature. It
can be reduced through cooling systems and image processing. (ii) Photon noise, which is associated with the
fluctuating speed of incident photons on the CCD camera. This deviation follows a Poisson distribution and is
defined as plus or minus the square root of the measured signal intensity. (iii) The last type is reading noise,
which occurs during the recording of the measured signal. It can originate in an A/D converter or pre-amplifier

on the chip.
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Figure 2.4: Principal structure of the EMCCD sensor

2.5 ANALysIs oF BAL SiGNALS

The most common parameter analyzed from BAL measurements is the BAL intensity (number of photo-
counts). However, further BAL can be assessed from time series, image, or spectra. The time series, mea-
sured by PMT, comprises the number of detected photons in each bin, with the bin size representing the time
sampling step. The size of the bin depends on the type of investigation phenomenon. BAL signals may mani-
fest as stationary, nonstationary, or quasistationary depending on the generation mechanism. Images depict
detected photons in a pixel matrix offering spatial information. Emission spectra of BAL, measured in the

visible range, provide information on the quantity of detected photons within the selected wavelength band.

2.5.1 Photocount statistics

This section is written according to The Oxford Master Series in Physics [[166]. In classical physics, light is
considered as an electromagnetic wave, simplified as a coherent light beam with a constant angular frequency

w, phase @, and amplitude &:
e(x,1t) = gosin(kx — wt + D). (2.26)

Here, &(x, 1) represents the electric field, and the propagation constant k is expressed as ¢, where c is the
velocity of light. Equation assumes a constant light flux without changing intensity. For BAL, quantum
theory describes light as a stream of photon particles. The photon is a basic particle of light with zero mass,

where energy or momentum depends only on frequency. Photocount statistics are expressed as a probability
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p(n,At) of detecting n photons in a defined time interval Az (bin), following the Poisson distribution p,:

pp(n,A) = % e n=0,1,2,3.... (2.27)
Here, (n) is the mean value of detected photons, and ¢ is the variance. The Poisson distribution is derived
from the Binomial distribution for a coherent light wave with constant intensity. The Poisson distribution has
a typical characteristics of 0 = (n).

In quantum optics, the photon statistics can be categorized to three types, as shown in Fig. 2.5] (i) Poisson
statistic describes a perfectly stable type of light with standard deviation o = v{n). (ii) Super-Poisson statis-
tics describe classical light beams with time-varying light intensities, such as thermal light of a black body,
incoherent or partially coherent(chaotic) light with o= > (n). Super-Poisson distributions could be the most
common case in nature, and an example is the Negative binomial distribution [[167]. (iii) Sub-Poisson statis-
tics are theoretically described for light with narrower distribution than Poisson with o~ < v/(n), indicating even

lower fluctuation in the intensity than the coherent beam of constant intensity, which does not exist in classical

electromagnetic theory. An example is the Binomial distribution [[168|] or squeezed states (quantum optics).

0.2
a) b) c)
0.15
I Sub-poisson Poisson Super-poisson
< distribution distribution distribution
a 01 (ny = 10.17 (ny = 10.00 (ny = 10.08
*=4.89 0 =10.00 o’ =21.59
0.05 |
.l REEL.
0 5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20 25

number of photons n [-]

Figure 2.5: Light according to quantum optics could have a) Sub-Poisson, b) Poisson, or ¢) Super-Poisson dis-
tribution.

Chaotic light sources are characterized by a short coherence time. Thermal light is a common chaotic
field source, and it can be filtered or polarized for measurements. For a single mode of chaotic field, photo-

counts statistics follow the Bose-Einstein distribution:

(m"

Aoy "ith @ = +n). (2.28)

pg(n’ At) =

The Multi-mode chaotic field (Ar >> 7, 7 is the coherence time of the field) follows the distribution by
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Mandel (1995):

(n+M-1)!

pen(n Af) = )

A Mo 2 0w i 02 = iy + 2

n(M=1! " (n) M m> 229

where M is a number of sources. In the case of a large number of sources M, the multi-mode chaotic distri-
bution converges to the Poisson distribution, as illustrated in Fig. @

Photocount distribution can be also described by the first four statistical moments (mean eq[2.30] vari-
ance eq[2.31] skewness eq[2.32} and kurtosis eq[2.33), or parameters called Fano factor F eq[2.34] or Mandel
parameter Q eq[2.35}

1 N
()= Zx[n] (2.30)
n=1
2 1 > 2
o = 5 > (el = )’ (2.31)
n=1
>N (xdn] = (n))?
s= VN N1 —— (2.32)
N (Inl = ()22
N _ 4
N Zﬁzl(x[n] (n)) 233
N (x[nl = (ny)2)?
2
g
F=—"— 2.34
= (2.34)
O=F-1. (2.35)

Signals demonstrate super-Poisson statistics if F > 1 and Q > 0 or sub-Poisson statistics if F < 1 and Q <O0.
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Figure 2.6: Comparison of the approximation of the Multi-mode chaotic distribution with a different number of
modes (blue line) and the Poisson distribution (red line)

2.5.2 Advanced signal analysis

BAL assumes fractal and chaotic behavior due to its inherent properties, including the physical property
of light (Chapter [2.5.T) and its origin in biochemical processes (Chapter [2.3.1). Biochemical reactions can
display nonlinear chemical dynamics, such as periodic oscillations [169]] indicating chaotic behavior [170].

Oscillation during respiration and cell division is slower than metabolic cycles inside cells [171]. Exciton-

17



fusion reactions, where two triplet excitations fuse to form a singlet excitation or chemical reactions in pores of
membranes can exhibit fractal-like kinetics [[172,(173]. The Fano factor F(T') can be used for the evaluation
fractality, where T is the measurement window [174]]. For a random Poisson process, F(T) is approximately
1, and for a fractal process, F(T) can be greater than 1 (Teich, 1989).

Van Wijk employed the Fano factor and statistical moments to characterize BAL signals from human subjects
[135L]175,|176]]. Additional parameters include the slope of the doubly logarithmic plot of F(T') (referred to
as the scaling exponent @), which is related to long-time correlations and was used by Stanley [[177]]. Stanley
also analyzed Fractal dimension D(%), Hurst exponent /2 and multifractal spectrum 7(q). BAL researchers
also utilized correlation or autocorrelation methods [61}/178]] and amplitude spectral analysis [[77]. Some
sophisticated analyses involved detrending processes, such as Detrended fluctuation analysis DFA [[177]], or

Multifractal detrending moving average M F DM A method applied by Scholkmann [55].

2.5.3 Spectral analysis

From the beginning of BAL discovery, researchers required spectral analysis to elucidate the mechanisms
which generate BAL. The complication arose from the technical limitation of BAL spectral measurements, as
commercial spectroscopic tools with diffraction grating were unsuitable for BAL. Although filter-type spec-
troscopy with color filters was an available method [66}/179-H182], its limitation was inaccuracy caused by
the low sharpness of cut-of wavelength of filters, their lower transmittance, and optical density. With the
development of filters improving described parameters, this type of spectroscopy is commonly used for BAL
in plants [[110}/183}/184], cells [[155,(185]], or human [134}/186]. While this method is suitable for stationary
BAL signals [157,[187], its disadvantage lies in lower spectral resolution and the angular dependence of
filters.

Polychromatic spectroscopy, designed by Scott [[188]] used a multichannel plate and a position-sensitive
detector and addressed the problem of low spectral resolution resulting from filter-type spectroscopy. The
advantages of polychromatic spectroscopy are high spectral resolution in real-time and suitability for non-
stationary or temporal variate signals [[189]. Nowadays, the polychromatic spectral system for BAL com-
prises an input slit, collimator lens, diffractive grating, collecting lens, and highly sensitive imaging device
[101]. Nagoshi was the first to use a simplified system described earlier [190]. The challenge of this method is
choosing the suitable optical parts of the spectrometer and slit size [[101].

Spectral analyses can also be used for diagnostics of the state of the biological systems because changes
in spectra have been observed in certain diseases such as Alzheimer’s and vascular dementia [[191]], cold [[186],

breast cancer [185]], melanoma cells [[155] or plant defense response [56].
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3 AIMS OF THE DOCTORAL THESIS

The goal of this thesis is to provide an overview of the BAL phenomenon, covering its generation mechanism,

spectral and signal analyses, and identifying potential areas for deeper investigation. Furthermore, the thesis

aims to measure BAL in the laboratory, identifying suitable measuring equipment, environments, and biological

systems. Ultimately, our experiments should either verify or discover potentially useful aspects of BAL.

THE SPECIFIC AIMS OF THE DOCTORAL THESIS ARE AS FOLLOWS:

1y

2)

3)

4)

5)

6)

7

Designing light-tight chambers for BAL measurement to enable measurements with different types of

detectors.

Creating a methodology for BAL measurements and select suitable PMT and biological samples.
Summarizing and investigating photocounts statistics of BAL from biological samples.
Exploring non-stationary BAL signals to design a suitable preprocessing method.

Examining the spectral analysis of BAL from biological systems using optical filters.

Estimating BAL propagation through human skin for different wavelengths and comparing the model

with measured data.

Investigating BAL from human skin to distinguish different levels of oxidation.
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4 DESIGN OF LIGHT-TIGHT CHAMBERS FOR BAL
MEASUREMENT

In 2012, a light-tight chamber for BAL measurement was not available from commercial producers ac-
cording to our requirements for the variability of measurements using different types of PMTs and EMCCD

L. e¢m~2), which

cameras. BAL signals have a very specific property of low intensity (10 - 1000 photons - s~
is not detectable by the naked eye, mentioned in Chapter. 2.3] It is necessary to provide an absolutely dark

environment that enables measurement with very sensitive detectors, such as PMTs or EMCCD cameras.

SoLuTION:

I designed 3D models in Pro/ENGINEER program version Wildfire 4.0, coordinated the procurement of ma-
terials and surface treatment, and assembled the chambers. The first type of chamber was designed for mea-
surement with one detector, allowing for the use of different types of detectors. The design was based on
previous work [192]. In comparison to the original proposal, I modified the interlocking systems of joints to
simplify production in the mechanical workshop, designed flanges compatible with various detector types, and
addressed their light-resistant attachment. The chamber was enhanced with direct access to a light-tight cham-
ber through a flange with a two-layer black sleeve secured by three rubber bands, as depicted in Fig[I] This

chamber is suitable for measuring BAL from hands and enables real-time sample manipulation.

Figure 4.1: Light-tight chamber for measuring BAL with direct access inside, according to utility model 26119.
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The second chamber was designed for parallel measurement, offering the flexibility to change its position
based on the type of sample. The chamber facilitates horizontal or vertical measurements, depending on the
suitability of the sample for measurement in Petri dishes or cuvettes. The advantage of this geometry is the
same distance of detectors from the sample. This chamber is composed of three main parts: (i) a positioned

chamber, (ii) a stand, and (iii) a holder with a delineation system, as depicted in Fig@

Figure 4.2: Light tight chamber with holder and its delineation system

This chapter includes two utility models in

| 26119: Light-tight chamber for measuring photon emission from biological samples

| 26574: Positioning light-tight chamber for parallel measurement of photon emission samples
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5 METHODOLOGY OF BAL MEASUREMENTS

This chapter deals with the BAL measurement systems, mainly deals with a selection of suitable detectors,
creation of sample preparation protocols, and selection of suitable biological systems. Some results of the pre-
liminary studies were presented in the form of conference papers [C2-C5], Chapter [I0} The primary objective
of BAL investigation is to analyze signal and statistical parameters and find a connection between them and the
states of organisms, both natural and pathological. This indirect method for assessing the levels of free radicals
and RONS (Chapter[2.3.T)) appears to be a valuable tool in the fields of biology, chemistry, and medicine (Chap-
ter @) The main advantages of BAL are that it is a non-invasive, affordable, label-free method without the

need for any external illumination of the biosample under test (Chapter 2.3|2:4).

5.1 CONFIGURATION OF MEASURING SYSTEMS

Our BAL measuring system consists of a light-tight chamber (Chapter [), a detector, and its accessories de-
pending on its type. In total, there are two chambers sized 50x50x50 cm, one chamber with 25x25x25 cm size,
and one chamber for parallel measurement. The temperature inside the chamber can be regulated using ther-
moregulation, which consists of a Peltier air-to-air unit (UEPK-A2AH-24V-100W or UEPK-A2AH-24V-50W,
UWE electronic) and temperature sensor PT 100 (UE-Y 15-M2163-40, UWE electronic) included in the cham-
ber. The source box, manufactured and assembled at IPE, includes a switching power supply (S8VS-12024,
Omron), an electrical reverser unit for Peltier modules (LSTW5.1.2, UWE Electronic), and a digital temper-
ature controller (ESCN-Q2MT-500, Omron) with option units (E53-CNQBN2, Omron). A PMT or EMCCD

camera is mechanically and optically connected to the chamber via a flange, designed and manufactured at

HIGH
C10372 VOLTAGE
230V /50 Hz SOURCE
cor44 || cs8ss5 | Pc
WATER C10372
COOLING +

PMT R2256 I_;I_]

230V /50 Hz

BLACK BOX
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BOX 230V /50 Hz

PELTIER

TEMPERATURE
SENSOR

Figure 5.1: Configuration of measuring system with PMT R2256-02.
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Table 5.1: Tested PMTs with their basic parameters [[194]

type geometry cathode [mm] spectral range [nm] peak sensitivity [nm]
H7360-01  head on @22 300-650 420
R4220 side on 8x24 185-710 410
R3896 side on 8x24 185-900 450
R7515 side on 8x24 185-730 410
R4632 side on 8x24 185-850 430
R2256-02  head on @ 46 160-650 420

Institute of Photonics and Electronics, The Czech Academy of Sciences. In total, 6 PMTs from Hamamatsu
Photonics. K. K. company were tested, see Tab. [5.1]

The H7360-01 is a PMT module with an integrated high-voltage source, preamplifier, discriminator, and
shaper of pulses. Its outputs are 5 V TTL pulses processed by count unit C8855-01 (Hamamatsu Photonics K.
K.). This type of PMT module cannot be cooled but displays rather low noise due to low red sensitivity and
integration of all electronic parts inside the shielded module.

The R2256-02 is a head-on photomultiplier with a water cooling unit C10372 (Hamamatsu Photonics K.
K.) that consists of a control panel and housing. External water cooling is used to achieve lower cooling
temperatures -30°C. The high voltage power supply PS350 (Stanford Research Systems) was experimentally
set to —1550V with a discriminator level of -500V, based on the SNR parameter obtained from signals of
background, mungs, and oil [193]]. C9744 unit consists of a pre-amplifier, discriminator, and shaping circuit,
forming 5V TTL pulses. The counts are processed by the counting unit C8855. The entire configuration can
be seen in Fig[5.1]

Side-on PMTs, namely R4220, R3896, R4632, and R7518 were used with the air-to-air cooling unit
C9144-02 (Hamamatsu Photonics K. K.), operating in the temperature range from -30°C to -5°C. The high
power supply PS350 (Stanford Research Systems) was set to —1150V. Both C9744 and C8855 units were
utilized.

A back-illuminated EMCCD camera (Andor iXon ULTRA 888) with Xenon 0.95-25 mm objective
(Jos. Schneider Optische) was cooled using a water chiller (OasisTM 160LT, Solid State Cooling Systems)
to -100°C. The spectral response of the EMCCD covers the wavelength range from 300 to 1100 nm, with a
peak quantum efficiency of 97.5% at 575 nm.

5.2 PREPARATION OF BIOLOGICAL SAMPLES

Several types of biological samples were investigated, as shown in Tab. The preparation of Mung bean
seeds (Vigna radiata, BIO Mung, CZ-BIO-001) involved surface sterilization with 70% ethanol (1 min) and a
50% disinfecting agent (SAVO, CZ) treatment (10 min), followed by rinsing with distilled water (6 times). The
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Mungs were soaked for 6 hours, with regular shaking every half an hour, and germinated in dark conditions.
Before measurements, the green covers of the seeds were removed. Mung beans exhibit a long-term stationary

and high-intensity BAL signal, and the results are presented in Chapters[6]and [7]

Yeast cells (Saccharomyces cerevisiae, Euroscarf collection; genetic background BY4741, MATa) used
in Chapter [§| were stored on an agar plate in the fridge at 4°C and inoculated to a new plate once a month.
The agar medium was prepared from 1% yeast extract (Chemos Cz, 212750, CZ), 2% peptone (Chemos Cz,
211677, CZ), 2% agar (Chemos CZ, 214050, CZ), and 2% D-glucose (Ing. Petr Sulc Penta, 70470-31000, CZ)
in distilled water. Before the BAL measurement, yeast cells were inoculated to YPD medium (1% yeast extract,
2% peptone, 2% D-glucose in distilled water) on an orbital shaker incubator (LM420D, Yihder technology Co.,
CN) at 180 rpm at 30°C for 16 hours.

The neutrophil suspension investigated in Chapter[7] was isolated from the venous blood of healthy donors.
12 mL of blood was taken from each donor and delivered in vacuum tubes with lithium heparin from the
Institute of Hematology and Blood Transfusion in Prague (Czechia). The density gradient method was used for
the isolation of neutrophils. Three different layers of liquids were placed in a 15 mL plastic test tube (P-Lab,
type KO81151, Prague, Czechia). The bottom layer was 3 mL of histopaque solution 1119 (Sigma-Aldrich),
the middle was 3mL of histopaque solution 1007 (Sigma-Aldrich) and the upper was 6 mL of whole blood.
The tube was centrifuged at 890 G for 30 min at 20°C. Then, the neutrophils were removed and doubled in
volume using PBS (Phosphate buffered saline). The neutrophil suspension was centrifuged at 870 g for 5 min
at 4°C. The supernatant was removed. 3 mL of lysis solution (composed of 154.4 mM ammonium chloride,
7.2 mM potassium carbonate, 126 uM EDTA (Ethylenediaminetetraacetic acid), pH 7.2-7.4) was added into
the neutrophil pellet, and the tube was kept for 15 min in the dark at room temperature for red blood cells’
lysing process. After that, 3mL of PBS was added to the tube, and another centrifugation at 870 g for 5 min
at 4°C took place. The supernatant was removed. The final cell suspension was neutrophils in 2 mL of PBS
with Ca®* and Mg?*. Luminol at the final concentration of 5.6 uM was used as a chemiluminescent probe.
Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) was used to stimulate oxidative burst at the final

concentration of 8 uM, simulating the defense process against pathogens.

The human promyelocytic leukemia HL-60 cell line examined in Chapter [§] was maintained in 89% RPMI
1640 medium (Biotech, E15-048, CZ) supplemented with 10% thermally inactivated fetal bovine serum (FBS,
Biotech, A15-101, CZ), 1% L-glutamine - penicillin - streptomycin solution (Sigma-Aldrich, G6784, CZ) in
a CO; incubator (model CCL-170B-8, ESCO, Biotech, CZ) with 5% CO, atmosphere at 37°C. To maturate
HL-60 cells to a neutrophil-like model, they were exposed to all-trans-retinoic acid (Sigma Aldrich, CZ) with
a final concentration of 1 uM and incubated for 6 days. The respiratory burst was initiated by phorbol 12-
myristate, 13-acetate PMA (Sigma Aldrich, CZ) dissolved in 96% ethanol, the final concentration of PMA in a

cell suspension was 54 nM.

Endothelial cells from human HMVECad (Human microvascular endothelial cells, adult dermis) and
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Table 5.2: Tested biological samples

category type medium
yeast cells mitochondrial mutant pte5SA [[195]] YPD
mitochondrial mutant pkplA [[195]] (1% yeast extract + 2% peptone
wild type BY4741, MATa [[196-198| + 1% dextrose + Q water)
tissue culture HMVECad R 89% DMEM + 10% PBS + 1% antibiotics
NIH 3T3
human neutrophils PBS
HL-60 [197] 89% RPMI 1640 + 10% inactivated FBS
+ 1% antibiotics
germinating seeds mungs Q water
wheat

human skin of hand -

mouse embryonic fibroblast NIH 3T3 were used for experiments. Cells were maintained in a plastic culti-
vation flask with DMEM medium (Dulbecco’s modified eagle medium) with 10% FBS (Biotech, A15-101,
CZ) and 1% L-glutamine-penicillin-streptomycin solution (Sigma-Aldrich, G6784, CZ) in the incubator with
5% CO; at 37°C.

The human skin of the hands mentioned in Chapter [I0] was washed with unscented antibacterial soap and
water before measurements. It is also important to ensure that no cream or lotion is applied to the hands that

day.

5.3 PRELIMINARY RESULTS

Measurement of BAL in biological samples can be affected by several factors, including delayed luminescence
from Petri dishes, Erlenmeyer flasks, media, or buffers important for the cell viability. For statistical analysis,

the background was subtracted from the signals.

5.3.1 Adherent tissue cultures

The cells were transferred into glass Petri dishes using trypsin, and 2 mL of DMEM was added. BAL measure-
ments with the R4220 PMT started second day from seeding and it took 15 minutes. Before each measurement,
the DMEM medium was replaced with a fresh one. Results from human HMVECad cells show that the inten-
sity of BAL decreases with the number of days of cultivation, as seen in Fig. @ Initially, the fresh seeded
cells were highly metabolically active due to sufficient space and nutrients from the medium. However, as the
population grew, metabolic activity slowed down. On the last day, the cells’ response to oxidative stress was
measured with 150 uM and 300 uM hydrogen peroxide (H,0O,). The results indicate that the increase in BAL
is not directly proportional to the amount of H,O,. In contrast, the BAL signals from NIH 3T3 cells were of

very low intensity, close to the background. Neither the oxidative treatments (50 uM and 200 uM H,0O;) nor
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osmotic treatment (60 mM, 160 mM, 310 mM NaCl) had a measurable effect on the BAL signal.

20l HMVEDac cells

121 107 106
) I I I
2|h 3|h 4|h

day

BAL intensity [couts/s]

o

Figure 5.2: Intensity evolution of BAL and cell population from HMVECad during 5 days and BAL intensity
after oxidative stress

5.3.2 HL-60 cells

HL-60 cells can be used in immunology research due to their phagocytic activity. We measured BAL from
3 mL of differentiated HL-60 cells in RPMI 1640 in glass Petri dishes with a 4 cm diameter. The signals were
recorded using the H7360-01 PMT module. Preliminary results indicate that the intensity of BAL increases
with a higher concentration of HL-60 cells, as shown in Fig. [5.3}a. We also investigate respiratory burst
induced by different concentrations of PMA. The lowest final concentration of 0.054nM PMA did not have any
effect on HL-60 cells. However, the final concentrations of 5.4 nM and 0.54 nm PMA induce similar kinetics
with different time scales, as seen in Fig. [5.3}b. We performed a chemical modulation test using ascorbic
acid antioxidant. Ascorbic acid immediately suppressed the signal after application. The effect for two lower

concentrations is not permanent, as the signal started to increase, as shown in Fig. [5.3}c.

a b c
350 ) ; ) 500 )
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o
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3 5 5.4 nM PMA 0.54 nM PMA antioxidant 1000 pM
§‘ iLmiell\s/mL 300 injection = 500 pM
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< 150 [V
m 5
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50 '—' 0.054nMPmMA 100 ‘g;—f"___,_./.—-
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Figure 5.3: BAL signal from differentiated HL-60 cells: (a) of three different concentrations of cells; (b) of three
different concentrations of PMA; (c) with three different concentrations of ascorbic acid [[197].
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5.3.3 Yeast cells

Yeast cells are commonly used as model organism due to general knowledge of their metabolic pathways. BAL
from the yeasts were measured in an Erlenmeyer flask with 200 mL of fresh liquid YPD medium at 30°C,
with an initial concentration of 5-10° cells/mL. Our experiments observed that the BAL phenomenon is highly
sensitive to cell sedimentation and the composition of air within the cell suspension. We tested two methods
to prevent sedimentation and two air compositions. Stirring the suspension with a magnetic stirrer resulted in
lower BAL intensity compared to stirring with a peristaltic pump equipped with a HEPA 13 filter, as shown
in Fig. [5.4ta. We achieved two different air compositions by placing the HEPA filter either outside or inside
the measuring box. Spontaneous BAL under normal atmospheric air conditions had a lower intensity, while
increasing CO; inside the chamber as a stress factor caused an increase in the BAL signal. When comparing
two different types of PMTs, the H7360-01 detected higher signal than the R7518, as shown in Fig. [5.4b. We
performed a chemical modulation test using ascorbic acid at three different concentrations, as illustrated in Fig.
[5.4c. All three selected concentrations suppressed the BAL signal. Sample preparation and experiments with
yeasts are time-consuming, as the entire procedure takes more than 30 hours.

300 60

300l @) HEPA filter b) c)
inside chamber H7360-01 200 A

- Ascorbic acid
% 200 40 antioxidant ; mm
§ 200 HEPA filter outside R7518 injection 10mM —
— from chamber i
2 100
o

o
=)

100 20 M

magnetic stirrer

0 4‘1 é 1é 16 0 5 10 15 0 5 10 15
time [h] time [h] time [h]

Figure 5.4: BAL Signal from Saccharomyces cerevisiae: (a) Using different stirring methods [[196]; (b) detected
by H7360 PMT module and R7518 PMT [[198] (c) with three different concentrations of ascorbic
acid [197].
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6 PHOTOCOUNT STATISTICS AND ANALYSIS

Photocount statistics is useful in assessing light properties. In Chapter [2.5.1} the classical photocount the-
ory was introduced concerning BAL. However, nontrivial statistical properties of BAL, such as coherence and
squeezed states of light, were not mentioned, based on the conclusion drawn from our critical review [AS] [199].
Currently, there is no reliable evidence supporting the existence of optical coherence or non-classicality in BAL.
The interpretation of BAL distributions is challenging when deciding on their generation mechanism or state of
light. In paper [AS5], it is demonstrated that classical and thermal light can generate non-Poisson distributions.
Trivial manifestation of non-Poison distributions could be caused by the non-stationarity of the light source,
such as modulation of the intensity of the photon signal due to the (i) slow drifting or (ii) periodic trends
resulting in Super-Poisson statistics, or (ii) random small bursts caused, for example, by electronic noise. Al-
ternatively, BAL stochastic generation processes could result in sub-Poisson statistics. In Chapter [2.5.1] it is
also shown, that photcount statistics of thermal multimodal (with a large number of modes M), converges to a
Poisson distribution, which describes a coherent state of light. The photocount statistics of the BAL time series
serve as a valuable tool for comparing samples measured by one type of detector, as is shown in our paper [A3]
below. We explored BAL statistical properties to monitor the metabolism of germinating mung bean seedlings

(Vigna radiata) under two different water conditions: pure water and 1% sucrose imbibition.
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Recefved 22 Jun.e 2015 samples with an active oxidative metabolism, even without an external pre-illumination. To verify the potential
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investigate the UPE from a model system - germinating mung bean seedlings (Vigna radiata) - and analyze the
statistical properties of UPE during the growth in two different conditions of imbibition (pure water and 1% su-
crose). We found that in all days and in both conditions, photocount distributions of UPE time series follow the

Available online 03 June 2016

Keywords: A P . . . .
Ultra-weak photon emission negative binomial distribution whose parameters changed during the growth due to the increasing ratio of
Mung bean signal-to-detector dark count. Correspondingly for both groups, the mean values of UPE increased during the

seedlings growth, while the values of Fano factor show a decreasing trend towards 1 during the 6 day period.
While our results do not show any significant difference in hypocotyl length and weight gain between the two
groups of mung seedlings, there is an indication of a tiny suppressing effect of sucrose on UPE intensity. We be-
lieve that UPE can be exploited for a sensitive non-invasive analysis of oxidative metabolism during the plant de-

Photocount statistics

velopment and growth with potential applications in agricultural research.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

UPE can be considered a new type of biological signal, i.e., a photonic
biosignal. It is generally accepted that the UPE from biological samples
arises from excited electron species formed during the oxidative metab-
olism and oxidative stress processes [1]. There is also an alternative hy-
pothesis about the origin of UPE which refers to the DNA-based
generation of UPE [2,3]. However, unambiguous experimental evidence
for this alternative hypothesis is missing. While it is mostly believed
that the UPE is a byproduct of cellular metabolism, there are several
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analysis of variance.
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scientists who propose that UPE may possibly play a regulatory role in
biological systems [4,5].

UPE also holds the promise as a diagnostic method in several bio-
medical and biological research fields [1]. In plant biology, UPE could
form a useful method for monitoring plant responses to some agents
such as pathogens or herbicides [1]. For instance, it was shown that
pathogens increase the number of emitted photons from plants. Also,
the intensity of the UPE from weeds susceptible to herbicides has
been shown to be different from the resistive ones [6]. It has been dem-
onstrated that oxidative stress increases UPE intensity from plants sug-
gesting that the balance between oxidants and antioxidants plays an
important role in UPE parameters [7]. Simple sugars such as sucrose
play an important role in the protection of plants against oxidative dam-
age and induces a tolerance towards oxidative stress [8,9], yet it is not
clear whether the protective effects of sucrose in plants are detectable
by UPE measurement.

While the intensity and spectra of UPE have been studied most ex-
tensively [1], the statistical properties of UPE time series which could
also be exploited to act as fingerprints have been poorly investigated
[10-15]. In general, the photocount statistics of any photon signal are
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Fig. 1. Quantum efficiency of the photomultiplier detector used in our study.
Photomultiplier module H7360-01 used in this study has a peak quantum efficiency at
about 400 nm (according to the manufacturer datasheet [19]).

related to the physical state of the light field from which the photons
originate. There has been a wide-ranging debate as to whether these
states can be characterized as coherent, squeezed, or thermal states.
Some researchers proposed that UPE emanates from an endogenous bi-
ological coherent electromagnetic field [3,16] while others have
attempted to find the parameters associated with a squeezed state
representing this radiation [11,12]. However, thermal states with high
number of modes seem to be the most reasonable working model for
UPE [10].

Instrumental and methodological challenges still pose questions on
the exact nature of UPE photocount statistics which are fundamental
to elucidate the quantum optical state of UPE. For instance, the coherent
optical state is characterized by a Poisson distribution of the
photocounts [17], but different light states can have similar statistical
distributions, too. It is known that a single mode coherent state and a
thermal state with high number of modes have similar photocount dis-
tributions [10], close to a Poissonian. Kobayashi and co-workers [18]
have indicated that the emission from an LED displays either a Poisson
or a super-Poisson distribution. In another work, the statistical distribu-
tion of photons from three different areas of a human body was obtain-
ed [12]. By comparing these distributions with the theoretical
photocount distribution of a squeezed state, the parameters associated
with a squeezed state were obtained. It was also shown that the size
of the bins affects the form of the photocount distribution of UPE. In
some other studies, the Fano factor has been employed to quantitatively
determine the agreement with or the departure from a Poisson distribu-
tion [10,13,17]. Apart from a squeezed state of light, which does not
seem to be justified for UPE, no other reasonable analytical

approximations of UPE photocount distributions have been used to
model super-Poisson distributions.

To contribute more data on UPE photocount statistics, in this paper,
we have studied the UPE from samples of mung bean seedlings during
the germination over a period of 6 days. Furthermore, we tested the hy-
pothesis whether the intensity and statistical parameters of UPE from
the seedlings will be affected by the addition of sucrose.

2. Experimental Materials and Methods
2.1. Preparation of Samples

Mung bean seeds (Vigna radiata, BIO Mung, CZ-BIO-001) were used
as a biological material. Mung seeds were surface-sterilized with 70%
ethanol for 1 min. Then, the ethanol was removed and 50% disinfecting
agent (SAVO, CZ) was added. After 10 min, the seeds were washed with
distilled water 6 times and soaked for 6 h (shaken every half an hour).
After the preparation, the green covers of the seeds were removed.
Then, they were germinated in dark condition on large Petri dishes
with ultra-pure water.

2.2. UPE Detection System

A selected low-noise photomultiplier tube (PMT) module H7360-01
(Hamamatsu Photonics Deutschland, DE) was used in this study (Dark
count typ. 15 s~ ! and photocathode diameter 2.2 cm); see its quantum
efficiency in Fig. 1. PMT module was mounted from the top outer side of
the black light-tight chamber (standard black box, Institute of Photonics
and Electronics, CZ). The distance between PMT module input window
and the inner side of the bottom of Petri dish was 2 cm.

2.3. Measurement Protocol

Following the preparation day, 72 similar mung beans were chosen
for the study. Seeds were distributed into 6 Petri dishes (5 cm in diam-
eter), each containing 12 seeds. Three Petri dishes (A, B, C) contained
seeds in ultra-pure water and the other three Petri dishes (D, E,
F) contained seeds in 1% sucrose solution. For 6 days, each day, we mea-
sured UPE of each sample, dark count of the PMT (empty black light-
tight chamber) and background, specifically the Petri dish with water
and the Petri dish with 1% sucrose solution. Although the entire mea-
surement procedure (6 dishes) lasted only 2 h, to avoid any effect due
to the different ages of samples, we measured them in a random se-
quence every day. Since we treated the seeds at the same time, if the
samples were measured in the same sequence every day, any difference
between them could then be assumed to be due to the different ages of

Fig. 2. Photographs of the mung bean seedlings in dish A during 6 days.
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Fig. 3. The evolution of experimental photocount distributions from mung seeds (grey bars) and their fitting with three theoretical distributions (cross, asterisk, circle) over time. The
hypothesis H was tested whether the experimental distribution originates from the theoretical distribution (H = 0 - hypothesis is accepted; H = 1 - hypothesis is rejected). r and p

are parameters of the fitted negative binomial distribution.

samples. Each raw data set contained time series of photocounts with
the bin size of 50 ms and the length of 10,000 bins.

Furthermore, in order to exclude any effect due to delayed lumines-
cence on the data, the seedlings were kept in dark between measure-
ments and white filter papers were not used since they produce long
delayed luminescence. Seeds were grown and measured at room tem-
perature. Photographs were taken after measurements each day and it
was the only time that the seeds were exposed to the visible light. The
seedling weight was measured in the first and last day and the hypocot-
yl length was measured on the last day.

2.4. Signal Analysis and Statistical Methods

In order to find out whether photocount statistics could be used for
signal analysis or not, all the UPE signals as well as PMT dark counts
must be tested for stationarity. A signal is said to be stationary if its dis-
tribution does not change over time. To verify this, we segmented each
signal into 10 short signals, each consisting of 1000 data points. Then,
photocount distributions of different segments were compared using
Chi square two sample test [20]. After that, we computed photocount
distributions of all the measured UPE signals. To find the best theoretical
fit for the measured photocount distributions, we tried several forms
(Poisson, Gaussian, negative binomial, exponential, lognormal, gamma
and two-parameter Weibull) and used MATLAB software [21] for fitting

a) Mung without sucrose

£3 0 &3
S :

it Mung without sucrose

the data. Fitting was done for all the UPE signals (i.e. signals from all the
dishes in different days) and for different bin sizes (50 ms up to 500 ms
with 50 ms step). Goodness of fit was assessed using Chi square two
sample test [20]. Another test, Kruskal-Wallis, was also used. It is a
one-way analysis of variance which is used as a replacement for
ANOVA when the distribution of the data is not normal. It is a non-
parametric test to determine whether the samples originate from the
same distribution or not. In these tests, H is a test decision for the null
hypothesis that the data come from a chosen distribution, using the
two-sample chi-squared test. The result H = 0 confirms the null hy-
pothesis at the 0.05 significance level, and 1 otherwise.

To investigate the effect of time and sucrose on the intensity of UPE,
we utilized the negative binomial regression employing the generalized
linear models [22]. We used R v3.2.1 free software for this analysis. Neg-
ative binomial regression can be used for over-dispersed count data
(when the conditional variance exceeds the conditional mean). It has
the same mean structure as Poisson regression and can be considered
as its generalized form. Also, it has an additional parameter which en-
ables modeling of the over-dispersion. Eq. (1) in the appendix describes
the negative binomial probability distribution. From the mathematical
point of view, p is the probability of success, (1-p) is the probability of
failure, r is the number of successes, and x indicates the number of fail-
ures before reaching the rth success. Furthermore, r + x is the total
number of trials. In this model, the photocount of UPE was considered
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Fig. 4. The estimation of mean and the computed Fano factor of UPE signals from mung seeds and background (water and water with 1% sucrose) are illustrated during 6 days for both

water (a) and sucrose group (b). Error bars represent standard error of mean (SE).
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Fig. 5. Example of experimental photocount distributions of the PMT dark count and background (water and water with 1% sucrose) (grey bars) and their fitting with three theoretical
distributions (cross, asterisk, circle). The hypothesis H was tested whether the experimental distribution originates from the theoretical distribution (H = 0 - hypothesis is accepted;

H = 1 - hypothesis is rejected). r and p are fitted parameters of negative binomial distribution.

as a discrete response variable with a negative binomial distribution and
the effect of time (a continuous variable) and sucrose (a binary factor)
as independent variables influencing photocounts were tested. We con-
sidered all the measured photocount time series each contained 10,000
data points for our analysis. Since we had 3 water dishes and 3 other
dishes containing 1% sucrose solution, data from 6 dishes on each day
were entered to the model.

Furthermore, we calculated the values of mean and the Fano factor
of the UPE signals from all the dishes in different days. The Fano factor,

. . . o . 2
a measure of dispersion or variability, is defined as F = UWW where 02,

and p,, are the variance and the mean of a signal in some time window
W, respectively.

3. Results and Discussion

We measured UPE from germinating mung beans in two groups dur-
ing 6 days. The overall growth process is illustrated on a selected dish A
in the sequence of images displayed in Fig. 2. According to the results of
Chi square two sample test, all the measured signals (UPE time series as
well as PMT dark counts) from both groups were stationary. Therefore,
we used photocount statistics for our signal analysis. As stated previous-
ly, our sucrose group contained 1% sucrose solution, since we wanted to
test whether this small concentration can affect oxidative metabolism
which is underlying the UPE generation. We evaluated both the signal
parameters of UPE such as the mean value and Fano factor as well as
length of hypocotyls and weight of the seedlings.

We found the photocount distributions of all the UPE signals for each
day; the typical daily development is shown in Fig. 3. Since photocounts
are data of a discrete nature, the measured photocount distributions

often have a shape rather similar to a Poisson distribution, but still cer-
tain deviations from Poisson distribution are apparent towards super-
Poisson distribution as can be seen from the Fano factor > 1 (Fig. 4).
Therefore, it is reasonable to use a more general distribution, capable
of modeling a Poisson-like distribution with over dispersion [22], to de-
scribe the UPE photocount distribution. We have found that the nega-
tive binomial distribution, which was used in other photon statistics
research fields [23,24], can be used to appropriately fit the UPE
photocount distributions. Although the initially super-Poisson distribu-
tion gradually evolved and seemed to approach a Poisson distribution,
Chi-square two sample test results indicated that in all cases only the
negative binomial distribution appropriately fitted the experimentally
obtained distributions; results from dish A through all days are shown
in Fig. 3.

The obtained values of Fano factors of UPE signals were always
greater than one for both groups. Fig. 4 shows the values of Fano factors
for UPE signals and background (water and water with 1% sucrose) dur-
ing 6 days for both water and sucrose group. In both groups, the values
of the Fano factor display a decreasing trend approaching unity. It indi-
cates that during the growth period, UPE photocount distribution gets
closer and closer to a Poisson process, for which the Fano factor is
equal to unity. For the background, the Fano factor values do not show
any specific trend. The observed signal is a sum of the background
(PMT dark count) with ultra-weak photon emission. Consequently,
the shape of the measured photocount distribution is due to a convolu-
tion of the background distribution with a pure UPE photocount distri-
bution. Fig. 5 shows that also the measurement system's noise obeys a
negative binomial distribution with the parameters close to those of
the UPE from the mung beans in the first day, when the UPE signal in-
tensity was low and very close to the PMT dark count. When the UPE

10
a) Mung without sucrose I b) Mung with sucrose
8 § ¥ Mung without sucrose § ¥ Mung with sucrose I
== % X Background: pure water % X Background: 1% sucrose I
- 6
5 3 I
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Fig. 6. Estimation of parameters of the negative binomial distribution for the water group (a) and the sucrose group (b). Error bars are -+ standard errors of means.
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Fig. 7. Seedling weight gain (difference between seedling weights in the first and the last
day of experiment) and their hypocotyls length (measured in the last day) are depicted by
their means and standard error (SE) for each dish.

intensity from samples dominated the noise, its photocount distribution
approached a Poisson distribution. The evolution of the negative bino-
mial distribution parameters of UPE is shown in Fig. 6.

In both groups, the mean values of the UPE signals increased within
the period of 6 days (Fig. 4). This behavior is consistent with the findings
from other studies focused on UPE during the plant seedling germina-
tion such as wheat [25]. We attribute the increase in the mean value
of the UPE signal during the growth to the increase in the total volume
or mass of metabolizing mung bean tissue as well as the intensity of the
metabolism. However, the mean values of the background almost
remained constant over this period. Therefore, we used a model in
which the mean values of the observed signals were compared.

In our model, called negative binomial regression, the effect of time
and sucrose (independent variables) on the mean values of
photocounts (response variable) was tested. The results of the regres-
sion are summarized in Table 1. In this table, B is regression coefficient
and is interpreted differently for each of the variables. For time - our
quantitative continuous variable - it shows that by one level change in
time (one day for example), how much our response variable (UPE)
changes, while for sucrose - our qualitative discrete variable - 3 shows
that how much our response variable (UPE) changes in one group (su-
crose), in comparison with another group (water). Wald Z is the test
statistic in negative binomial regression. In this case, if the p-value,
representing the significance of each factor, is much less than the stan-
dard significance level (0.05), it indicates that the factor significantly af-
fects the response variable (mean value of photons). The first line of the
Table 1 confirms that the UPE intensity increases over time (positive
> = 0.137) - this can be seen also from the UPE intensity data over
the six days (Fig. 4). The second line in Table 1 indicates a finding
which is much more subtle and which cannot be easily seen from the
Fig. 4: the sucrose group tends to have lower UPE than the water
group (negative > = —0.020). While the effect is very weak in absolute
numbers, it is highly statistically significant (p < 0.001). The indication
that the UPE intensity from mung seedlings in the 1% sucrose is lower
compared to water group is corroborated by the fact that the sucrose
is involved in the regulation of levels of ascorbic acid, a major antioxi-
dant, in plants. The mechanism likely involves upregulation of genes re-
lated to ascorbic acid biosynthesis and recycling pathway by the sucrose
[26]. Ascorbic acid is known to suppress UPE intensity in various biolog-
ical systems [27] including plants [7] through scavenging ROS [28] thus
preventing oxidation of biomolecules which leads to generation of elec-
tron excited states and subsequent photon emission [29]. Therefore we
suggest that sucrose slightly increased the levels of ascorbic acid and
cause a slight decrease of UPE. In contrast to our expectation, we
found that the presence of sucrose had no statistically significant effect
on either the hypocotyl length or the total weight gain in the sucrose
group (Fig. 7), (t-test: alpha = 0.05, p-value = 0.4). Comparing the re-
sults from Fig. 7 and Table 1 we just discussed, one may suggest that 1%

sucrose did not have any effect on the macroscopic features of the seed-
ling, but it could affect them at the subtle microscopic/biochemical level
which underlies generation of ultra-weak photon emission.

We also investigated time series with bin sizes up to 500 ms with
50 ms time steps created from measured signals with bin size 50 ms. Ex-
ample of the time series with three different bin sizes is shown in Fig. 8
first row. Fitting was also done for different bin sizes, the example for
three different bin sizes from dish A is shown in Fig. 8 second row. Ac-
cording to the results for both groups, although the shape of UPE
photocount distributions changes depending on the bin size, it is per-
fectly fitted solely by the negative binomial distribution, and not by
the other distributions such as Poisson, normal and exponential. Log-
normal, Gamma and two-parameter Weibull distribution are not de-
fined for signals with 0 values.? So, it seems more logical that UPE
data follows a Poisson-type distribution (including Neg. Binomial).

4. Conclusion

We investigated the ultra-weak photon emission from germinating
mung beans with the aim to elucidate dependence of UPE parameters
for the potential applications of monitoring and diagnostics in biotech-
nology and biomedicine. It has been discovered that the UPE intensity
increases with growth over the analyzed period of 6 days. We focused
on the photocount statistics of the UPE and we found that solely the
negative binomial distribution out of several other tested distribution
can fit the data in all cases. Due to the low intensity of UPE and signal-
to-noise ratio, statistical properties of the detector dark count contrib-
ute significantly to the overall measured statistical properties of UPE.
We also found that as the signal-to-noise (noise = dark count) ratio in-
creases, the UPE photocount statistics approaches Poisson distribution.
It can be inferred from the Fano factor values showing a decreasing
trend towards 1 and also from the shape of the distribution.

Furthermore, within a minor secondary aim we also tested the hy-
pothesis whether the presence of 1% sucrose, a common sugar involved
in signaling pathway regulating antioxidants in plants, can affect the
UPE parameters. Interestingly, while total length and weight gain of
mung seedlings has been unaffected by the sucrose, the UPE displayed
a tiny yet statistically significant decrease compared to the control
(water only) group.

Our results and the framework we established should aid future
analysis of the UPE parameters and statistical properties taking into ac-
count the intensity dependent (due to the unavoidable detector noise)
photocount distribution. When the proper methods for its signal analy-
sis are embraced, we believe that the UPE can be exploited for a non-
invasive, real-time and low-operation cost analysis of oxidative metab-
olism in many fields including biology and biomedicine beyond the ag-
ricultural research application demonstrated here.
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Appendix A
Foo = (75 ) -pr = i - g
Table 1

Results of negative binomial regression representing the effect of time (first row) and su-
crose (second row) on the mean values of photocounts. {3 is regression coefficient, Wald Z
is the test statistic and p-value is used to show the significance of each factor on the mean
values of photocounts.

Source 8] Wald Z p-Value

Time 0.137 151.42 <0.001

Sucrose —0.020 —6.40 <0.001
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7 INVESTIGATION OF NON-STATIONARY SIGNALS

BAL can be characterized by photocounts parameters (Chapter [2.5.1) or analyzed using signal analysis dis-
cussed in Chapter[2.5.2] Understanding the data origins is crucial for both approaches. Signals typically consist
of BAL signal and detector noise. In scenarios with a low signal-to-noise ratio, detector noise, fluctuation in
the signal, or the addition of different types of noise can distort the results. Non-stationary signals require
sophisticated analysis with the detrending processes (Chapter [2.5.2) or preprocessing. We have developed the
preprocessing method for non-negative integer signals with specific characterization where the mean equals
the variance. This method transforms a non-stationary Poisson signal into a stationary signal with a Poisson
distribution while preserving the photocount distribution type and the phase-space structure of the signal, as

explained below.
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Abstract

Photonic signals are broadly exploited in communication and sensing and they typically
exhibit Poisson-like statistics. In a common scenario where the intensity of the photonic sig-
nals is low and one needs to remove a nonstationary trend of the signals for any further anal-
ysis, one faces an obstacle: due to the dependence between the mean and variance typical
for a Poisson-like process, information about the trend remains in the variance even after
the trend has been subtracted, possibly yielding artifactual results in further analyses. Com-
monly available detrending or normalizing methods cannot cope with this issue. To alleviate
this issue we developed a suitable pre-processing method for the signals that originate from
a Poisson-like process. In this paper, a Poisson pre-processing method for nonstationary
time series with Poisson distribution is developed and tested on computer-generated model
data and experimental data of chemiluminescence from human neutrophils and mung
seeds. The presented method transforms a nonstationary Poisson signal into a stationary
signal with a Poisson distribution while preserving the type of photocount distribution and
phase-space structure of the signal. The importance of the suggested pre-processing
method is shown in Fano factor and Hurst exponent analysis of both computer-generated
model signals and experimental photonic signals. It is demonstrated that our pre-processing
method is superior to standard detrending-based methods whenever further signal analysis
is sensitive to variance of the signal.

Introduction

Photonic signals lie at the heart of modern sensing methods used for environmental protection
[1], food safety [2], and early detection of biomarkers of diseases such as cancer [3] and neuro-
degenerative diseases [4]. Analysis and processing of photonic signals and their statistical
properties are also crucial in quantum optics and communication technologies [5]. Hence,
robust signal analysis and processing of photonic signals and their statistical properties are
essential for exploiting photonic technologies to their limits.
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Advanced analysis of photonic signals extends well beyond mere detection of the mean
intensities or optical wavelength spectra of photon signals; photocount distributions [6, 7],
correlation analyses [8], and fractal/chaos-based signal analysis techniques [9] are required to
fully exploit the information carried by the photonic signals under study. Most of these meth-
ods of signal analysis inherently assume stationary signals. If the signal contains an unwanted
trend that is unrelated to the analyzed process, detrending methods exploiting the trend
removal estimated by smoothing (moving average, exponential or Gaussian approximation) or
robust smoothing [10] have to be applied to make a signal stationary in order to prevent arti-
factual findings. While the detrending is typically a straightforward task for many types of
common non-photonic signals, the story is far more complicated for photonic signals. Due to
their intrinsic quantum nature they are naturally non-negative integer signals and typically
exhibit a Poisson-like photocount statistics [11], which brings a coupling between the mean
and variance of the signal [12]. This coupling poses a problem for the currently available signal
pre-processing and detrending methods that find and subtract the mean of the signal: the
information about the mean still remains in the variance of the signal. These issues are espe-
cially pronounced for the signals of low intensity that occur when one strives for high optical
spectral resolution or when the generation process itself is very weak, which is the case for the
signals from advanced photonics methods such as those employing Raman-scattering [13] or
electro/bio/chemiluminescence analysis [14-17]. While most pre-processing methods applied
on Poisson and Poisson-like signals perform variance stabilization, e.g. Anscombe or Bartlett
transforms [18-21], which is employed in signal denoising, there are no methods for proper
detrending and stationarization of Poisson signals up to our knowledge.

In this paper, we develop a method for proper pre-processing of nonstationary signals origi-
nating from any process with a Poisson distribution. We demonstrate the superiority of our
method compared to the detrending methods on both computer-generated model signals and
experimental luminescence signals.

Poisson signals

Photonic signals are non-negative integers with Poisson-like distribution. In such distribution,
the signal mean and variance are interconnected. Therefore we first summarize the statistical
properties of signals with Poisson distribution

k

A -y
fle2) =Pr(X =k =1r-e" k=012, (1)

which is a discrete probability distribution, where A is the average number of events in a speci-

fied interval such as time, distance, area or volume. The random variable X =0, 1,2...isa
non-negative integer number. The cumulative probability function is

k 7»{ Lot

k1) =) = 2

i=0

When A is sufficiently high, the Poisson distribution can be approximated by a normal distri-
bution [22]:

=

R 1 koo (k=2
Fp(k;k):m[xe 2 du. (3
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For example when A = 40, the maximum of the absolute error,

€= mlfix\Fp(k; L) — lﬁp(k; M| (4)

will be approximately 0.01.
The Poisson distribution has a special property:

A =E(X) = Var(X); (5)

that is, the mean is equal to its variance. This property is corrupted if common pre-processing
methods are used such as detrending procedures (which find the trend using smoothing or
robust smoothing methods), data normalization such as min-max [23] or decimal scaling [23],
or both detrending and normalization procedures together. Alternatively, the method based
on the Z-score [22, 23],

z=""1F (6)

where y is the mean and o is the standard deviation of the value of a random variable X, is
often used. In the next text we will use a simplified notation for random processes (signals).
Typically the symbol X(e;, n) is used where ¢ represents /—th realization of the random signal
and # is the time instant of the discrete-time random signal. Instead of this symbol we are
going to use a simplified notation x[n]. Then expected value E[x[n]] = ¥; p; x;[n] represents
the ensemble average of the discrete-time random signal at the time instant n. Similarly,

Var [x[n]] = Y ,p, x?[n] represents the variance of the random process at the time instant n
evaluated over the ensemble of realizations.

Experimental photonic data are naturally discrete in time, and therefore we use a discrete-
time approach to describe our method and signals. Fig 1 illustrates the problems of detrending
and normalization (6) of the signal with a Poisson distribution. Fig 1a depicts the original non-
stationary signal with a Poisson distribution. Each sample of the signal can be considered as
one realization of a random process with a Poisson distribution with its parameter A evolving
in time such that A = A[n]. One can see that the variance and mean are closely interconnected.
An increasing time-varying mean value (trend, t{n] = A[n] = E(x[n])) causes increasing vari-
ance, as suggested in (5). The detrended signal x,[n] = x[n] — ¢[n] still has a growing variance
that contains information about the increasing trend of the original signal (Fig 1b). Z-score
normalization ensures both signal detrending and normalization by the average variance

b) c)

Model signal Dentrended signal Z-score normalization

?""}?..1’-3
A ":il.‘ﬂ’.:’#‘.""r’ Cr

3‘1

Wy
a-~ B LR

1 1

0 500 1,000 0 500 500 1,000
sample n sample n sample n

Fig 1. Nonstationary poisson signal preserves its variance after detrending. a) A model signal with Poisson distribution, linearly increasing trend fn]
(white line) according to equation fn] = 0.5 - n+ 10 for each sample of signal n= 1, 2...1000; b) the detrended signal is created by subtraction of the trend
from the model signal; c) the pre-processed model signal after Z-score normalization.

https://doi.org/10.1371/journal.pone.0188622.g001
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(scale change), but information about the time-varying mean value is still preserved in the
form of nonstationary growing variance (see Fig 1c). Thus the relation between the mean and
variance after detrending or Z-score normalization is corrupted:

t[n] = M[n] = 0 # Var (x[n]) = o®[n]. 7)

Moreover, the samples of the resulting signal t[n] are not integers anymore. The other two
normalization methods (min-max transformation and decimal scaling) mentioned earlier give
the same results as the Z-score normalization.

The second inherent property of a random process (signal) with Poisson distribution is a
rectangular grid in the phase space (x[n], x[n + 1]) depicted as a close-up view in Fig 2b. This
property follows from the fact that the Poisson distribution allows only integer numbers while
most of the random processes, for example signals with a normal distribution, form an irregu-
lar random grid in this phase space (Fig 2d, close-up). This grid irregularity is caused by the
lack of real numbers in the respective realization of the random signal. It is worth emphasizing
that it is necessary to use the zoomed-in view of the cluster because the shapes of the whole
clusters of the two random processes (Fig 2b:Poisson distribution; Fig 2d:normal distribution)
as well as the time signal wave-forms are similar (Fig 2a and 2c).

Materials and methods
Poisson pre-processing

The suggested Poisson pre-processing (PP) method is based on Z-score normalization (6).
Z-score transformation is originally applied in order to normalize a random variable with nor-
mal distribution [24] and is frequently used for the signal detrending and signal variance

a . . . P c . . P

) 600 Signal with Poisson distribution ) 600 Signal with Normal distribution

= —
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400 . ! 400 . 1
0 1,500 3,000 0 1,500 3,000

sample n sample n

b Poisson signal in phase space d Normal signal in phase space

) 500 gnal in p p ) s00 g p p

t soof L 500
x x
400 400
400 500 600 400 500 600
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Fig 2. Phase space plot shows a marked difference of signals originating from poisson vs. normal distribution. a) Time waveform
of a model signal with Poisson distribution (A = 500, n = 3000); b) its depiction in the phase space and a close-up view of its central part. c)

Time waveform of a model signal with normal distribution (u = 500; ¢ = /500, n= 3000); d) its depiction in the phase space and a close-up
view of its central part.

https://doi.org/10.1371/journal.pone.0188622.g002
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normalization [22]. The Z-score method standardizes the signal into a signal with zero mean
and a standard deviation equal to one. This type of transformation of a random variable with
normal distribution preserves the type of distribution [22]. It changes only its mean and vari-
ance. Eq (6) can be modified for Poisson random variable

X2

S=T (®)

For a discrete-time nonstationary signal with a Poisson distribution Eq (8) can be rewritten
into

x[n] — t[n]

==

) 9)

where x[n] > 0 represents signal integer samples, and ¢[#] is the trend of the signal for each
time instant (instead of i in (6)). The assumption is that one sample x[#] can be thought as
one realization of an integer random variable with Poisson distribution (1) for each time
instant, with A = ¢[n]. Therefore, according to (5), the trend #[n] is also equal to the variance
Var(x[n]), and the standard deviation ¢ from (6) is replaced by the square root of the variance
m . Consequently, (9) standardizes the detrended signal (x[n] — t[n]) according to its
dynamically changing standard deviation. The standardized signal s[n] has zero mean E[s[n]]
= ps[n] = 0 and unity variance E[s*[n]] = ,[n] = 1 for all time instants. Our goal is to detrend
the signal x[n] while preserving the relation between mean and variance which is typical for
Poisson distribution. To reach this goal it is necessary to recover a positive integer samples of
the signal p(n) with a Poisson distribution, the following transformation has to be used:

plnl = |(VE - s[n] + 1], (10)
where

¢ > [min(x[n] — t[n]) (11)

foralln=1,2,...N, where N is equal to the number of signal samples. The symbol ACESXACE«
represents the integer part of a variable X and the symbol |X| represents the absolute value of a
variable X. The whole algorithm consists of a detrending and normalizing part (9) and a
restoring part (10). The numerator of (9) provides a detrending signal x[#] so that the trend
of the signal x'[n] = x[n] — t[n] is zero. The denominator of (9) decreases (normalizes) the

variance of the signal x'[n] = % to the value of Var(x”) = 1. Operations in both the numera-
tin

tor and denominator clearly break the relation between the signal mean and variance,

u[n] # a?[n]. To restore the relation between the signal mean and the variance, (10) has to be
realized. The second term of the right side of this equation ensures that the signal mean is non-
zero, py[n] > 0, so that all samples are non-negative p[n] > 0. The first term of the right side of
this equation ensures that the signal variance is equal to the signal mean y,[n] = ¢7[n]. The last
operation yields the integer part of the result. Converting numbers to non-negative integers
performed by Eq (9) ensures that resulting signal samples represent a Poisson signal, that is
they are non-negative numbers with y,[n] = P[nl,n=0,1,...

As described above, the suggested pre-processing procedure should change only the mean
and variance of the measured signals but not their type of distribution. Moreover this proce-
dure ensures that the mean of the signal equals the variance and that samples of the signal are
non-negative integers. Both features are connected with a Poisson distribution.
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Estimation of trend

The trend £[n] has to be estimated from x[#] using a suitable method. Two types of frequently
used detrending methods are investigated, specifically smoothing and robust smoothing
approximation. Smoothing approximation exploits one or more Gaussian or exponential func-
tions; their number or type depends on the shape of the time series. A method exploiting two
Gaussian fittings is chosen according to the character of the experimental nonstationary neu-
trophil signals used in this paper; the robust smoothing method is based on the cosine trans-
form and weighting of outliers designed by Damien Garcia [10]. Both detrending methods are
also used for stationary signals to assess their suitability for usage on stationary Poisson data.
The difference between trends estimated by the two Gaussian fitting method (solid black line)
and the robust smoothing method (dashed gray line) is illustrated on the experimental nonsta-
tionary signal from neutrophils in Fig 3.

Data

Experimental time series and model data are used for the evaluation of the suggested PP
method. Three types of experimental data are investigated in total: i) nonstationary luminol-
chemiluminescence signals of human neutrophils induced by Phorbol 12 myristate 13-acetate
(PMA, Sigma-Aldrich, USA) [25], ii) stationary signals of endogenous biological chemilumi-
nescence from mung seeds [26], and iii) noise (dark count) from a photomultiplier tube
(PMT) detector module. The experimental data were obtained using a selected low-noise PMT
module H7360-01 (Hamamatsu Photonics K.K.) operated in a photon-counting mode (dark
count with stable value of cca. 13 counts per second) in a light-tight chamber (custom-made
by the Bioelectrodynamics research team, Institute of Photonics and Electronics of the Czech
Academy of Sciences). These discrete-time data are obtained by accumulation of photocounts
(detected photons + detector generated dark counts) in each selected time step (bin size). The
bins size was 1 s and 50 ms for mung signals and neutrophil signals respectively. In order to
statistically evaluate and verify the suggested PP method, the model data are used. The com-
puter-generated model signals (denoted as model neutrophil signals hereafter) matched to the
experimental neutrophil signals are generated as random signals with Poisson distribution
with A[n] = £[n], which is estimated from 10 realizations of experimental nonstationary neu-
trophil signals using the two fitting methods. Model signals of mungs are generated as random
signals with a Poisson distribution with A = ji estimated from 10 realization of the

15,000 30,000
sample n

Fig 3. Estimation of trend. Experimental nonstationary signal from neutrophils (grey dots) and their trend obtained by the two-
Gaussian-fitting method (solid black line) or the robust smoothing (dashed grey line) method. The length of the signal To[s]=N- T,
where T= 1 sample step (bin size) and Nis the number of signal samples.

https:/doi.org/10.1371/journal.pone.0188622.9003
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experimental signals of mungs, respectively. One hundred realizations of the model signals are
generated from one estimation of the trend [n] from the neutrophil signal for each type of
detrending method or mean value fi from mungs. This means that 1000 Poisson model signals
of one data type are used for evaluation of the PP method.

Biological sample preparation

Mung seeds (Vigna radiata, BIO Mungs, CZ-BIO-001) were surface-sterilized with 70% etha-
nol (1 min) and 50% disinfecting agent (SAVO, CZ) (10 min). After sterilization the seeds
were washed with distilled water 6 times and soaked for 6 h (shaken every half an hour). Then,
the seeds were germinated in dark conditions on large Petri dishes with ultra-pure water.
Before measurement the green covers of the seeds were removed. Totally twelve seeds were
measured on the Petri dishes (5 cm in diameter).

The neutrophils suspension was isolated from venous blood of healthy donors. 12 mL of
blood was taken from each donor and delivered in vacuum tubes with lithium heparin from
the Institute of Hematology and Blood Transfusion in Prague (Czechia). The density gradient
method [27] [28] [29] was used for isolation of neutrophils. Three different layers of liquids
were placed to 15 mL plastic test tube (P-Lab, type K081151, Prague, Czechia). The bottom
layer was 3 mL of histopaque solution 1119 (Sigma-Aldrich), the middle was 3 mL of histopa-
que solution 1007 (Sigma-Aldrich) and upper was 6 mL of whole blood. The tube was centri-
fuged at 890 g for 30 min at 20°C. Then, the neutrophils were removed and doubled in volume
using PBS (Phosphate buffered saline). The neutrophils suspension was centrifuged at 870 g
for 5 min at 4°C. The supernatant was taken off. 3 mL of lysis solution (composed of 154.4
mM ammonium chloride, 7.2 mM potassium carbonate, 126 yM EDTA (Ethylenediaminetet-
raacetic acid), pH 7.2-7.4 [30] [31]) was added and the tube was kept for 15 min in the dark at
room temperature for red blood cells lysing process. After that, 3 mL of PBS was added to the
tube and another centrifugation at 870g for 5 min at 4°C took place. The supernatant was
taken off. The final cell suspension were neutrophils in 2 mL of PBS with Ca** and Mg>". The
luminol at the final concentration of 5.6 yM was used added as a chemiluminescent probe.
Phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) was used to stimulate oxidative
burst at the final concentration of 8 uM.

Evaluation of pre-processing method

Time domain parameters and phase space (x[n], x[#n + 1]) are used for verification of the PP
method. To demonstrate the effect of the PP method on the parameters used for the analysis of
experimental luminescence signals, we chose the Fano factor [32], the Hurst exponent [33]
computed by Rescaled Range Analysis (RRA [34, 35]) and Detrended Fluctuation Analysis
(DFA [36-39]). Fano factor theory states that a Poisson process should have a value of 1 [32].
The Hurst exponent varies within the range from 0 to 1. A Hurst exponent close to 0.5 indi-
cates a random (i.e. a stochastic) process. If it is higher than 0.5, the increments of the process
are positively correlated (persistent), or conversely if it is lower than 0.5, the increments of
the process are negatively correlated (anti-persistent). All analyzes and generation of model
data was performed in Matlab (version R2015a, MathWorks). Below, we compare the raw,
detrended, and pre-processed signals. Two types of detrending methods are used: detrending
(x[n] - t[n]) and detrending+DC (x[n] — t[n] + ¢), where DC is constant value ¢. The use of
the detrending+DC method is necessary for calculation and comparison of the results of the
distribution and Fano factor analysis or for illustration of the results in segmentation analysis.
For a clear graphical interpretation, in the current paper we chose ' = min(t), which obeys the
condition (11).
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Let us summarize the original moments of the Poisson distribution of the signal x[#]. The
mean at the time instant » is y[n] = t[n], the variance Var[x[n]] = t[n], the skewness ji, = 1[ 2
t{n]

and the kurtosis e, = ﬁ Eq (9) gives the following moments of Poisson distribution of the

signal s[n]: u[n] = 0, the variance Var[s[n]] = 1, while the skewness and the kurtosis are
unchanged. But Eq (10), which involves both the signal trend shift and the quantization, intro-
duces some changes and errors we analyze in the following text. First, Eq (10) without the

quantization gives following moments: y[n] = #[n] which is constant, the variance is also equal
1

to #[n], the skewness ji, = =
t'[n]

, and the kurtosis e, = m Eq (11) suggests that the stationary

trend #[n] might be less than the original nonstationary trend ¢[#n]. Second, the nonlinear
operation represented by the quantization clearly introduces a certain bias and variance into
the transformed data and into their statistical moments. As a result, the moments of the signal
pln] including the skewness or kurtosis are not reproduced faithfully to a full extent. To quan-
titatively assess the influence of the suggested signal transformation and quantization given by
Eqgs (9)-(11) on the final result the signal-to-noise ratio (SNR) using the mean square value
[40] can be used as a measure

_ Py,
SNR = 10log —%-. (12)

noise

Pgig and P,,;s, are the signal power (mean square value) and the noise power, respectively. The
Poisson distribution implies that the signal power is Py = t' + (¢ )? (we omit the index 7 for
simplicity). The same holds for the measurement noise power P,,,;.. Both, the original and
transformed signal (and the noise) samples are the integer numbers thus the quantization step
size A is equal to 1. Then the quantization noise with the uniform distribution has the power
Poiseq = 1/12 [40]. The resulting signal-to-noise ratio caused by the quantization is then
’ N2
SNR, = 10log P _ 10log W

noiseQ 12

= 10log (12) + 10log (¢ + (£)?). (13)

This equation enables us to estimate a range of possible values ¢ using the information about
the measured SNR of the respective experiment. The admissible minimum value of t/
obtained as the number for which the level of the quantization noise is less than the level of
noise of the photomultiplier tube. In other words the SNR(, given by (13) and caused by the
quantization process has to be greater than the measured SNR of a respective experiment. For
example, the typical value of the ¢ for the mung seeds experiment is #;,, = 50 giving the signal

can be

power P, = 2550 while ¢, .. = 13 gives the noise power P,,;s = 3.5. Eq (12) returns the mea-
sured SNR = 12 dB while the SNR, caused by the quantization and given by Eq (13) is SNRq =
45 dB. This result clearly shows that the error caused by the quantization is much lower than
the error (noise due to dark count) introduced by the PMT detector module. When one admits
SNR < SNRq then the suggested transformation (9)-(11) can be used for t/,, ~ 0.7. The results

= 0.65 yields SNR = 60 dB, SNRq, = 67

dB,and ¢/, ~ 315. On the other hand, the maximum value of ¢’ is determined by the number

of the neutrophil experiment are: £, = 700 and ,,,,,
of samples N available in a respective experiment. A reasonable choice seems to be # < N/10.
In this case the quick check of data transformation (9)-(11) can be performed by the inspec-
tion of the phase space grid to see if it still has a lattice structure. For example, the maximum
value of ¢’ is about 3000 for the neutrophil experiment with N = 30000 samples. Another prob-
lem is the bias b(®) = E[®] — @ [40] of the skewness and kurtosis caused by the quantization
process. Symbol @ stands for the true but unknown parameter (here skewness or kurtosis) and
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@ is the respective estimate. The rough estimate of the maximum bias error can be performed
as follows. As mentioned before the quantization step size A is equal to 1 therefore the resulting
maximum error is also 1 (more precisely (-1) because rounding to the floor is used). Thus the
bias can be approximately expressed as b(ji;) = w7 — 7= for the skewness or b(e,) = 745 — 5
for the kurtosis. The mung beens experiment with ¢ = 50 yields b(j,) = 0.0014 and b(e,) =
4.107*, Therefore the bias error is negligible for our experiments. But the admissible minimum
value of ¢’ is not so low as reported above. First, ¥ must be greater than 1 as suggested by equa-
tions for the bias error. Second, the bias error is large for the low values of #'. For example, for

¢ =10 is 2% which is greater than 0.14% for the mung been experiment with ¢ = 50.

Results and discussion
Quality of poisson pre-processing

The goal of the PP method is to render the data mean and variance stationary while simulta-
neously preserving the original Poisson distribution. Because the mean and variance of the
preprocessed signal p[n] do not change over time (they are constant), the signal p[n] can be
considered as a wide-sense stationary (wss) one. In fact, wss requires that the first moment
(mean) and the second moment (covariance) do not vary with respect to time. Thus to be
more precise, the suggested PP ensures only trend and variance stationarity. This part is
focused on the evaluation of the PP method in a time domain and in a phase space. The PP
method requires trend estimation. Both types of fitting methods used give the same results, as
described below. The results of the detrending and PP methods obtained by using the robust
smooth fitting method are given in Fig 4.

Fig 4 compares the time and statistical parameters of the a) raw (measured), b) detrended
+DC, and c) pre-processed experimental signal of neutrophils. To illustrate the differences
between the detrended and pre-processed signal, the DC component is added into the

a) data
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Fig 4. Our poisson preprocessing method recovers poisson distribution. a) The experimental signal
from neutrophils, where grey dots are the number of counts per 50 ms, the white line is a trend determined by
the robust smoothing method, black dots are mean values in segments, and the bars are the variance in
segments. b) Detrended (DC component min(t[n] added) and c) the pre-processed signal from neutrophils.
On the graphs d) and e) are histograms from the data (gray bars), and the black line is the computed Poisson
distribution with the parameter A estimated from the experimental data.

https://doi.org/10.1371/journal.pone.0188622.9004
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detrended signal corresponding to the minimum value of the trend min(t[n]). The differences
in signal shape between the detrended (Fig 4b, gray dots) and the pre-processed signal (Fig 4c,
gray dots) cannot be seen by the naked eye. For the purpose of illustrative visualization of the
difference between the detrending and PP methods, the following approach is applied. The
signal is divided into 30 segments, each containing 1000 samples. The mean value fi; (black
points) and variance 67 (bar graph) in the i-th segment are calculated. The length of segments
is selected as a compromise between the errors in the estimated trend ¢[n] (white line) and the
values of the mean i, (black dots), as seen in Fig 4a. The results of segment analysis show that
the variance of the detrended signal is still almost the same as the variance of the raw signal
(compare the bar graphs in Fig 4a and 4b), whereas the variance of the pre-processed signal
corresponds to its mean value (Fig 4c, bar graphs versus black points). Our PP method ensures
that the variance of the pre-processed signal is equal to its mean, in contrast to the detrended
signal, whose variance differs from its mean. The deviation from equality between the parame-
ters y; and o; (according to the equation t;[n] = Var(x;[n])) in segments of experimental or
model neutrophils data (raw, pre-processed) is mainly caused by the stochastic character of
the signals. Imperfect estimation of the trend, the final length of the intervals, or additive com-
position of the photonic signal and noise could also contribute to this deviation.

Preservation of the Poisson distribution is verified by the chi-square two-sample test [41].
The null hypothesis stating that the data come from a Poisson distribution is rejected for the
detrended signal from the experimental data of neutrophils (Fig 4d) and not rejected for the
pre-processed data (Fig 4e, p-values higher than 0.9). This conclusion is still valid for the
model data of neutrophils (p-values typically higher than 0.9). The null hypothesis is not
rejected for the stationary luminescence experimental data and model data from mung seeds
before and after application of the PP method (p-values typically higher than 0.8). The null
hypothesis is rejected for detector noise (which is known to be super-Poissonian [26]) before
and after application of the PP method.

Another view of the property of the PP method is obtained from the phase space (x[n],
x[n+1]). Fig 5 demonstrates the behavior of nonstationary experimental Poisson signals from
neutrophils in the phase space. The almost elliptic shape of data from neutrophils in the phase
space (Fig 5a) is caused by the existence of a nonstationary trend. This statement is also veri-
fied on model Poisson data of neutrophils. After detrending the experimental neutrophils data
or pre-processing same data by the suggested PP method, rendering the data mean in both
cases, the cluster shape in the phase space is changed from an ellipse to a circle (Fig 5c and 5e).
However, on zooming in the central part of the data in the phase space, it is clearly seen that
the structure of the data is different. After detrending, the dependence between adjacent sam-
ples is removed, causing changes in the structure of the lattice (compare Fig 5a and 5c¢). The
PP method defined by (9) and (10) preserves the structure of the lattice in the phase space (see
Fig 5e). The data waveform in the time domain remains almost the same, as can be seen by
comparing details of the raw (Fig 5b), detrended+DC (Fig 5d), and pre-processed (Fig 5f) sig-
nals. Detrending and the PP method change the scale (energy) of the signal but the pattern of
the time series is preserved. It can be concluded that while the details of the phase space repre-
sentation is a very sensitive descriptor, the signal waveform itself is not a good descriptor for
revealing differences between results achieved by detrending or by the PP method. Preserva-
tion of the phase space lattice by the PP method is closely connected with the fact that the PP
method does not change the Poisson distribution of the data.

We also tested our PP method on stationary data with and without a Poisson distribution
and nonstationary non-Poisson data. Stationary Poisson data remained unchanged, as verified
on real photonic data of mungs and model data of mungs. If stationary non-Poisson data are
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Fig 5. Phase space provides better assessment of the pre-processing than the time domain. a)
Experimental neutrophil chemiluminescence data in the phase space and a close-up view of the raw
neutrophils data in phase space, b) detail of the time series of raw experimental data from neutrophils
luminescence. c) Detrended+DC data in phase space and a close-up view, d) a detail of the time series of the
detrended+DC data. e) The pre-processed data in phase space and a close-up view, f) detail of the time
series of the pre-processed data.

https://doi.org/10.1371/journal.pone.0188622.9005

non-integer, the PP method takes only the integer part of the data; we showed this on model
data with a normal distribution (both types: 4 = 0, 4 # 0). In the case of stationary non-Poisson
integer data, the PP method does not change the data; this was verified on detector noise data.
Nonstationary non-Poisson data are radically changed after using the PP method (verified on
model data with a normal distribution). This conclusion is consistent with the theoretical
assumption based on (9) and (10).

Influence of poisson pre-processing method on the result of further
signal analysis

Fractal analysis of photonic signals arising, for example, from chemiluminescence and fluores-
cence is one of several possible ways to obtain further information from photonic signal time
series, offering the promise of new fingerprints and markers beyond mere intensity, optical
wavelength, and simple correlation analyzes. Signals from certain luminescent systems require
fractal/chaos based approaches for their analysis [42, 43]. Several authors used the Fano factor
[44-46], Hurst exponent [9, 47, 48] or further advanced methods such as description in terms
of quantum squeezed states [49-51] to analyze photonic data and found correlations with bio-
logical parameters. However, most of these earlier works either did not use any detrending or
used just a simple subtraction of the mean value of the signals so the interpretation of their
results is ambiguous [52].

Here we demonstrate that our PP method removes artifactual findings from Fano factor
(Fig 6) or Hurst exponent (Fig 7) analysis of photonic signals and performs better than just
detrending with an added DC component in the case of Fano factor analysis. The Fano factor
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Fig 6. Pre-processing removes artifactual findings in fano factor analysis. Preprocessing removes
artifactual findings in Fano factor analysis. a) Bar graphs depict mean values and the 95% confidence interval
of the Fano factor of experimental data from neutrophils, mungs, and detector noise for all three data types
(raw, detrended+DC, and pre-processed); b) the box plot depicts the distribution of the Fano factor of model
data of neutrophils and mungs for all three data types (raw, detrended+DC, and pre-processed); c) the color
bar represents the mean value of the Fano factor from experimental data for both types of detrending
methods (smoothing, robust smoothing); d) the color bar represents the mean value of the Fano factor from
model data for both types of detrending methods.

https://doi.org/10.1371/journal.pone.0188622.9006

and Hurst exponent estimated by RRA are sensitive to the trend in nonstationary data and
thus detrending and the PP method radically change their values, as illustrated in Figs 6¢, 6d,
7c and 7d for both types of neutrophils data (experimental and model). Comparison of the
Fano factor from experimental and model data of neutrophils gives almost the same results
(Fig 6¢ and 6d). This conclusion corresponds to the assumption that the nonstationary raw
neutrophils data come from a Poisson distribution, which is confirmed by a chi-square two-
sample test of pre-processed data with a 0.05 level of significance. The hypothesis of the Pois-
son distribution is rejected for experimental and model neutrophils data after detrending. The
Fano factor of both types of model data (Fig 6b) after using the PP method for mungs and also
for raw and detrended data is equal to the expected value of 1. The difference between the
Fano factor in model and experimental data from mungs (Fig 6¢ and 6d) is caused by the fact
that the experimental data are composed from the chemiluminescence signal and non-Poisson
detector noise while the model data are not. If the SNR is low, the non-Poisson detector noise
depreciates the final signal and its distribution, as we recently demonstrated [26]. Although
the Fano factor of experimental mungs data after detrending and the PP method is slightly
higher than 1 (specifically, it is 1.17), the chi-square two-sample test confirms the hypothesis
of a Poisson distribution (summarized in the section Quality of Poisson pre-processing). The
detector noise is found to be non-Poissonian since its Fano factor equals 2.02 (Fig 6a) and also
chi-square two-sample test rejected the hypotheses of the Poisson distribution. Both types of
detrending (smoothing and robust smoothing) leads to very similar values of the Fano factor
for all data considered (Fig 6¢ and 6d).

RRA and DFA yield an estimate of the Hurst exponent but the principle of its calculation is
different. The Hurst exponent from RRA responds to the trend (Fig 7a and 7b, neutrophils)

PLOS ONE | https://doi.org/10.1371/journal.pone.0188622 December 7, 2017 12/17



@PLOS | ONE

Poisson pre-processing of nonstationary photonic signals: Signals with equality between mean and variance

a) EXPERIMENTAL DATA b) MODEL DATA
Poisson Nonpoisson Poisson

0.9 nonstationary  stationary stationary nonstationary stationary

o N=10 mmm raw 1 pre-processed 1.1 N=1000

< [ detrended mmm DFA T

2o7

S

Qo

x

()

3 0.5

3

T

o) 88 88 FEE . NFIE L FEEL . .z
DN DN (N e |

ROBUST SMOOTH o7 g_
swootn " 065

HEE DN [ s

Fig 7. Pre-processing removes artifactual findings in hurst exponent analysis. Preprocessing removes
artifactual findings in Hurst exponent analysis. a) Bar graphs depict mean values and the 95% confidence
interval of the Hurst exponent of signals estimated from Rescaled range analysis and Detrended Fluctuation
Analysis from experimental data of neutrophils, mungs, and detector noise for all three data types (raw,
detrended and pre-processed); b) the box plot depicts the distribution of Hurst exponent of signals from model
data of neutrophils and mungs for all three data types (raw, detrended, and pre-processed); c) the color bar
represents the mean value of the Hurst exponent from experimental data for both types of detrending
methods (smoothing, robust smoothing); d) the color bar represents the mean value of the Hurst exponent
from model data for both types of detrending methods.

https://doi.org/10.1371/journal.pone.0188622.9007

whereas DFA is designed for nonstationary data since the detrending procedure is applied
within the DFA method. However, the disadvantage of the DFA is in its subjective setting of
the scale parameter for the segmentation. Thus the DFA, when applied to a nonstationary sig-
nal, could yield incorrect results for an inappropriate selection of the scale parameter.

The output from DFA shows that the results from raw, detrended, and pre-processed data
are almost identical (Fig 7c and 7d, black bar). Application of the RRA to detrended or pre-
processed signals provides a very similar value, which means that it is not sensitive to small
changes in the variance of data applied in the PP method. This conclusion holds for both types
of the model signals (Fig 7b) as well as for all three types of experimental signals (Fig 7a). The
RRA of stationary signals should give the same result for the Hurst exponent estimated for
raw, detrended, and pre-processed data. The noticeable exception is the Hurst exponent from
the raw data of experimental and model mungs (Fig 7a and 7b) caused by detrending in the PP
method, although the stationarity of the signals from mungs is verified by the Lilliefors test
(level of significance = 0.05, p-values higher than 0.4). We also tested the influence of signal
length (1000, 10000, and 30000 samples) on the results of RRA from raw, detrended, and pre-
processed model data of mungs. The differences between the results are smaller if the length of
the signal is greater. The differences in results between the raw and detrended signals of model
mungs are larger than those for the raw and pre-processed signal. The Hurst exponent (RRA)
from nonstationary neutrophils data shows artifactual findings of a positive correlation while
the Hurst exponent from detrended, preprocessed neutrophils data, and DFA reveals the
actual uncorrelated character of the data.
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According to the results of the Fano factor and the Hurst exponent estimated from neutro-
phils data (Figs 6c, 6d, 7c and 7d) the type of detrending method (smoothing and robust
smoothing) is not a crucial part of the PP method. A suitable method for trend estimation
should yield a smoothed curve following slow changes in the signal.

Conclusion

We present a new pre-processing method for nonstationary Poisson signals in this paper. The
assumption of the input signal properties is that its mean is equal to its variance (E[x[n]] =
Var[x[n]]) and signal samples are nonnegative integers (x[n] > 0 A x[n] € Z). Our Poisson
pre-processing method renders the signal stationary and preserves the relation between the
mean and variance of the random signal composed of non-negative integer samples. This
property is illustrated by the segmentation analysis and verified by statistical testing. Moreover,
the pre-processed signal keeps its original rectangular structure in the phase space, making our
pre-processing method potentially useful for preparing the signals for further complexity and
chaos-theory-based analyzes. Application of the pre-processing method to nonstationary sig-
nals that are non-Poisson never recovers a Poisson distribution, and hence a posteriori check
of whether the analyzed signal originated from a Poisson distribution is possible. Moreover
the Poisson pre-processing method does not change the distribution of stationary integer data
and causes only minor changes due to rounding when applied to non-integer data such as
those originating from a normal distribution.

While our primary motivation was to focus on the pre-processing and analysis of pho-
tonic signals such as bio/chemiluminescence and fluorescence, the method we developed is
completely general and can be applied to any signal originating from a Poisson process. Fur-
thermore, our method can be generalized to any mean-variance-coupled signals of non-Pois-
son distribution provided that the analytic formula for the dependence of the mean and the
variance is known.

We believe that the application of our method can prevent artifactual findings and enable
the analysis of nonstationary photonic signals that might otherwise have been unusable and
discarded due to the baseline drifts.

Supporting information

S1 Dataset. Dataset contains all raw experimental and computer generated photocount
signals used in this paper.
(Z1P)
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8 OPTICAL SPECTRAL ANALYSIS OF BAL FROM BIOLOGICAL
SYSTEMS

BAL is emitted on different wavelengths depending on its generation mechanism, as described in Chap-
ter[2.3.1] Spectral analysis of BAL could be utilized for non-invasive diagnostics of the state of the biological
system and elucidation of underlying mechanisms of BAL generation. In previous work, colored filters with
imperfect characteristics were used, mentioned in Chapter 2.5.3] This work aims to improve spectral analysis
by using the most suitable optical filters with high optical density (rejection band OD > 4) and a sharp transition
between the rejection and pass band (cut-off slope < 1%). The investigation of the sensitivity of spectral anal-
ysis was conducted on two biological organisms: HL-60 cells and yeast cells (Saccharomyces cerevisiae). The
respiratory burst of neutrophil-like HL-60 cells was induced with the PMA (phorbol 12-myristate, 13-acetate).
PMA activates an assembly of NADPH oxidase, which induces a rapid formation of reactive oxygen species
(ROS). The yeast cells were investigated during natural metabolism without stress factors. Propagation of error
of indirect measurements and standard deviation were used to assess the reliability of the measured spectra.
Results indicate a clear difference in the BAL spectra between two organisms using rigorous methodology and

error analysis.
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ABSTRACT

Optical spectral analysis of the ultra-weak photon emission (UPE) could be utilized for non-invasive diagnostic of state
of biological systems and for elucidation of underlying mechanisms of UPE generation. Optical spectra of UPE from
differentiated HL-60 cells and yeast cells (Saccharomyces cerevisiae) were investigated. Induced photon emission of
neutrophil-like cells and spontaneous photon emission of yeast cells were measured using highly sensitive
photomultiplier module Hamamatsu H7360-01 in a thermally regulated light-tight chamber. The respiratory burst of
neutrophil-like HL-60 cells was induced with the PMA (phorbol 12-myristate, 13-acetate). PMA activates an assembly
of NADPH oxidase, which induces a rapid formation of reactive oxygen species (ROS). Long-pass edge filters
(wavelength 350, from 400 to 600 with 25 nm resolution and 650 nm) were used for optical spectral analysis.
Propagation of error of indirect measurements and standard deviation were used to assess reliability of the measured
spectra. Results indicate that the photon emission from both cell cultures is detectable in the six from eight examined
wavelength ranges with different percentage distribution of cell suspensions, particularly 450-475, 475-500, 500-525,
525-550, 550-575 and 575-600 nm. The wavelength range of spectra from 450 to 550 nm coincides with the range of
photon emission from triplet excited carbonyls (350-550 nm). The both cells cultures emitted photons in wavelength
range from 550 to 600 nm but this range does not correspond with any known emitter. To summarize, we have
demonstrated a clear difference in the UPE spectra between two organisms using rigorous methodology and error
analysis.

Keywords: ultra-weak photon emission, optical spectrum, HL60 cells, yeast cells photomultiplier

1 INTRODUCTION

Ultra-weak photon emission (UPE) is phenomenon of light generated by all living systems, from unicellular organisms to
humans. UPE is created in the course of oxidative chemical reactions inside cells without external photo-excitation *.
Emitted photons have wavelength ranging at least from 350 to 750 nm 2. In this paper, we provide an experimental
analysis of the spectral properties of UPE from HL-60 cells as a representative of animal tissue cultures (biomedical
applications) and from yeast cells (biotechnological and food industry applications).

There exist two types of UPE, the spontaneous emission described above and induced photon emission. Induced
photon emission is invoked by stress factors such as temperature 3, chemical substances (H,O, *, PMA (phorbol 12-
myristate 13-acetate) °), changes in atmospheric gas composition ® and other simulating ambient factors that can affect
the cells in a natural environment. Intensity of the spontaneous emission is approximately 100 photons-s™-cm™ ® or less
and that of the induced emission is around 100 to 1 000 photons's™*-cm?2,

UPE is solely a product of oxidative metabolic and oxidative stress processes and it is not related to thermal
blackbody-like radiation * or photoluminescence such as fluorescence or phosphorescence 2. It is generally recognized
that generating mechanism of UPE are chemical reactions of reactive oxygen and nitrogen species (RONS), namely free
radicals (O,°, HO,, HO", RO,, NO°, NO;"...) and non-radical substances (H,O,, Oz NO*, NO', HNO,...) with
biomolecules such as lipids and proteins. These reactions lead to the lipid peroxidation or protein carbonylation whose
products are electron excited states which subsequently can lead to photon emission . UPE has a potential to be
prospectively used in biomedicine for diagnostic purposes, however, knowledge this phenomenon is not understood
enough for direct applications yet.

*nerudova@ufe.cz; phone +420 266 773 444
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It could give information about the oxidative state of the cells and tissues and underlying regulatory processes &  *°,

However, reliable detection of UPE currently requires customized experimental setup-us and evaluation methods. The
optical spectral analysis of UPE, on which we focus in our current work, is crucial for verification of the UPE generating
mechanisms. It may be used as well as for providing potential diagnostic fingerprint of a first choice. In this paper we
focused on the corrections of spectra due to quantum efficiency of detectors, due to spectral transmittance of filters,
measurement errors, etc., there are only few experimental works which provided assessment of UPE spectral properties
using rigorous methodology.

2 MATERIALS AND METHODS
2.1 Biological material

The human promyelocytic leukemia HL-60 cell line and yeast cells (Saccharomyces cerevisiae) type BY4741, MATa
were used as biological materials in this experiment. The HL-60 cells were maintained in RPMI 1640 medium (Biotech,
E15-048, CZ) supplemented with 10% thermally inactivated fetal bovine serum (Biotech, A15-101, CZ), 1%
L-glutamine - penicillin - streptomycin solution (Sigma-Aldrich, G6784, CZ) in an CO, incubator (model CCL-170B-8,
ESCO, Biotech, CZ) with 5% CO, atmosphere at 37°C. The HL-60 cells were differentiated into neutrophil-like cells by
incubation with 1 uM all-trans-retinoic acid (Sigma, R2500, CZ) for 6 days.

The yeasts cells were stored on agar plate in the fridge at 4 °C. Agar was prepared from 1% yeast extract
(Chemos Cz, 212750, CZ), 2% peptone (Chemos Cz, 211677, CZ), 2% agar (Chemos Cz, 214050, CZ), 2% D-glucose
(Ing. Petr Sulc Penta, 70470-31000, CZ) in distilled water. Before the UPE measurement, yeast cells were inoculated to
YPD medium (1% yeast extract, 2% peptone, 2% D-glucose in distilled water) on an orbital shaker incubator (LM420D,
YIHDER TECHNOLOGY CO., CN) at 180 rpm at 30°C for 16 hours.

2.2 Measurement equipment

Experimental data were obtained utilizing high-sensitive photomultiplier module H7360-01 (Hamamatsu Photonics
Deutschland, DE), selected type for low dark count, which was mounted from the top outer side of the black light-tight
chamber (HL-60 cells) or was mounted on the side of the light tight chamber (yeast cells). This head-on type detector is
sensitive to wavelength range from 300 to 650 nm with peak of sensitivity at 375 nm. Temperature inside the chamber
was set to 37°C for HL-60 cells or 30°C for yeast cells by thermo-regulating unit (UEPK-A2AH-24V-100W-LN, UWE
Electronic, DE). The distance between detector and biological sample was 3.5 cm for HL60 cells and from 4 to 4.5 cm
for yeast cells. An electrical filter wheel (ATIK USB Filter Wheel EFW2, UK) was placed between the biological
sample and detector as close as possible. The filter wheel contained nine long pass edge filters with cut-off wavelengths
of 400, 425, 450, 475, 500, 525, 550, 575 and 600 nm (Edmund optics). Another long pass filters were used (350 nm
(Chroma technology corporation) and 650 nm (Edmund optics)) but they haven’t been used for continual measurement.
The setup of measurement of yeast cells did not allow used the filter with cut-off wavelength 350 nm and low value of
quantum efficiency for 650 nm do not allowed used the filter with this cut-off wavelength. These types of filters have
optical density greater than 4 in the rejection band and slope factor less than 1 %. The setup of both measurement
equipment for HL-60 cells (a) and yeast cells (b) is shown in Fig. 1.
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Fig. 1: Setup of the measurement equipment for HL-60 cell in a) and yeast cells in b)

PMT works as follows. Photons from the biological sample incident on the photomultiplier tube’s (PMT) photocathode
were converted to photo-electrons. Further they were amplified to electron current in the dynode cascade in the PMT.
H7360-01 PMT module contains integrated high voltage power supply, PMT preamplifier, discriminator and pulse
shaper. Output from H7360 are 5V TTL pulses detected by separate Hamamatsu C8855-01 counting unit, which also
serves as an interface with PC. Photo-counts were displayed and recorded using Control Software program (Hamamatsu
Photonics Deutschland, DE) in the computer.

2.3 Measurement protocol

Each measurement with a filter took 60 s and then we switched to another filter and so one. A Coulter counter (22
Coulter, BECKMAN COULTER, CZ) was used to evaluate cell concentration. After differentiation (six days) the UPE
from neutrophil-like cells was measured in the same medium as maintained for differentiation (RPMI 1640). Cell
suspension sample had volume of 3ml and was pipetted to the 4 cm diameter glass Petri dish. Following values of cell
concentration were set for three experiments: 1-10° 1.5-10° and 2-10° cells/ml. Respiratory burst has been induced by
PMA (Sigma, P8139-1MG, CZ, dissolved in 96% ethanol) with final 54 nM concentration in cell suspension, which was
applied just before the UPE measurement. HL-60 cells from a single cultivation flask were split into three samples of
different cell concentration. Each sample was measured to obtain one set of UPE spectra using filters. The sequence of
filters was from lowest cut-off wavelength to the highest (400, 425.....600 nm).

After inoculation (16 hours) the yeast cells were placed to Erlenmeyer flask (250 ml size). 200 ml of cell
suspension (cells + YPD medium) with initial concentration 5-10° cells/ml was used for UPE measurement. The cell
suspension was bubbled with the air cleaned by a HEPA filter (Philips FC8031/00 HEPA12, Alza.cz, CZ). The air within
the chamber was pumped by diaphragm pump (M2K3, SCHEGO, airflow 97.2 ml/s, DE) through a glass tube, which
passed the stopper in neck of the bottle. This bubbling procedure should ensure the homogeneity of the suspension and
their oxygenation. Three sets of signals from yeast cell were recorded from one sample. In the first signal set the
sequence of filters was random, in the second set from the lowest to the highest cut-off wavelength and in the third set
conversely from the highest to the lowest cut-off wavelength.

2.4 Data

Raw data (see Fig.2 for an example) were time series of photon counts with bin size of 1 sec. Measured signals from cell
suspensions were non-stationary but only quasi-stationary parts were used for optical spectral analysis. The trend (red
line) was calculated by Robust smooth function ** based on the cosine transform and weighting outliers. For conversion
of detected photo-counts to the number of photons coming from cell suspension average values of measured signals
without average value of PMT noise (dark count) were used. Dark count of PMT was 15 cps (counts per second). All the
signal processing and visualization was performed in Matlab (The MathWorks, version 2011b).
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Fig. 2: Example of measured signals without filters and their quasi-stationary part, which was used for optical spectral analysis.
a) neutrophil-like HL-60 cells, b) yeast cells

2.4 Optical spectral analysis

The spectral transmittance curves of the filters were measured on spectrometer (Lambda EZ 210, Perkin Elmer, USA)
with bandwidth 1 nm. The finer curve (step 1 nm) of quantum efficiency was obtained by interpolation (cubic method) of
values of quantum efficiency from datasheet of detector with step 10 nm from 270 to 670 nm. Spectra of photon
emission from biological samples were calculated from the raw data as follows.

The signals of photon emission passing through a given filters had to be normalized, because of variability in
signal intensity from biological sample (the intensities from various cell suspensions or one cell suspension during one
day are different). The normalized signals of photon emission were taken to be the ratio of counts passing through a
given filter divided by the average of the counts of signal passing through a given filter with the lowest wavelength, in
this case 400 nm. This filter was used as a reference because the entire spectrum of the interest is covered by this filter.
The filter wheel with nine filter slots has ensured continuous measurement in the shortest possible time.

The normalized luminescence through a given filter (L;) is given by '

L=k [T;(DSMQM)dA, ()

where T;(1) is the transmission spectrum of i"" filter, S(1) is the spectrum of photon emission, QE (1) is the quantum
efficiency of the detector, A is wavelength and k is constant which contain parameters as losses of intensity caused by
distance, interaction with environment (dispersion, refraction, absorption, etc.) and direction of photon propagation.
Because the aim of this work was to obtain relative spectra, constant k could be neglected. The value obtained by
subtracting of two normalized signals provides information about spectrum in the wavelength region given by difference
of cut-off wavelength used filters. This value of the relative spectrum corresponds to the total optical intensity in the
given wavelength band. The average spectral intensity between 4; and 4; S(/li,lj) is given by quantum efficiency and
transmission spectrum of filters in the same interval *?

S(Au2;) = (Li — L)/QAu &) [ (T; — T))dA, (2

where L; and L; are average values of the normalized signals of the measured UPE, Q(4;, 4;) is the average value of
quantum efficiency in the interval of wavelength 4; and 4;. To evaluate the data, standard deviation o for raw spectra and
two methods for corrected spectra were used, specifically standard deviation o and propagation of error of indirect
measurement

(©)

of or of
oy & \/(Ecxl)z + (G O ot (G0

Standard deviation of the mean for variable L and standard deviation for variables T and QE was used to evaluate the
data. The standard deviation indicates the variability of measured values. Propagation of error of indirect measurement
indicates the error of measurement method.
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3 RESULTS

The result of optical spectral analysis of ultra-weak photon emission from differentiated HL-60 cells and yeast cells are
spectra, shown in Fig. 3. Bars of corrected spectrum indicate percentage contribution to the total sum of photon emission
of biological sample coming from the region from 400 to 600 nm. The blue error bars were calculated as a standard
deviation of measurements. The red error bars were calculated as propagation of error of indirect measurements. Eight
regions from 400 to 600 nm with 25 nm resolution were observed in total. The raw normalized spectra of both cell
cultures have different shape than corrected spectra which is caused by the different sensitivity of the measurements
apparatus to different wavelength.

The photon emission from cell suspension of neutrophil-like HL-60 cells originates from the range of 450 to
600 nm. The main part comes from 500 to 575 nm, the second highest range is from 575 to 600 nm and range of lower
intensity is from 450 to 500nm. The photon emission from cell suspension of yeast cells originates from the range of 450
to 600 nm too, but the spectral distribution is different. The main part comes from 550 to 600 nm, the range with second
highest intensity is from 500 to 550 nm and range of lower intensity is the same from 450 to 500nm. Two other spectral
ranges, specifically from 350 to 400 nm only for neutrophil-like cells and from 600 to 650 nm for both cell suspensions
have been measured. No photon emission from neutrophil-like cells was detected in the 350 to 400 nm region (data not
shown in the figures). No UPE measurement of the yeast cell was performed in this region, because the Erlenmeyer flask
used (standard laboratory glass) attenuates transmission of light at wavelengths under 400 nm. The second region from
600 to 650 nm wasn’t evaluated because of the large error coming from low intensity of signal due to the low quantum
efficiency of the detector used.

a) neutrophil-like cells b) yeast cells

raw spectrum raw spectrum
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Fig. 3: Spectra of ultra-weak photon emission from cell suspension of a) neutrophil-like cells and b) yeast cells. Raw
spectrum from the measured data is shown on the top and the corrected spectrum is shown in the bottom of the figure.
The blue error bars show standard deviation of spectra and red error bars show propagation of error of indirect
measurement.
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4 DISCUSSION AND CONCLUSION

The photons emitted from the cell suspension of neutrophil-like and yeast cells have originated from the wavelength
range of 450 to 600 nm (explored range was from 400 to 600nm). These spectra are in accordance with known
mechanism underlying generation of UPE. They correspond to the radiative transition from triplet excited level to ground
singlet levels of carbonyls 2, which are emitting near UVA-blue-green region of the spectrum (350-550 nm). The range
of 550 nm to 600 nm is usually attributed to chlorophylls and other pigments 2 However, these are not known to be
present in the biological systems (HL60 and yeast cells) under our current study.

The neutrophil-like cells were measured three times with another cell’s sample with different final
concentration (1-10° 1.5-10° and 2-10° cells/ml). It was experimentally found that the variation between the maximum
values of the intensity of UPE in one type of experiment under our conditions during one day is about 10-15%, but the
fluctuation in quasi-stationary part of the signal is lower than 2%. The corrected spectra of neutrophil-like HL-60 cells
are very similar; see the standard deviation in Fig. 3 a) bottom, blue line. The propagation of error of indirect
measurements from method (Fig. 3 a) bottom, red line) is larger than the standard deviation but it doesn’t change the
conclusion from corrected spectra.

The yeast cells were measured three times from one cell sample with different sequence of filters (either random
or from the lowest to the highest cut-off wavelength or conversely from highest to the lowest cut-off wavelength). The
fluctuation in quasi-stationary part is very similar about 1.5 %. The corrected spectra of yeast cells are more similar than
corrected spectra of neutrophil-like cells showing both error bars in Fig. 3 b). Spectra of yeast cells are more accurate the
reason for this is different treatment of the samples. The highest difference between corrected spectra of neutrophil-like
cells could be caused by different initial concentration of cells in suspension because the number of cells is connected
with intensity of signals of photon emission (higher number of cells caused the higher intensity).

This model does not include losses of intensity caused by distance, interaction of light with environment and
due to angular and spatial dependence of filter transmittance and the detector quantum efficiency. This information could
be important in the case of searching for absolute spectra. It should be noted that the distance of samples from PMT and
viewing angle of the detector defined by the aperture are very important factors. For instance, when the distance from the
sample is increased by 5 cm and the filter wheel is used, even without any filter, the intensity of signal is decreased by 50
% or more.

Our research shows (i) a possibility of UPE optical spectrum measurement from living systems which is not
trivial due to low intensity, (ii) a reproducibility of the measurement, even if using different initial concentrations of cells
and (iii) a stability of measurement from one biological sample which is not related to sequences of used filters. The
importance of our results resides in clear demonstration of a difference between optical spectra of UPE from two distinct
types of cell cultures.

The UPE spectral analysis in combination with antioxidant tests can be used for elucidation of mechanism of
UPE generation which is not fully described yet. Already some work on spectral analysis of UPE was done in the past
using filters with low edge steepness at cut-off wavelength (color filters) that distorted the spectra due to overlaps.
Therefore, it is necessary to perform the experiments using more accurate and rigorous tools. For correct representation,
spectra must be recalculated according to the optical elements used in the measurement path. The average spectrum must
be accompanied by information about the error or uncertainty of measurement. We analyzed propagation of error of
indirect measurements which confirm reliability of the results from both spectra described above. The standard deviation
is the most commonly used for evaluation of data but it only reflects variability of resulting values.

Impact of our measurement is towards diagnostics of oxidative processes in biological systems. For instance,
increased intensity of oxidative processes accompanies and causes many types of diseases and is prominent also in the
senescence of organism. Since UPE spectral analysis is completely label-free, noninvasive and almost real-time, it could
be developed into diagnostic screening method in multiple fields of biomedicine.
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9 OpT1ICcAL MODEL OF BAL PROPAGATION AT HUMAN SKIN
FOR DIFFERENT WAVELENGTHS

Spectral analysis is one of the methods that can be used to evaluate BAL signals (Chapter [2.5). This model
focuses on the propagation of BAL through the human skin at a selected wavelength. The optical model
represents the photon flux attenuation in various skin layers. The initial intensity is evenly distributed into each
layer. This model was used to estimate the initial intensity based on skin measurements using PMT R2256-02.
It has been enhanced by parameters such as the quantum efficiency of the PMT and losses of intensity caused
by photons passing through different environments on their way to the detector. This model was developed

during a one-month internship at Aachen, Germany.

PARAMETERS OF SKIN:

This model was developed based on the Meglinski-Matcher model of skin layers [200]. It consists of six layers
defined by their thickness and blood volume, as detailed in Tab. [9.1] The model was enhanced by incorporating
the melanin parameter, which significantly affects the degree of scattering within the epidermis [201]]. Melanin
is a black pigment that serves to protect the skin from Ultraviolet (UV) radiation, with the volume percentage
depending on the individual’s skin type. This model was specifically designed for the Europoid race, with 3%

melanin [202]. The model was created using the Matlab program (version 2011b, The Math Works).

DISCRETE MODEL:

Table 9.1: Parameters of skin [200]:

layer of skin thickness [um]  blood volume [%] melanin volume [%]
epidermis 100 0 3
capillary layer 150 4 0
upper vessel plexus 80 30 0
supply layer cutis 1500 4 0
deeper vessel plexus 100 10 0
supply layer subcutis 3000 5 0

The model is based on the Beer-lambert law, which describes the dependence of light attenuation through a

homogeneous material with thickness d [cm] using a formula:

[=1Iy-e Pl 9.1)
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Figure 9.1: Schema of skin model (a) discretization of skin model; (b) principle of calculation.

!'.cm™2] represents the final intensity of light, Iy [photons-s~'] is the initial

In this formula, I [photons-s~
intensity of light, and 8 [cm™'] is the linear absorption coefficient. The model is discretized for N-layers, and
B [cm~!]is replaced by the sum of the absorption coefficient [cm~!] and scattering coefficient y [cm~!], in

the equation:

N
N0 S i 81
I—Zﬁ-e i N, 9.2)
J

The discretization process involves subdividing homogeneous layers into sub-layers, as depicted in Fig.[0.1}a.

The outcome of this procedure is the simulation of a continuous model of skin, as illustrated in Fig.[0.T}b.

PARAMETERS OF ABSORPTION AND SCATTERING:

Absorption and scattering parameters of individual layers depend on wavelength A [nm]. For blood, the scatter-
ing coefficient ; is equal to 2000 cm™! for all wavelength [203], while the absorption coefficient is calculated
based on the molar extinction coefficient e; [cm™!-M~!] for hemoglobin in water, as provided according to
calculation by Scott Prahl at https://omlc.org/spectra/hemoglobin. The absorption and scattering coeflicients
for the individual layers of the skin were calculated using the following equations, which were derived as ap-

proximations from measured data by Huelsbusch [204]:

Epidermis:
11a(1) = 0.244+ 853 ¢~ ‘@3 (9.3)
ws(D) =(2-107- 2710 42102 274 (1 - g(1) (9.4)
g(1) =0.5861+3.5289-107*- 1 9.5)
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Melanin:

ua() =6.6-10" . 27333 (9.6)
wus(D) =(2-107- 271242102 274 (1 - g(1) 9.7)
g(1) =0.5861 +3.5289-107*- 1 (9.8)

Dermis:
11a() = 0.244 1+ 85.3 - 53 (9.9)
wus(D) =(2-107- 271242102 274 (1 - g(1) (9.10)
g(1) =0.6012+3.3726-107*- 2 9.11)

Blood:

Ua() = 0.0054 - ¢, (9.12)
s(2) = 2000 (9.13)

DESIGNED MODEL:

The result obtained from the optical model of BAL propagation is an estimation of the light intensity generated
by the skin’s surface at selected wavelength. In this model, it is possible to set initial intensity (Ip), thickness of

one layer (d/N) and wavelength (1). In Fig. [9.2}a, solid lines represents the number of photons emitted at the

1 3

skin’s surface from each layer. The initial intensity was 1000 photons-s~'-cm™-nm~!, and thickness of layer
0.0001 cm. Most photons are emitted from skin layer with depths up to 0.03 cm. The dash-dotted lines in Fig.
[0.2}a illustrate the attenuation of the signal at different skin depths and wavelengths. The effect of attenuation
in the graph is defined as 1-Attenuation. Fig. [0.2}b shows the sum of BAL throughout the entire depth of the

3.nm-!,

skin. The graph was created for four initial intensities (Ip) of 10, 100, 1000 and 5000 photons-s‘1 -cm”
and six various of wavelengths ranging from 400 to 650 nm. At longer wavelengths, more photons reach the

surface, as evident when comparing the red line (400 nm) and turquoise line (650 nm) for reference.
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Figure 9.2: Results calculated by optical model of BAL propagation. (a) Solid lines represents photon flux at the
skin’s surface generated at various depths, while dash-dotted lines shows relationship (1-attenuation)
calculated for each depth. (b) Total BAL photon flux throughout the entire depth of the skin resulting
from four different initial intensities, calculated for six different wavelengths.

COMPARISON OF MEASURED AND CALCULATED DATA:

BAL from human skin was measured using the head-on type R2256-02 PMT, which featured a circular bialkali
photocathode of diameter 46 mm. Measurements were conducted on both the palmar and dorsal sides of the
right hand from five subjects. The mean values of BAL, after subtracting the background, was 14.8 photons/s.
This mean value was then recalculated based on photocathode’s detection area, resulting in 0.89 photons-s~!
as depicted in Fig. 03}a. The optical model for BAL propagation was enhanced by considering a parameter
quantum efficiency of R2256-02 across all wavelengths from 400 to 650 nm, with a step of 1 nm. The model is
expressed by the following equation:

1= EN] b @l Qe (). 9.14)

; N

Subsequently, the photons on the skin’s surface were recalculated considering reflectivity (RF) at the interface

of the neighboring layers.
Tgetected = I-RF. (9.15)

A total of eight interfaces were included into optical model, as illustrated in Fig. 0:3}c, each with its refractive
index ng. Assuming the normal incidence of light to interfaces, the reflectivity (RF) is calculated using the

following equation:

2
RF = P~ el 9.16)
Nk +Nj4k
The mean BAL intensity measured from the human hand of five subjects was 0.89 photons-s~'-cm~2 in the

1

spectral wavelength range of 400 to 650 nm. Our model estimated a total of 913 photons-s~'-cm™3 generated

within human skin in the spectral wavelength range of 400 to 650 nm, with only 13.1 reaching the surface, as
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shown in Fig. 03}a.
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Figure 9.3: (a) The mean BAL intensity recalculated to 1 cm? from measured data by R2256-02 PMT, and
estimation of 913 photons-s~'-cm™ generated within human skin, with only 13.1 photons-s~!-cm™2
reaching the surface of human skin in spectral wavelength range of 400 to 650 nm. (b) A total of
eight interfaces and refractive index ny of individual layers used in this model.
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10 INVESTIGATION OF BAL FROM HUMAN SKIN

BAL from human subjects was investigated in various studies under different conditions, as described in
Chapter Imaging this luminescence phenomenon using ultra-sensitive devices could potentially enable
monitoring of oxidative stress in optically accessible areas of the human body, such as skin. While oxida-
tive stress induced by UV light has been explored, there is no in vivo quantified imaging of chemically induced
stress processes in human skin using BAL under controlled oxidative stress conditions. Furthermore, the mech-
anisms and dynamics of BAL from the skin have not been fully explored. Designed experiments demonstrate
that different degrees of chemically-induced oxidative stress on the skin can be spatially resolved quantitatively
through non-invasive, label-free BAL imaging. Additionally, to gain insight into the underlying mechanisms,
a minimal chemical model of skin was developed based on a mixture of lipid, melanin, and water. This model

was used to show that it can reproduce essential features of the response of a real skin to oxidative stress.
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ABSTRACT: Oxidative processes in all types of organisms cause the
chemical formation of electronically excited species, with subsequent
ultraweak photon emission termed biological auto(chemi)-
luminescence (BAL). Imaging this luminescence phenomenon using
ultrasensitive devices could potentially enable monitoring of oxidative
stress in optically accessible areas of the human body, such as skin.
Although oxidative stress induced by UV light has been explored, for
chemically induced stress, there is no in vivo-quantified imaging of P
oxidative processes in human skin using BAL under the controlled 31t \

extent of oxidative stress conditions. Furthermore, the mechanisms ,:ep E\j ~ ! p
and dynamics of BAL from the skin have not been fully explored.

Here, we demonstrate that different degrees of chemically induced
oxidative stress on the skin can be spatially resolved quantitatively
through noninvasive label-free BAL imaging. Additionally, to gain insight into the underlying mechanisms, a minimal chemical
model of skin based on a mixture of lipid, melanin, and water was developed and used to show that it can be used to reproduce
essential features of the response of real skin to oxidative stress. Our results contribute to novel, noninvasive photonic label-free
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methods for quantitative sensing of oxidative processes and oxidative stress.

H INTRODUCTION

The mere fact that biological tissue generates endogenously
electron-excited molecular species that lead to ultraweak
luminescence, even without any prior light stimulation, is
fascinating and exciting. The accepted mechanism for
generating electron-excited states is chemiexcitation; that is,
the excitation by energy from chemical reactions—here,
initiated by reactive oxygen species (ROS).”* Hence, this
ultraweak photon emission phenomenon is considered to be a
biological auto(chemi)luminescence (BAL). The term “auto”
refers to the fact that the biomolecular reactants responsible for
light generation are inherent to the system itself and also to the
fact that no external physical stimuli are required to produce
the light. The emission spectrum of this luminescence lies in
the wavelength range of at least 350—750 nm, the integral
intensity across this band is from 10 to 1000 photons-s™'-cm™>
and is present at all levels of living species ranging from the
simplest organisms, such as bacteria, to humans."™ Various
stress factors can lead to an increase in ROS production®” and
consequently an increase in BAL intensity.® In this paper, we
examine the use of imaging BAL as a means of sensing varying
degrees of oxidative stress induced in human skin and chemical
model systems.

The general underlying mechanism of generating BAL
involves the chemical reaction of free radicals and reactive
nonradical species with biomolecules, such as lipids, proteins,
and DNA.? These reactions lead to the formation of unstable

© 2023 American Chemical Society

7 ACS Publications

intermediates such as dioxetanes™'® and tetraoxides,"" which in
turn can decompose into electronically excited species, such as
excited triplet carbonyls'> or singlet oxygen (10,).">'* The
excited states can radiatively decay to generate a photon of
BAL. Some molecules influence this reaction chain at the very
beginning by either suppressing or promoting oxidation and,
hence, the generation of BAL. One of the molecules that are
often present in the initial part of the reaction chain is the
hydrogen peroxide (H,0,) molecule. H,0, is generated
endogenously in cells' and is also commonly used to induce
oxidation and BAL when added to biological samples.”'%™"*
Although H,0, has a relatively low redox potential to be able
to directly oxidize most biomolecules (apart from a few
selected groups such as sulfhydryls'®), it can participate in
Fenton or Haber—Weiss reactions™ to produce the hydroxyl
radical (HO®), which is the most potent biologically relevant
radical able to oxidize virtually any biomolecule. Typically,
only trace amounts of reduced transition metal cations (Cu" or
Fe®") are sufficient to generate hydroxyl radicals from H,0,.
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Hydroxyl radicals or other primary radicals produced can then
initiate a chain reaction, which is manifested as autoxidation.”*
See the Supporting Information for a brief review of
antioxidants in the skin.

What are the typical characteristics of BAL from humans?
BAL from human subjects in vivo has only been detected from
the outer surface of the human body,””>* which is mostly
covered by skin. The BAL intensity depends on a variety of
factors,”* includin§ the particular site of the boclgu7 and

. ... 27,98 1. K 29,31
physical activity, displays anatomic asymmetry, under-
goes diurnal, monthly, and annual cycles,>' * tends to
increase with age®® and together with spectral analysis has
the potential to be used to monitor disease processes, such as
diabetes, hemiparesis, protoporphyria, or a typical cold.* The
systemic and internal states of the human body can exert
influence on the processes in the skin. However, there is
evidence that BAL signals which are detected from outside the
human body originate from the skin.>® For this reason,
research on BAL from humans is often related to skin research
and dermatology, reporting the capability of using BAL to
detect oxidation processes in the skin.””** Currently, there are
two methods used for the measurement of BAL. Temporal
pattern detection of BAL by a highly sensitive photomultiplier
tube (PMT) and imaging of the spatial distribution of BAL by
a cooled charge-coupled device (CCD) camera were used in
this study. For both methods, it is necessary to ensure
measuring conditions without the presence of external light
and to take measures against delayed luminescence."*”*’
Although most of the BAL research employs single-channel
photomultipliers as the main workhorse for BAL detection,’
the imaging of BAL provides a substantial advantage for the
BAL research of spatially structured systems such as skin.

Imagin§ naturally provides spatial information on BAL from
the skin.””*® The skin protects humans against continuous
oxidative damage by ROS coming from environmental stresses
(physical and chemical factors).”>*! Imaging BAL from
different parts of the human body’® has been employed in
the past and has uncovered temporal variations of BAL,* the
influence of oxygen content in the environment*” or the effect
of scavengers.*""*?

Although sensitive CCD cameras have been used to
demonstrate that H,0,”**' or other oxidizing treatments
such as UVA*' elicit increased BAL from human skin, the
possibility to spatially discern oxidative stress of various
defined degrees within a single image in vivo has not been
demonstrated yet.

The relation of BAL to oxidative stress was previously
reported in several studies. The main benefit of this direct
measurement of BAL from the skin is that it can also be
measured in vivo under physiologically relevant conditions.
During the past few decades, BAL (also called low-level
chemiluminescence, ultraweak photon emission, and biopho-
tons) measurements have been performed on skin in biopsies
(ex vivo skin models),****** under in vivo and in vitro
conditions (e.g., keratinocytes and fibroblast homogenates),
and under diseased conditions such as malignancy and/or
externally applied stresses (such as ultraviolet irradiation,
exogenously applied chemicals).****™ The studies men-
tioned above concluded that BAL can be used as a method for
evaluating the physiology of the skin and helping us to
understand how skin tissue reacts to different exogenous
stresses. Therefore, it has been claimed that BAL can be used
as a signature for oxidative radical reactions in the skin and can

serve as a tool for understanding skin conditions related to free
radicals, such as wound healing, skin aging (which occurs
principally by breaking down skin collagen), and skin cancer,
among others. There are often challenges related to the
measurement of BAL in the skin, the primary reason being the
low intensity of BAL. However, the intensity of BAL has been
shown to increase by several folds in the case of the application
of various (oxidative) stimuli.**** In most studies, the increase
in BAL emission is claimed to be related to free radical
generation and reactions; however, the understanding of the
mechanism of how these phenomena are linked is incomplete.

In this work, we use an ultrasensitive electron-multiplying
(EM) CCD-camera-based system to image the spatial
distribution and a photomultiplier system to detect the kinetics
of BAL from human skin in vivo and from the chemical model
system. We designed the chemical model system to contain a
representative of lipids, pigments, water, and transition metal
cations to mimic basic components in the skin relevant to BAL.
Using both detection techniques (CCD and photomultiplier),
we test the capability to quantitatively differentiate between
several different degrees of oxidation induced by the
application of H,0, and the possibility of monitoring the
protective effect of antioxidants in vivo. Our study also
addresses the underlying mechanisms of BAL generation on a
chemical model system by validating the ROS-based
mechanism of BAL generation using electron paramagnetic
resonance (EPR) spin-trapping spectroscopy and high-
performance liquid chromatography (HPLC), where the
chemical skin content was mimicked with a pigment
(melanin), lipids (linoleic acid), and water.

B EXPERIMENT AND METHODS

BAL Measurement Equipment. Luminescence measure-
ments were performed in light-tight black chambers (custom-
made by the Bioelectrodynamics research team, Institute of
Photonics and Electronics of the Czech Academy of Sciences),
which have a light-proof sleeve designed for direct access to the
interior chamber without any light leakage. Both setups
(electron-multiplying charge-coupled device-based camera
imaging in the 300—900 nm wavelength range and photo-
multiplier-based photon counting in the 300—600 nm
wavelength range) are depicted in Figure S1. See more details
in the Supporting Information.

Chemical Model System of the Skin. We designed a
chemical model system of the skin consisting of lipid (linoleic
acid), pigment (melanin), water, and transition metal cations
(iron) to mimic basic components in the skin relevant to BAL
based on the following rationale. Linoleic acid is present in skin
sebum® and cell membranes®® and provides moisture to the
skin.>' Linoleic acid, as a polyunsaturated fatty acid, plays a
role as a substrate for chain lipid peroxidation, which is known
to generate BAL.*® Melanin is a major pigment of human skin
and also has a role in chemiexcitation.”” Micromolar to
millimolar concentrations of iron cations are present in
biological systems.”>** Iron plays an important role both in
the physiology and pathophysiology of the skin.*® The
reactions of Fe** and other transition metals with hydrogen
peroxide (H,0,) lead to the Fenton and Fenton-like reactions,
which initiate radical oxidation of organic molecules either via
the generated hydroxyl radicals or other pathways.”® Fenton
reaction is known to lead to the oxidation of organic
compounds and the generation of BAL.® See more details in
the Supporting Information.
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Figure 1. Different degrees of H,0, oxidation-induced BAL of skin and the chemical model system in the temporal and spatial distribution. Mean
values and standard deviations are from N = 3 independent experiments. In the BAL image of the hand, (a) red rectangular analyzed areas with
identical areas were used for the analysis across all hand BAL measurements. Three different concentrations of H,0, were applied on the skin (3,
0.9, and 0.3%), and endogenous (EN) BAL signals as well as a dark count of the detector were captured. (b) The same approach was used in BAL
images of the chemical model system; the label 0% corresponds to the vehicle (Q-water) only application. (c) Mean values of analyzed areas from
the hand (left axis: blue bars) and chemical model system (right axis: red bars). The smoothed kinetic BAL signals from the skin (d) and the
chemical model system (e) are evaluated in (f) as the integral sum of BAL from the skin (left y-axis: blue bars) and the chemical model system

(right y-axis: red bars).

Chemical Treatment. Two studies were conducted: one
involving varying concentrations of H,0, to induce oxidative
stress and another examining the antioxidant effects using
ascorbic acid. For the first study, H,O, concentrations of 3, 0.9,
and 0.3% were used with a 0.3 mL injection of the stock
solution. In the antioxidant experiment, a S mM stock solution
of ascorbic acid was applied. Imaging experiments utilized a
tape mask to define three rectangular spots, with each
substance (S uL) evenly distributed within the spots. The
tape mask was removed prior to measurement. In the skin BAL
kinetics experiments, substances (10 uL) were applied to the
entire dorsal hand area, while in imaging experiments, only
smaller areas were treated. For the liquid chemical model
system, there was one type of treatment per Petri dish. See
more details in the Supporting Information.

B RESULTS AND DISCUSSION

Biological Autoluminescence: Imaging and Kinetics.
In this work, we focused on the BAL signals from the sites of
topical H,O, treatment of skin (Figure la) and quantified the
imaging data. The data are from a volunteer (female, age 29,
Fitzpatrick skin type III); see the Supporting Information on
ethical aspects of the study. Our quantified results in Figure lc
(left y-axis: blue bars) display mean values from the three skin
areas treated with different concentrations of H,0, as well as
from nontreated skin areas, all from three experimental
replicates. The BAL signal intensity increases with an
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increasing H,0, concentration. The endogenous BAL signal
(0% H,0,) from the skin was approximately 1.5 counts/pixel,
which increases to approximately 6.5 counts/pixel for 3%
H,0,, above the mean of the dark count (approximately 8
counts/pixel). These results demonstrate that BAL imaging
can discern different levels and spatial distributions of oxidative
treatments and stress on the skin.

We developed a well-defined minimal chemical model
system of the skin: water emulsion of linoleic acid and
melanin (see methods for details), inspired by Kobayashi et
al.>® We selected linoleic acid®” as a representative of the 16
and 18 carbon-free fatty acids which, together with
triglycerides, constitute the major (57.5%) component of
skin surface lipids,* and melanin as a pigment important in
skin photophysical and photochemical processes. Linoleic acid
is also a suitable model in oxidation experiments as it is a
polyunsaturated fatty acid containing two double bonds, which
make it prone to oxidation attack, see Chapter One in de
Paulet et al.*® To induce the oxidation in the chemical model
(Figure 1b—3 mL final volume of the sample in a Petri dish),
we used the same H,0, concentrations (0.3, 0.9, and 3%) as in
the skin. There was one treatment condition per each Petri
dish. The image clearly shows that the BAL signals were much
higher than the background and depended on the H,O,
concentration. The quantified results in Figure lc (right y-
axis: red bars) display mean values from specific areas from
two replicate measurements. They show that H,0, elicits

https://doi.org/10.1021/acs.analchem.3c01566
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increased BAL intensity in the chemical model in a
concentration-dependent manner with a behavior qualitatively
similar to the response of BAL from the hand, albeit with
higher intensities. For a comparison of the quantitative data in
a representation as ratios of treated vs nontreated area, see
Figure S7.

There are at least four major differences in the chemical
model in contrast to the skin, which contribute to the higher
overall BAL signal from the chemical model:

e Higher volume of H,0, added to the chemical model
than on the skin sample: 300 vs 5 yL on the whole
dorsal side of the hand

o Faster diffusion in a liquid compared with a solid skin
surface

e The exact chemical composition of the skin is different
from the chemical model, which contains just
representative molecules of lipids and pigments

e There is no antioxidative system in the chemical model

To analyze the kinetics of BAL from the skin, we used our
sensitive PMT system. Three concentrations (0.3, 0.9, and 3%)
of H,0, were applied consecutively on the whole dorsal side of
the right hand of the test subject. The results are presented in
Figure 1d. The endogenous BAL signal was approximately 3
counts/s. The background (PMT dark count) was approx-
imately 16 counts/s. H,O, treatment induced a substantial
increase of BAL intensity in a concentration-dependent
manner, with 3% treatment causing more than a 15-fold
increase of net BAL at time = 0 of the measurement. Using the
PMT detection technique, we were also able to follow the
kinetics of BAL after H,0, treatment in both the hand (Figure
1d) and the chemical model (Figure le). After H,0,
treatment, the BAL intensity from the skin decayed to the
level of endogenous BAL within 12—19 min (Figure 1d)
depending on the concentration of H,0,. In the case of the
chemical model, the BAL intensity drops to approximately 38—
44% of the H,0, induced value within 5 min, yet still being
almost 1 order of magnitude higher than the spontaneous BAL.
We suggest the following explanation for the differences
between the kinetics of the decay of BAL between the skin and
the chemical model: the skin possesses an antioxidative system
that is activated after oxidative stress to remove excessive ROS,
as known in other tissues.”> However, the chemical model
treated with H,O, experiences an initiation of chain lipid
peroxidation,”” which can persist for an extended period of
time with no antioxidants to terminate the propagation. In
general, the integral value of H,0, concentration-dependent
BAL signals scales similarly for both imaging (Figure 1c) and
kinetics data (Figure 1f), confirming the validity of the data.
How does the intensity of BAL induced due to oxidative
stimulus relate to endogenous BAL? This question boils down
to the rate of the processes that lead to electron-excited states
and photon emission and the effective volume where these
processes take place. The processes leading to photon emission
in the skin are likely more complex than just the assumed
Fenton-reaction-based generation of ROS, which is dependent
on H,0, and iron cation concentration. Nevertheless, for
simplicity, let us discuss endogenous versus stimulated BAL
intensity values and H,0, concentrations. The integral BAL
intensity from imaging data has mean values of 1.6 and 7.2
counts/pixel for the endogenous and 3% H,O, stimulated
cases, respectively, above the dark count, which had a mean
value of 7.6 counts/pixel (Figure 1c). The concentrations of

H,0, used were 880, 264, and 88 mM. It is known from liquid
chemical models from our earlier work that for fixed Fe*',
decreasing the concentration of H,0, by an order of
magnitude causes only a 1.1—-2-fold decrease of the integral
BAL intensity, depending on the specific iron and H,0,
concentrations.” In our case of BAL skin data, there was a
2.6-fold decrease of integral BAL intensity per 1 order of
magnitude decrease of H,O, concentration (from 7.2 counts at
3% H,0, to 2.8 counts at 0.3% H,0,). If we extrapolated this
value and decreased the BAL intensity (at 0.3% H,0,) 2.6-fold
to correspond to 0.03% (88 mM) we would obtain the value of
1.07 counts per pixel, which is lower than the BAL value of 1.6
counts per pixel for nontreated skin (0% H,0,). However, the
endogenous and biologically relevant steady-state values for
intratissue H,0, concentration lie in the nM—uM range.]°'(’2

How can we explain this seeming discrepancy? First, the
exogenously added H,O, of the given concentrations was not
applied to the whole optically accessible volume of the skin
tissue but only on the surface of the skin, and the
concentrations were only transient to simulate oxidative stress.
The excess H,0, is then rapidly depleted (see Figure 1d).
Another possible reason is that the BAL due to topically
applied H,O, is likely emitted only from a very thin layer (few
microns) of the upper layers of the skin, while the endogenous
BAL is generated by a volumetric source, skin tissue. All other
things being the same, the larger the volume, the higher the
BAL intensity. The quantitative answer to the question “What
is the thickness of this volumetric source ?” is roughly bounded
by the depth of the light penetration from/to the tissue. This
very much depends on the wavelength of the light. The BAL
spectrum from the skin is rather broad, with a peak at
approximately 600 nm.*® The models of light penetration into
the skin predict that light fluence decreases to approximately
50% of its original value at the surface of the skin at a few tens
of 10 um depth (stratum corneum—epidermis) and
approximately 1 mm depth (dermis) in the skin for 400 and
600 nm wavelength, respectively, for a diffuse light source,®
which is a good approximation of BAL. The reciprocity of light
propagation suggests that these (10 gm—1 mm) are the depths
in the skin from which we can expect the BAL to reach the
surface and then also the photodetector.

Which cells can actively generate the ROS in the epidermis
leading to BAL? The skin epidermis consists mainly of
keratinocytes, melanocytes, Langerhans cells, and Merkel
cells.** They work closely together and contribute to skin
health. Epidermal cells, especially keratinocytes, express
nicotinamide adenine dinucleotide phosphate hydrogen
(NADPH) oxidase (NOX), an enzyme that generates ROS
normally.” NOX enzymes transfer electrons from NADPH to
molecular oxygen, producing superoxide anion radicals (0,*”),
which eventually can lead to the formation of hydrogen
peroxide (H,0,) and hydroxyl radicals (HO®). Expression of
NOX1, NOX2, NOX4, and NOXS has been reported in
keratinocytes.”® In addition to NOX, keratinocytes express
several cytochrome P450 enzymes.®” Some of the cytochrome
P450 enzymes, such as CYP1Al and CYP1BI, have been
shown to generate ROS as byproducts of their enzymatic
reactions. Additionally, inflammatory cells, such as neutrophils
and macrophages, can infiltrate the epidermis during an
immune response, producing ROS as part of their defense
mechanisms against pathogens. Although not precisely within
epidermal cells, the ROS generated by inflammatory cells can
influence epidermal cell function and contribute to oxidative

https://doi.org/10.1021/acs.analchem.3c01566
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Figure 2. Antioxidant (ascorbic acid) suppresses the BAL signal induced by H,O, treatment. In imaging of hand (a) and the chemical model
system (b), areas enclosed by the red rectangles are investigated: with ascorbic acid (+Asc), without ascorbic acid (+water), endogenous BAL
(EN), and dark count, which are analyzed in (c) as mean values of skin (left y-axis: blue bars) and the chemical model system (right y-axis: red
bars). Smoothed kinetic signals from the skin (d) and the chemical model system (e) are analyzed as an integral sum of BAL (f) of the skin (left y-

axis: blue bars) and the chemical model system (right y-axis: red bars).

stress. While oxygen is consumed during melanogenesis, ROS
levels generated by melanocytes are generally relatively low.
After we showed that the BAL signal responds to oxidative
treatment in a dose-dependent manner, we investigated
whether our technique can monitor the protective effect of
antioxidants. Antioxidant ascorbic acid was applied in the
hand/model system as a prevention against oxidative effects of
H,0,, which was added thereafter. As in the previous section,
both EMCCD and PMT systems were used for BAL detection.
Analysis of EMCCD images for both the hand and model
system (Figure 2a,b) supports the fact that the antioxidant
suppressed the oxidative effect of H,0,, see in Figure 2c: blue
(skin) and red (model system) bars. Although it was possible
to distinguish the differences in BAL intensity in the previous
experiment with various concentrations of H,O, even by visual
observation, as shown in Figure 1a, the differences were more
subtle in the case of antioxidant action (Figure 2a). The
quantitative analysis showed that the BAL signal induced by
3% H,0, was only partially suppressed by ascorbic acid
(Figure 2d). For a comparison of the quantitative data in a
representation as ratios of treated vs nontreated area, see
Figure S8. In the skin, after subtraction of the background, one
can see that the presence of the antioxidant decreased the BAL
signal to ca. 60% (Figure S8a). The BAL kinetics measurement
using PMT uncovers the subtlety of this effect (Figure 2d: blue
lines); the suppressing effect of ascorbic acid is only temporary,
acting up to approximately 15 min. After this period, the
signals with and without the antioxidant are almost identical;
see Figure 2d: red lines. The consumption of the applied
antioxidant could cause this. The ascorbic acid effect in the
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chemical model system (Figure 2e: blue lines) mirrored the
trend of the PMT signal without the antioxidant (Figure 2e:
red lines) but was approximately 200 counts lower all of the
time. The analysis of the integral BAL of both systems (skin
and chemical model) supports the assumption that ascorbic
acid scavenges ROS, hence causing a decrease in BAL intensity
[Figure 2f: blue (skin) and red (chemical model) bars].

These results are corroborated by earlier studies in which
the application of a variety of antioxidants, including ascorbic
acid, decreased BAL signal to a different extent.’>*>*%
Ascorbate, glutathione, a-tocopherol, and coenzyme-Q were
able to suppress the intensity of endogenous BAL signals from
human skin in vivo,** and ascorbate also suppressed H,O,-
induced signals from porcine skin in vitro.”® Ascorbate,
glutathione, and d-tocopherol also mildly suppressed BAL
increased by UV-induced reactive oxygen in human skin in
vitro.*®

Next, we aimed to dissect the lipid (linoleic acid) and
pigment (melanin) contribution to the observed BAL signals.
To do this, we varied the concentration of either linoleic acid
or melanin in the chemical model system and induced
oxidation by treatment with Fe** and H,0,. The strategy
was to start with a mixture of lipid (linoleic acid) and pigment
(melanin), keep the concentration of one component fixed,
and test the systems with gradually decreased concentration of
the other component. See the details of concentrations in
Table 1 and the results in Figure 3ab. We found that the
changes in the BAL signal intensity caused by the different
concentrations of linoleic acid (LA) (10 mM and lower, fixed
0.15 mM melanin) were minimal (Figure 3a). However,

https://doi.org/10.1021/acs.analchem.3c01566
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Table 1. Final Concentration of Chemicals in the Tests with
Variable Concentrations of Substrates

variable concentration of

linoleic acid melanin
linoleic acid 0/0.1/10 mM 10 mM
melanin 0.15 mM 0.0325/0.075/0.15 mM
Fe?* 2 mM 2 mM
H,0, 3% ~ 880 mM 3% ~ 880 mM

decreasing melanin concentration (0.15 mM and lower, fixed
10 mM LA and lower) had a substantial effect on BAL
intensity. Hence, we conclude that the most important
modulating parameter of BAL signals for our chemical model
system was melanin (Figure 3b).

What could be some of the underlying ROS and electron-
excited species leading to BAL? Earlier studies suggest that the
triplet excited carbonyl and 'O, are considered the main
primary electron-excited species leading to BAL® in the visible
band (300—700 nm). To understand this better in a controlled
way, we focused on a model chemical model system. Due to
the multiple roles of 'O,, being both an ROS and a potential
emitter, we decided to focus on this species. We used EPR
spectroscopy to confirm the presence of 'O, emerging in our
chemical model system using hydrophilic diamagnetic spin
label TMPD (2,2,6,6-tetramethyl-4-piperidone). TMPD pro-
duces paramagnetic 2,2,6,6-tetramethyl-4-piperidone-1-oxyl
(TEMPONE) in the presence of 'O, to give an EPR signal.
One data set of TEMPONE EPR spectra (10 min incubation
and measurement) is shown in Figure 4a: color lines. The bar
graph result shows that the (max—min) value from the first
peak in the EPR signals (three replicates) (Figure 4a: bars)
decreases with decreasing the concentration of H,0, (0.3,
0.09, 0.03, and 0%). For this experiment, we used a 10-fold
lower concentration of H,0, than in BAL experiments,
considering the sensitivity of the EPR spectrometer.

Characterizing the relative EPR signal is more than sufficient
for the analysis and using higher concentration may lead to
oversaturation of signal intensity. We also performed a control
experiment, where the effect of Fenton’s reagent containing
0.3% H,0, was tested on a sample without melanin according
to previous sensitivity analysis of a model system (Figure 3a,b).
Removal of melanin led to partial suppression of the EPR
signal (data not shown). The application of antioxidant
ascorbic acid into the chemical model system led to a

significant reduction of 'O, (Figure 4b: bars) and the
formation of a monodehydroascorbate radical (Asc®).

Further, HPLC was used to confirm the presence of MDA as
a product of lipid peroxidation of linoleic acid in our model
system. A chromatogram of Fenton-reagent-treated linoleic
acid, with the peak of MDA-DNPH derivated at a retention
time of 25.2 min, is shown in Figure 4c. The absorption
spectrum of the MDA-DNPH derivate showed a maximum at
315.2 nm (data not shown). A model system without melanin
was used for the HPLC method (Table S1). The proposed
mechanism of linoleic acid oxidation leading to MDA
production is as follows.”” A hydroxyl radical produced in
the Fenton reaction abstracts hydrogen from linoleic acid to
form an alkyl radical, which is oxygenated to produce a peroxyl
radical. The peroxyl radical can cyclize to form radical
endoperoxide and subsequently bicyclic endoperoxide. Those
endoperoxides then decompose to MDA.”

B CONCLUSIONS

The detection and analysis of BAL were used to demonstrate
the capability of quantitative differentiation between several
degrees of oxidation level on human skin in vivo induced by
the application of H,0, and the possibility of monitoring the
protective effect of antioxidants. In our work, for the first time,
we quantitatively demonstrated topical differences due to
chemically induced oxidative stress within one image and
within one human subject in vivo using BAL. This is an
important step toward the potential biomedical application
because the earlier BAL imaging studies are not mutually
quantitatively comparable due to the variability between
subjects, their physiological states, skin types and conditions,
and different imaging systems and settings. The imaging of
BAL was used to demonstrate not only quantitative differences
but also the capability of identifying spatial inhomogeneity and
local differences of oxidative stress under controlled con-
ditions. The data from BAL correlated well with the minimal
chemical model of skin. In this experimental model, we showed
that the content of the pigment (melanin) has a strong role in
the overall BAL signal. Using EPR spectroscopy, we detected
the presence of 'O,, which is both a potential emitter of BAL
and an ROS itself. The oxidation in the samples was confirmed
by detecting MDA as a lipid peroxidation product. Overall, our
results demonstrate that BAL is a label-free, real-time, in situ,
noncontact, noninvasive, and probably the only technique that
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Figure 3. BAL kinetic data from a chemical model system for different concentrations of linoleic acid and melanin. Part (a) shows data with varied
linoleic acid concentrations (10, 0.1, and 0 mM) for a fixed melanin concentration (0.15 mM) and (b) data for varied concentrations of melanin
(0.15, 0.07S, and 0.0325 mM) for a fixed linoleic acid concentration (10 mM).
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Figure 4. (a) TEMPONE EPR signals from the chemical model system with different H,0, concentrations (left side: lines) and mean values from
max—min value of the first peak (right side: bar graphs); (b) TEMPONE EPR signals from the chemical model system of 0.3% H,O, with and
without ascorbic acid (left side: lines) and their mean values from max—min value of first peak (right side: bar graph); (c) chromatograms of the
malondialdehyde-2,4-dinitrophenylhydrazine (MDA-DNPH) derivate detected by HPLC in the control experiment (10 mM linoleic acid) is
represented by a red line and chemical model system without melanin is represented by a blue line. Details of the concentrations are given in Table
SI.
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1 Experiment and methods

1.1 Luminescence measurement equipment

Luminescence measurements were performed in light-tight black chambers (custom-made by
the Bioelectrodynamics research team, Institute of Photonics and Electronics of the Czech
Academy of Sciences), which have a light-proof sleeve designed for direct access to the interior
chamber without any light leakage. Both setups are depicted in Figure S1.

For the luminescence imaging, the highly sensitive Andor iXon ULTRA 888 back-illuminated
electron-multiplying charge-couple device camera (EMCCD, Andor Technology Ltd, 118
Belfast, Northern Ireland) with a Xenon 0.95/25 mm objective (Jos. Schneider Optische
Werke GmbH, Bad 131 Kreuznach, Germany) was mounted on the top of the black chamber
(Figure Sla). The spectral response of the EMCCD is in the range 300-1100 nm with a

peak quantum efficiency of 97.5 % at 575 nm (Figure S1b). The objective with a maximum
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Figure S1: Schematic diagram of the measurements for a) spatial distribution (imaging) and
¢) temporal distribution (kinetics) of BAL. The same setups were used both for experiments
with skin on a dorsal side of a hand in vivo and chemical model system (Petri dish) b) shows
QE of EMCCD camera and transmittance of objective lenses. d) shows the QE of the PMT
detector, where the transmittance limit of the PMT input window (borosilicate glass) is also

shown.
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relative aperture 0.95 is perfectly suitable for low light conditions and its transmittance is
designed for the visible spectrum from 400 to 700 nm (Figure S1b). The EMCCD detector
was cooled to -100 °C using a thermoelectric cooling system supplemented with an extra
water cooling chiller (OasisTM 160LT, Solid State Cooling Systems, 126 NY, USA) for dark
current reduction. Each luminescence image was obtained by using the following settings:
4 x 4 binning, 16 bits at 1 MHz readout rate, 1024 x 1024 pixel format, 1.7 s vertical shift
speed, ‘normal’ clock amplitude, electron multiplying gain level 300, pre-amplifier gain 5.2.
The distance between the detector and sample was approximately 30 cm.
Luminescence kinetics were measured with the photomultipler R2256-02 (PMT, Hamamatsu
Photonics Deutschland, DE; see in Figure Slc). This head-on type PMT has a circular
photocathode with a 46 mm diameter and its sensitivity is in the wavelength range from
160 to 650 nm with a peak of sensitivity at 420 nm (Figure S1d). The PMT was cooled to
-30 °C inside the housing unit C10372 (Hamamatsu Photonics Deutschland, DE) with the
support, of water cooling and powered at -1550 V with a high voltage power supply PS350
(Stanford Research System, USA). The pulses from PMT were amplified and converted to
TTL pulses by the unit C9744 (Hamamatsu Photonics Deutschland, DE) (discriminator set
to -500 mV) and processed with a counting unit C8855 (Hamamatsu Photonics Deutschland,
DE) connected to a computer (PC). The high voltage settings and the descriminator were
set according to the recommendation of the photomultiplier producer and based on the
signal-to-noise optimization, see the thesis.!

The effective cut-off in terms of detected BAL wavelengths is determined by the trans-
parency of the optical elements and the wavelength sensitivity of the optical detector, see
Figure S1. We know that the sensitivity range of wavelengths of our detectors is appropriate

based on our prior work as well as others who measured BAL spectrum from skin. 3
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1.2 EPR and HPLC methods

The following methods were used to analyze the oxidative processes in the chemical model
system. We used electron paramagnetic resonance (EPR) spectroscopy for the sensitive de-
tection of substances with unpaired electrons. In our case, we focused on the formation of
10, in a chemical model system. EPR signals were measured with a spectrometer (MiniS-
cope MS4001 Magnettech GmbH, Berlin, Germany). As a spin label, we used a hydrophilic
diamagnetic TMPD (2,2,6,6-tetramethyl-4-piperidone, Sigma Aldrich GmbH, USA), which
produced paramagnetic 2,2,6,6-tetramethyl-4-piperidone-1-oxyl (TEMPONE) in the pres-
ence of 'O, to give the EPR signal. TMPD was purified twice by vacuum distillation to
reduce impurity. The reaction mixture was treated and transferred into a glass capillary
tube and EPR spectra were collected at room temperature. The incubation time was 10 min.
Signal intensity (r.u.) was calculated from the first peak of the EPR spectrum. EPR spec-
trometer settings were as follows: microwave power 10 mW; modulation amplitude 1 G;

modulation frequency 100 kHz; sweep width 100 G; scan rate 1.62 G-s~L.

We used high-performance liquid chromatography (HPLC) to separate and identify oxida-
tive products. In our model system, we monitored the amount of malondialdehyde (MDA),
which is an indicator of oxidative stress as a product of lipid peroxidation. MDA reacted
with 2,4-dinitrophenylhydrazine (DNPH) forming an MDA-DNPH derivate. Detection of
the MDA-DNPH derivate was performed by a reverse-phase HPLC using an Alliance e 2695
HPLC System (Waters, Milford, MA, USA) equipped with 2998 Photodiode Array detectors.
The isocratic separation was carried out using a LiChrosper 100 RP-18 (5 pm) LiChroCART
250-4 (Merck, Darmstadt, Germany) with acetonitrile:water (50:50 v/v) as a solvent system

and a flow rate of 0.25 mL min~".
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1.3 Subject

A volunteer (female, age 29, Fitzpatrik skin type III) participated in this study. The case
study was conducted in compliance with the Helsinki Declaration of 1975, as revised in 2013.*
Regarding the ethics of the procedure, the participant gave her written informed consent
after verbal and written information.The substances for the skin topical treatments were
purchased from the certified Pharmacy at the Faculty Hospital Bulovka, Budinova 67/2,
Prague, 180 81, Czechia, according to European Pharmacopoeia.  Before measurement,
the hand was washed with antibacterial unscented soap and water. We have not observed
any effect of this washing treatment on BAL signals. After this procedure, the hand was
placed into a light-tight chamber for 30 minutes to prevent delayed luminescence. BAL was
measured from the dorsal side of the right hand in each experiment: 20 minutes for BAL

kinetics detection using PMT and 30 minutes for BAL imaging using an EMCCD camera.

1.4 Chemical model system of skin

The proposed minimal chemical model of the skin is composed of linoleic acid (Sigma-
Aldrich, L1376) that here serves as a model lipid, melanin (Sigma-Aldrich, M8631) as a
model pigment that plays an important role in the oxidation reactions and Fe?* (FeSO,-
7H,0O, P-LAB, R.P015.1) as an initiator of the Fenton reaction. The model sample was
prepared without mixing and the total volume was 3 mL (fractions: 0.3 mL HyO or Asc™,
2 mL lipid stock solution, 0.2 mL melanin stock solution, 0.2 mL iron stock solution, 0.3 mL
H,0, stock solution). The final concentrations of the chemicals are provided in Table S1.
The linoleic acid stock was a homogenous emulsion of linoleic acid. In the final sam-
ple, the fraction of linoleic acid still forms an emulsion. The degree of turbidity increases
with the amount of the linoleic acid. Although microstructurally far from identical to the
biological tissue, our model system carries a certain resemblance to some of the main struc-

tural and optical features of biological tissue: the linoleic acid emulsion microparticles are
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light-scattering objects similar to the cellar and subcellular structures in the tissue, and the
thin lipid layer on the surface of the sample is reminiscent of the lipid-rich skin sebum and
stratum corneum. To have a better idea of the state and appearance of the model system,
we made photographs of the samples with varied concentrations of linoleic acid and melanin,

see Figure S2.

melanin

0.075mM 0.15mM 0.3 mM 0.6 mM

linoleic
acid

20 mM

2 mM

0.2 mM

Figure S2: Photo of the samples with varying concentrations of linoleic acid and melanin

Linoleic acid was dissolved in physiological saline - 0.9 % NaCl (sodium chloride, Penta,
16610-31000) together with 0.7 uM DMSO (dimethyl sulfoxide, P-LAB, 12630-11000). Linoleic
acid provides a substrate for the lipid peroxidation process in a model system. Melanin was
dissolved in DMSO. Melanin is one of the major cutaneous pigments. Micromolar to mil-
limolar concentrations of iron cations are present in biological systems.®” The reactions of
Fe*™ and other transition metals with hydrogen peroxide (H,O3) lead to the Fenton and
Fenton-like reactions, which initiate radical oxidation of organic molecules either via the

generated hydroxyl radicals (HO®) or other pathways.®

1.5 Chemical treatment

Two different studies were conducted, the first on varying degrees of oxidative stress (by

varying the concentration of hydrogen peroxide) and the second on the antioxidant effects
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Table S1: Final concentration of chemicals in experiments with the model system

PMT/EMCCD EPR® HPLC
linoleic acid 10 mM 10 mM 10 mM
melanin 0.15 mM 0.15 mM -
Fe?* 2 mM 2 mM 2 mM
H,0, 3/0.9/0.3 % 0.3/0.09/0.03 % 0.09 %

~ 880/264/88 mM ~ 88/26.4/8.8 mM ~ 26.4 mM
Asc™ 5 mM 5 mM -

@25 mM TMPD (spin trap) added

in samples. For the first study, we used hydrogen peroxide (Penta, 23980-11000) with three
different final concentrations (¢;=3 %, ¢,=0.9 %, ¢3=0.3 %), where 0.3 mL stock solution
was injected. For testing the protective effect of antioxidants on skin, we used 0.3 mL of
a stock solution of ascorbic acid (AA, Penta, 18650-30500) with a concentration of 5 mM.
For the antioxidant experiment, oxidative stress of the skin was induced with 3 % hydrogen
peroxide, which increased BAL. The chemical model system was in a plastic Petri dish
(35 mm diameter, Thermo Scientific, Nunc cell culture/Petri dishes) without a lid for the
experiments.

For imaging experiments on the skin, three rectangular spots were defined by a mask from
transparent adhesive tape and black dots. Each substance of volume 5 ul. was applied by
micropipette and the drop was uniformly distributed by gloves in each rectangular spot. After
these procedures, the tape mask was removed before measurement. The gray scale image
of the hand was taken after each luminescence imaging experiment. For the antioxidant
experiment, we first applied the ascorbic acid and then the HyO,. For the BAL measurement
with PMT, experiments with each concentration were carried out consecutively. There, in
experiments with a skin, a given substance (10 uL) was applied on the whole area of the
dorsal side of the hand, in contrast to the imaging experiments, where only smaller limited

areas were treated.
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Figure S3: Preprocessing of PMT signals was composed from smoothing the signal (red line)
and their shortening from the blue cut-off line. The red shortened smoothed signals were
used for subsequent analyses. a) a typical BAL signal of the chemical model system (black
line) and b) dark count of the PMT (black line).

1.6 Data processing

Raw PMT signals were fitted by function smoothn.m?®!® designed by D.Garcia with pa-
rameter ‘robust’, which minimizes the influence of outlying data (see in Figure S3). This
smoothing method is based on discretized spline with the minimization of the generalized
cross-validation score. Due to estimation error in the beginning of signal (see in Figure S3a)
the first 10 values were removed (blue vertical line). These smoothed shortened lines were
used for further data analysis.

Imaging data were recorded by Andor Solis software in SIF format. Original images have
256 x 256 pixels due to software binning 4 x 4 and grey scale from 0 to 65535 intensity
levels. The image was converted to .dat format for analysis by Matlab software.!! Data
included noise which distorted the results of the analysis. The preprocessing method was
based on thresholding. We calculated a cumulative sum from the histogram of image and
empirically determined the threshold of 99.6 % for hand and 99.8 % for model system. The
values equal to or higher than the threshold were replaced by NaN values, which were not
included in the further analysis. Figure S4 shows the whole image processing procedure and

figure S5 effect thresholds on the image.
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Figure S4: Scheme of preprocessing procedure for quantitative image data analysis. The
thresholding was used to remove the outliers and excessive noise; see the text for a detailed
description.

2 Additional data

To test whether BAL imaging can be used to quantify the spatially heterogeneous distribution
of oxidative stress, we performed a parallel topical skin treatment with HoOy concentration
row (c1=3 %, c3=0.9 %, c3=0.3 %) on the selected sites on the dorsal side of the right hand
of the test subject (Figure S6a). The BAL from the skin (Figure S6b) was imaged for 30 min
using a cooled EMCCD camera (Andor iXon3 888) mounted to our custom-built light-tight
chamber. Although the endogenous BAL signal from the skin is only weakly above the dark
count, the BAL image following the shape of the hand is clearly discernable.

A representative image of BAL from the human hand with three topical HyO, treatments
is shown in Figure la. Apart from endogenous BAL, which follows the morphology of the
hand, it can be seen that the higher the concentration of HyO, (higher oxidative stress) the
higher the BAL intensity from the topically treated skin areas. In addition to the three major
areas of interest, where the HoOy was applied, other patches of increased BAL intensity are
also noticeable. The most prominent one in Figure la is at the root of the thumb and several
other smaller ones scattered on the hand. It cannot be excluded that the small patches are
just due to instrumental noise. However, the larger patch likely corresponds to light emitted
from the skin and is of unknown origin. Patches of comparable size or even larger are not
uncommon in the imaging of BAL from the human hand,'? even if great care is taken to
avoid skin treatments. They might indicate local skin irritation due to various factors and

subclinical skin conditions that are not visible by visual observation by the naked eye. A
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a) raw image with investigated areas b) histograms of:
1) skin with 3% H,0, 2)skin with 3% H,O, 3)skin with 3% H,0,
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Figure S5: Effect of the histogram-based thresholding on the image. a) Raw image with
five investigated areas(1-3:treated areas with the same concentration of HyOs, 4:skin none-
treated area, and two background areas 5:without and 6:with noise. b) shows histogram
analysis with basic parameters such as max, mean, and median values. Contrast for mean
values of background without b)5 and with noise b)6 proves the necessity of removing of
noise from images. ¢) Raw image of skin, and their histogram d) and cumulative sum e)
with different thresholds. According to the result after preprocessing f), the threshold was
empirically set to 99.6 for the skin. The same procedure was done for the model system.
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a) black and white image b) BAL image’ - :

Figure S6: A typical a) greyscale image of a hand and the corresponding b) BAL image from
EMCCD camera. The four dots mark the corners of rectangular sites where the ¢;=3 %,
c2=0.9 %, c3=0.3 % concentration of hydrogen peroxide was applied on the skin.

systematic study would be required to find a causal relationship of the origins of the patches.

We provide here also a different representation of the data from Figure lc,f and Fig-
ure 2c,f: instead of the absolute values of the detected counts, we display the data as the
ratios of the treated/non-treated area, see Figure S7, S8.

Stability of the data The data presented in the main text of the paper was collected to
be consistent in concentrations across all the methods we used as much as the experimental
limitations allowed. However, this final selection of concentrations was preceded by tens of
types of experiments, each with multiple repetitions, that were already optimized for sample
handling and measurement stability and which showed a very high degree of stability even
between the experimental days. These hundreds of experiments support the paper’s overall
results and conclusions. Here we provide further selected results from this huge batch of
experiments on chemical model systems with varying concentrations of linoleic acid, and
melanin to show that the results from chemical model system are indeed very stable, see

Figure S9, S10.
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Figure S7: The ratios (T/NT, i.e. treated with HyOs/non-treated) BAL signals from samples
for a variety of HyO4 concentrations. There are two versions of the analysis: a) and b) display
ratios of the signals without background (dark count) and c¢),d) display ratios of the signals
which included background.
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Figure S8: The ratios (T/NT, i.e. with ascorbate/without ascorbate) BAL signals from
samples. There are two versions of the analysis: a) display ratios of the signals without
background (dark count) and b) display ratios of the signals which included background.
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Figure S9: BAL signals measured from the chemical model system with two different con-
centrations of melanin 0.1mM a) and 0.25 mM b) using photomultiplier showing that the
reproducibility is very high and the results are very stable. The results include both different
concentrations of HoO, and the presence or absence of antioxidant - ascorbic acid.

3 Antioxidants in skin

What are the main substances, for which there is evidence of protective capabilities against
oxidation in skin 7 Antioxidants, such as ascorbic acid (vitamin C - on which we focused
in this paper), tocopherols (vitamin E), carotenoids, Coenzyme Q10, ergothioneine, and
polyphenols, have been shown to have diverse effects on the skin,'® see these representative
examples. Ascorbic acid acts as an antioxidant and promotes epidermal differentiation,
collagen synthesis, and inhibits melanin production.'® Tocopherols also prevent oxidative
stress from various sources and suppress matrix metalloproteinase-1 (MMP-1) expression. 16
Carotenoids are pigments possessing the ability to quench 'O,'7 making them particularly
effective in protecting against UV damage. Natural substances like Coenzyme Q10 have an-

tioxidative and anti-aging effects!'® via reduction of MMP-1 expression, '

similarly to toco-
pherols. Polyphenols, including epigallocatechin gallate (EGCG) and resveratrol, strengthen
skin tolerance to UV stress and reduce MMP production.'® Overall, these antioxidants neu-

tralize reactive oxygen species (ROS), promote collagen synthesis, inhibit melanin produc-

tion, and protect against UV-induced damage.
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Figure S10: BAL signals measured from chemical model system using photomultiplier where
we systematically changed the concentration of linoleic acid and melanin for two experiments.
a) Linoleic acid concentration was set to 0.2, 2, 20 mM, and for melanin 0.6, 0.3, 0.15, 0.075
mM. Second experiment b) had the same concentration of linoleic acid as the previous one

but different concentrations of melanin 0.2, 0.1 0.05 mM. The total ”Counts” are per 1200
S.
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11 REsurrs

The results of the research presented in this thesis have been published in scientific journals and conference
proceedings, as indicated in the author’s list of publications [I0]. Chapters based on papers include their full
bibliographic citation, the candidate’s contribution, and acknowledgments at the beginning. The dissertation is
structured into two main parts: (1) The state of the art section, which covers the historical introduction of Bi-
ological autochemiluminiscence, its generation mechanism, applications with representative experiments, and
its detection systems.(2) The experimental part, which consists of 7 chapters.

Chapter ] and [5] deal with the methodology of BAL measurements. The outcome includes the development
of light-tight chambers, system configuration, testing, and identifying suitable detectors for BAL. As a result,
handling procedures and protocols for cells, seeds and human skin were established. Preliminary results indi-
cate that non-adherent cells such as yeast cells or HL-60 cells, seeds and human skin are suitable materials for
investigating BAL due to their sufficiently high intensity.

In chapter 6] two main aspects were investigated:(1) the photocounts statistic of BAL from germinating mung
beans over six days and (2) a minor hypothesis exploring whether the presence of 1% sucrose can affect BAL
parameters. (1) It was observed that BAL intensity increased with the number of growth days. The distribution
of BAL was fitted with a negative binomial distribution for each day. It was found that as the signal-to-noise ra-
tio increased, the distribution approached a Poisson distribution, which is the theoretically assumed distribution
for BAL. This can be explained by considering that the measured BAL signals include both naturally occurring
BAL and dark counts from detectors. With a higher signal-to-noise ratio, measured BAL is less affected by the
distribution of dark counts, which follows a negative binomial distribution. (2) The presence of 1% sucrose
during seed handling resulted in a slight yet statistically significant decrease in BAL compared to the control
group that used ultra-pure water for seed handling. Interestingly, the total length and weight gain of mung bean
seedlings remained unaffected by the presence of sucrose.

Chapter [/| describes a novel pre-processing method for non-stationary Poisson signal, assuming non-negative
integers samples with equal mean and variance. Our method makes the signal stationary, preserving the mean-
variance relationship. Additionally, the pre-processed signal retains its original rectangular structure in the
phase space, making our pre-processing method potentially useful for preparing signals for further complex-
ity and chaos theory-based analyses. When applied to non-Poisson non-stationary signals, it never transforms
them into a Poisson distribution. It also does not alter the distribution of stationary integer data, causing only
minor changes due to rounding when applied to non-integer data, such as those originating from a normal dis-
tribution. Using our method can prevent artificial findings and enable the analysis of non-stationary photonic

signals that might have otherwise been unusable and discarded due to the baseline drifts.
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In chapter [§] the spectral analysis of two biological samples using long-pass optical filters is presented. The
preliminary results indicate: (i) The possibility of measuring BAL optical spectra from living systems with
very low intensities. (ii) The demonstration of stability in results obtained from three repetitions of one sample,
yeast cells. (iii) The observation of repeatability in measurements from three different concentrations of HL60
cells. (iv) Clear differences in the spectra between two distinct types of cell cultures. The spectra were corrected
based on the spectral quantum efficiency of PMT and filter transmission while disregarding the reflectance at
interfaces and the angular dependence of the filters.

Chapter[9|focuses on the optical propagation model of BAL within human skin across various wavelengths. The
discrete model comprises six distinct skin layers defined by their thickness, blood volume, and melanin content.
This model represents the attenuation of photons within the skin layers based on calculations of absorption and
scattering parameters. The outcome is an estimation of the light intensity generated by the skin’s surface at the
selected wavelength. The model reveals that the majority of photons originate from the uppermost, thin skin
layer (0.03 cm), and photons are more attenuated at shorter wavelengths. The model was employed to estimate
the number of photons generated within the skin based on data measured by PMT R2256. The estimation
demonstrates that detected photons experience approximately 1000-fold attenuation within the skin, including
reflectance at the interfaces encountered on their path to the detector.

Chapter [T0] demonstrates (i) the capability to quantitatively differentiate between several degrees of oxidation
level on human skin in vivo induced by the application of H,O, and (ii) the possibility of monitoring the
protective effect of antioxidants. BAL images depict local oxidative changes on human skin under controlled
conditions. Data were confirmed by BAL results from PMTs, where one measurement corresponds to one level
of oxidative stress on human skin without spatial information. Ascorbic acid, as an antioxidant, reduced the
effects of oxidant treatment. Our minimal chemical model of skin, composed of linoleic acid, melanin, and
trace amounts of iron, produces singlet oxygen 'O,, which is a potential emitter of BAL and ROS itself. The
oxidation of the chemical model system was confirmed by the detection of MDA (malondialdehyde) - a lipid

peroxidation product.

98



12 CONCLUSIONS

12.1 CONTRIBUTION OF THE DISSERTATION

This dissertation has contributed to the understanding of the natural light phenomenon in the visible spectral
range termed biological autoluminescence from a historical view, over the generation mechanisms, and mea-
surement principles (Chapter [2)). To preserve appropriate measuring conditions of BAL, light-tight chambers
were designed (Chapter ). The preliminary studies on various (i) types of living systems, and (ii) measuring
devices established handling procedures and protocols for BAL (Chapter[5). The content of this work involved
the investigation of (i) photocount statistic and analysis of stationary BAL signals (Chapter[6) and (ii) propos-
ing a solution for non-stationary BAL signal resolved by designing a novel preprocessing method for signals
with a Poisson distribution in Chapter[7] The performed method for the detection of BAL spectra was used for
the verification of the theoretical generation mechanism of BAL (Chapter [8). The optical propagation model
within human skin estimates light intensity across various wavelengths, highlighting the role of different skin
layers, and is utilized for comparison with measured data (Chapter [9). The experiment in Chapter [I0] showed
the possibility of distinguishing local oxidative changes in human skin, which could lead to applicability in
medicine. This research enhances understanding of BAL in diverse biological contexts, providing valuable
insights and methodologies for further studies in this field.In conclusion, the goals of the thesis summarized in

Chapter[3| were fulfilled in Chapters {10}

12.2 FUTURE DIRECTIONS

The results presented in this thesis provide an overview based on theoretical and experimental evidence. BAL
appears to be a useful, indirect, non-invasive, label-free and irradiation-free tool for monitoring oxidative pro-
cesses within living systems. The next steps might involve the following directions: (i) Using BAL to monitor
oxidative changes during and after applying a pulsed electric field to the biological samples and proteins. (ii)
Utilizing BAL to measure oxidative metabolism of cancer cells on surface tissues. (iii) Developing a poly-
chromatic spectroscope for our research. (iv) There is also recent increased interest in the biological role of

biologically generated electron-excited states within a quantum biology research community.
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Svétlotésnd komora pro méfeni fotonové emise z biologickych vzorki

Oblast techniky
Technické feseni se tyka svétlot€ésné komory pro méfeni ultra slabé fotonové emise z biologic-
kych vzorkt, specializované pro méfeni lidskych koncetin ¢&i pfistupem do vnitiku komory bé-

hem méfeni.

Dosavadni stav techniky

Na trhu existuji tfi vyrobei svétlotésnych komor pro méteni fotonové emise. Viechny tii komory
jsou ur¢eny pro méfeni s CCD kamerami. Na trhu neni primyslové vyrabéna komora pro méfeni
fotonasobi¢em. Rozdil mezi senzory spociva v typu ziskané informace. CCD kamery zaznamena-
vaji prostorovou informaci o zafeni fotont, zatimco fotonasobié zaznamenéva €asovou fadu bez
prostorové informace. Vyhodou fotondsobice je okamzita informace o poctu vyzafenych fotond,
zatimco vysledek z CCD kamer se ziskava i nékolik hodin. Fotonasobié¢ by pravé proto, mohl byt
vhodné&j$im néstrojem pro diagnostiku v lékafstvi, potravinafstvi ¢i zemeédélstvi. Prvni problém
u primyslové vyrabénych komor je spojeni fotonasobice s komorou, protoZe kazda komora je
kompatibilni pouze s urCitym typem CCD kamery. Druhou nevyhodou je nepfistupnost do
vnittku komory béhem méfeni, napiiklad z divodu aplikace chemické latky do méteného vzorku
¢i pro méfeni fotonové emise z lidskych kondetin napf. ruky.

Podstata technického feSeni

Vyse uvedené nevyhody fe§i svétlotésnd komora podle tohoto technického fe$eni. Komora
obsahuje komponenty: viko, dno, sténu pro rukav, sténu pro dvefe, sténu pro konektory a zadni
sténu. K viku je pfipojena pfiruba pro fotondsobi¢, ke stén€ pro rukav je pfipojena pfiruba pro
rukav, ke sténé pro dvete jsou pfipojeny dvefe a k ptirubé pro rukav je pripojen rukav. Déle je ke
dvefim pfipevnéno madlo pro dvete, ke stén€ pro dvefe je pfipevnéno madlo pro sténu a ke sténé
pro rukav a zadni sténé je pfipevnéno §iroké madlo.

Vnéjsi rozméry komory mohou byt v rozsahu od 20 do 120 cm, a to v jakémkoliv poméru stran.
Vhodnym materidlem pro vyrobu komory jsou slitiny hliniku, které jsou pevné, lehké a daji se
povrchové upravit. Pro svétlotésnou komoru byla pouZita povrchova uprava Cerny elox, ktery
zlepsi pevnostni vlastnosti materialu a diky ¢erné barve je zajisténo vhodné prostredi pro méfeni
fotonové emise.

Boky komory jsou spojeny za pouZiti zamkového a Sroubového spoje. Zamkovy spoj zajisti
nepruchodnost svétla diky vytvofenym zahyblim a Sroubovy spoj je slepy, tudiz se svétlo nesifi
ani podél §roubil. Viko a dno jsou spojeny s boky komory pomoci schodového prechodu a Srou-
bového spoje, ktery je také slepy. Dvefe a st€na komory obsahuje dve€ drazky, které pfi zavieni
dvefi tvofi zamkovy spoj, ktery zajistuje nepriichodnost svétla kolem dvefi. K dotésnéni dveii je
jesté pouZito gumové té€snéni, které vypliuje drazky stény pro dvete a kompresni klicka, ktera je
umisténa v madlu pro dvete. Ke sténé pro dvete je pfipojeno madlo pro sténu, které slouzi k za-
preni kompresni klicky a tim se zajistuje dostatecné pritlaceni dvefi.

Svétlotésnd komora ma na viku ptipravené neprlichozi zavity na dvé velikosti pfirub pro riizné
typy fotonasobicli. CCD kamer ¢i jejich chlazeni. Pro jakykoliv typ senzoru se da vyrobit pfiruba
na miru bez zdsahu do sestavené komory. Vyhodou tohoto feseni je moZnost ptizplisobit métict
komoru vSem typim pouzivanych senzori za kratkou dobu a nizkou cenu.

Meéfeni konéetin ¢i pristup do komory b&hem meéteni je vyfeSen pomoci pfiruby a rukavu. Do sté-
ny komory je vyfiznuta kruhova dira o primeéru 14 az 20 cm, velikosti vhodna pro lidské konceti-
ny. K této sténé je pfipevnéna kruhova pfiruba, na kterou se pripeviiuje rukav. Tento rukav, musi
byt také svétlotésny, a proto je vyroben ze dvou vrstev. Rozmér rukdvu miZe mit primeér od 14
do 20 cm a jeho délka od 35 do 60 cm. Vnitini vrstva je tvofena zatemiiovaci ¢ernou latkou,
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ktera se pouZiva napf. na vyrobu zavést ve fotografickych ateliérech. Vnéj$i vrstvu tvoii ¢erna
koZenka. K zamezeni $ifeni svétla podél rukavu slouzi tfi tunylky po jeho obvodu, ve kterych je
gumicka s brzdickou, ktera pii staZeni vytvoii roz€lenéni rukavu. Piiruba pro rukév a rukav tvofi
dohromady fe$eni pro neprichodnost svétla i o velmi nizkych intenzitdch dovnitt komory pti
pouZivani rukdvu pfi méfeni. Dal§i vyhodou je pouZiti volné dostupnych materidld pro rukav,
coZ zajidtuje nizkou cenu nakladii na vyrobu.

Prehled obrazki na vykresech

Na obrazku obr. 1 je zobrazena svétlotésna komora z pravého horniho pohledu.
Na obrazku obr. 2 je zobrazena svétlotésna komora z levého spodniho pohledu.

Na obrazku obr. 3a je znazomén zamkovy spoj pouZity u stén komory a na obr. 3b je zndzornén
schodovity ptechod spoje vika a dna se sténami komory.

Na obrazku obr. 4 je znadzornén zamkovy spoj dvefi se sténou komory.

Na obrazku obr. 5 rukav s ttemi tunylky pro gumicky a brzdicky.

Ptiklady provedeni

Priklad 1

Bylo vyrobeno zafizeni, které je znadzornéné na obr. 1 a obr. 2. Opérna Cast zafizeni, se sklada ze
Ctyr stén (sténa 3 pro rukdv, sténa S pro dvefe, st€na 7 pro konektory, zadni sténa 8), vika 1 a dna
9. Stény jsou spojeny pomoci zamkového a Sroubového spoje viz obr. 3a. Ke spojeni vika 1
adna 9 se sténami (sténa pro rukav 3, st€na pro dvete 5, sténa pro konektory 7, zadni sténa 8) je
pouZito schodového prechodu se Sroubovym spojem, ktery je znazornén na obr. 3b.

Svétlotésnd komora je vyrobena z duralu typ ENA W6082T651. Viko 1, dno 9, sténa 35 pro dvefe
a zadni sténa 8 maji rozmér 10x250x250 mm. Sténa 7 pro konektory a sténa 3 pro rukdv ma
rozmér 10x243, 8x250 mm. Dvefe 6 maji rozmér 10x193x223 m a pfiruba 2 pro fotonasobi¢ ma
rozmér 5x140x176 mm. Piruba 4 pro rukav je vyrobena z ty¢oviny o priméru 190 mm a vysce
35 mm. Rukév ma primér 158 mm a je dlouhy 45 cm.

Ve viku 1 se nachazi vstupni otvor pro senzor a dvé série neprichozich dér se zavity, které slouzi
k upevnéni pfirub. Jako senzor byl pouzit fotondsobi¢ od firmy Hamamatsu (R4220). Ptiruba 2
pro fotonasobi¢ ma ve spodni strané drazku na o-krouZek o rozméru 62x3 mm, ktery zajistuje
neprostupnost svétla mezi vikem 1 a pifrubou 2 pro fotonasobi¢. Horni strana piiruby 2 pro foto-
nasobi¢ obsahuje také drazku pro o-krouzek o rozméru 35x2 mm, ktery dosedd na chladici
systém fotonasobice od firmy Hamamatsu (typ C9143).

Na vnitini stran€ stény 3 pro rukav se nachazeji neprichozi diry se zavity, které slouzi k pfipev-
néni piiruby 4 pro rukdv. Na pfirubé 4 pro rukéav je draZka pro o-krouzek o rozméru 165x4 mm,
ktery eliminuje prichod svétla do komory. Ke sténé 3 pro rukav je jesté pfipevnéno $iroké madlo
10, umoziujici manipulaci s komorou.

Ke stén€ 5 pro dvete jsou pomoci pantti od firmy ElesetGanter (GN 238-42-42-EJ-SW) pfipoje-
ny dvefe 6. JelikoZ nejsou dvefe 6 v Grovni stény 5 pro dvefe, musi se vyrovnat vys$kovy rozdil
pomoci podloZzek o vysce 9 mm. Na dvefich 6 se nachaz{ madlo 12 pro dvefe, které ma diru pro
uchyceni kompresni klicky od firmy Southco (Handle Style, Miniature), slouzici k pfitlaeni
dvefi 6. Ve sténé 5 pro dvefe se nachazeji 2 drazky kolem otvoru pro vstup, které se vyplni tésné-
nim od firmy Ruml Tésnéni s.r.o. (na miru). Tyto draZky spolu se dvéma drazkami ve dvefich 6
tvorfi zamkovy spoj. Tento zamkovy spoj je vyobrazen na obr. 4. Ke sténé 5 je dale pripevnéno
madlo 11 pro sténu, slouzici k zapfeni kompresni klicky.
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Ve st€n€ 7 pro konektory se nachazeji Ctyfi prichozi zavity pro namontovani elektrickych
konektort (MIC 334 a MIC 324), umoZiujici dodani elekttiny dovnitt komory. K této sténé 7
pro konektory je pfipevnéno Siroké madlo 10.

Rukav 13 obr. 5 se navléka na ptirubu 4 pro rukdv. Na ptirubé 4 pro rukav se nachézi drazka, do
které miiZe byt nasazen jistici prvek rukavu napft. hadicova spona o priméru 140-160 mm. Rukav
13 je opatfen tfemi tunylky, ve kterych je navléknuta kulatd gumicka 14 s brzdi€kou se dvéma
dirkami 15.

Priimyslova vyuzitelnost

Potravinarstvi, zemédelstvi, diagnostika v 1ékarstvi.

NAROKY NA OCHRANU

1.  Svétlotésnd komora pro méfeni fotonové emise z biologickych vzorkl, vyznadujici
se tim, Ze je sloZena z vika (1), dna (9), stény (3) pro rukav, stény (5) pro dvefe, stény (7)
pro konektory a zadni stény (8), pfiCemz je k viku (1) pfipojena ptiruba (2) pro fotonasobi¢, ke
sténé (3) pro rukav je pfipojena pfiruba (4) pro rukav, ke sténé (5) pro dvefe jsou pfipojeny dvefe
(6), k pfirubé (4) pro rukav je pfipojen rukav (13).

2. Svétlotésna komora podle naroku 1, vyznacujici se tim, Ze ke dvetim (6) je pii-
pojeno madlo (12) pro dvere, ke sténé (5) pro dvefe je pfipojeno madlo (11) pro sténu a ke sténé
(3) pro rukav a sténé (7) pro konektory je pripojeno $iroké madlo (10).

3.  Svétlotésnd komora podle ndrokli 1 a2, vyznaéujici se tim, Ze rukav (13) je
opatfen minimalné jednou gumickou (14) umisténou v tunylku a zajisténou brzdi¢kou (15), pfi-
¢emz je rukav vyhodn€ vyroben ze dvou vrstev latek, kdy vnitini vrstva je z Cerné zatemiiovaci
latky a vng&j$i vrstva je z Cerné koZenky.

4.  Svétlotésna komora podle ndrokli 1 a2, vyznacujici se tim, Ze viko (1) obsahu-
je dv& série nepriichozich dér se zavity, které umoziiuji vyrobu dvou velikosti pfirub, které jsou
opatfeny draZkou na horni a spodni strané pro o-krouZek.

5.  Svétlotésna komora podle ndroku 1, vyznacujici se tim, Ze jedna sténa (3) ko-
mory obsahuje kruhovy otvor pro pifrubu (4) pro rukav, kde jsou na vnitini strané neprichozi
diry se zavitem a kruhovou ptirubou (4) pro rukav, ktera je opatfena drazkou pro tésnici o-krou-
zek.

6.  Svétlotésnd komora podle narokl 1 az 3, vyznadujici se tim, Ze vSechny Casti
komory jsou vyrobeny ze slitin hliniku a déle jsou povrchové upraveny ¢ernym eloxem.

7.  Svétlotésna komora podle nérokti 1 az4, vyzmacujici se tim, Ze je rukav (13)

navléknut na pFirubu (4) ve které je draZka pro jistic{ prvek, kterd umoziiuje pevné piichyceni
rukavu k pfirubé.

2 vykresy



Seznam vztahovych znacek:

1 -viko

2 - pfiruba pro fotonasobi¢
3 - sténa pro rukav
4 - pfiruba pro rukav

5 - sténa pro dvefe

6 - dvete

7 - sténa pro konektory
8 - zadni sténa

9 -dno

10 - Siroké madlo

11 - madlo pro sténu

12 - madlo pro dvefe

13 - rukav

14 - gumicka

15 - brzdicka.
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Polohovaci svétlotésna komora pro paralelni méieni fotonové emise

Oblast technik:

Technické Feseni se tyka polohovaci svétlotésné komory pro paralelni méfeni ultra slabé foto-
nové emise z biologickych vzorkd, které umoziiuje nastaveni vertikalni nebo horizontaln{ polohy
komory souvisejici s typem méfeni. Soudasti komory je zdsuvna kazeta slouZici k uchyceni
a k snadné manipulaci nddoby se vzorkem.

Dosavadni stav techniky

Na trhu existuji tfi vyrobei svétlotésnych komor pro méfeni fotonové emise. VSechny tfi komory
jsou uréeny pro méfeni s jednou CCD kamerou. Na trhu neni primysiové vyrabéna komora pro
paralelni méfeni s fotondsobi¢i. Rozdil mezi senzory spoiva v typu ziskané informace a Casové
ndroénosti méfeni. Ziskani prostorové informace o zafeni fotoni pomoci CCD kamery trva
i nékolik hodin, zatimco fotonasobi¢e mé&fi okamZitou hodnotu poétu vyzafenych fotond za zvo-
leny &asovy interval, ale chybi jim prostorové informace. Pravé pro rychlost méfeni by mohl byt
fotonasobi¢ vhodnéj¥im nastrojem pro diagnostiku v lékafstvi, potravinafstvi &i zemé&d€lstvi.
Vyhodou paralelniho méfeni od klasického jednosenzorového spotiva v ovéfovani ¢i porovna-
véani naméfenych signéli z jednoho vzorku. Jestlize budou dva stejné senzory sméfovat do stej-
ného mista vzorku, informace o fotonové emisi by méla byt shodna. Druhou moZnosti paraiel-
niho méfeni je zapojeni dvou riznych senzort ligicich se napfiklad ve spektralni citlivosti a po-
rovnavat vysledky. Nevyhodou vyrdbénych komor je tedy jeden vstup pro senzor do vnitfku
komory, ktery je umistén v horni desce komory. Druhé nevyhoda spociva pravé v konfiguraci
mé¥ici komory, kdy je mo7né méfit pouze ze shora. Méfeni ze shora je vhodné pouze pro ur€ity
typ laboratorniho nadobi napt. Petriho misky s malymi objemy vzorki. Pro méfeni vétSich ob-
jemi by bylo vhodné&j§i senzor umistit z boku méfici nadoby.

Podstata technického feSeni

Vyse uvedené nevyhody fesi polohovaci svétlotésna komora pro paralelni méfeni podle tohoto
technického feseni. Polohovaci svétlotésna komora se sklada ze tfech hlavnich ¢sti, jmenovité
z otoéné komory, stojanu a zasuvného $upliku pro nadobu se vzorkem. Otoéna komora obsahuje
komponenty: predni horni sténu, zadni horni sténu, levy horni bok, pravy horni bok, horni viko,
spodni viko, predni spodni sténu, zadni spodni sténu, levy spodni bok, pravy spodni bok a dno.
K hornimu viku je pfipevnéno madlo pro horni viko, k pfedni horni sténé zevnitt jsou pfipevnény
dva vymezovade pro uplik a zarazka pro Suplik, k levému a pravému hornimu boku je zvenku
pFipevnéna posunovaci podlozka a vélec pro otadeni, k predni a zadni horni sténé zvenku je pfi-
pevnéna piiruba pro fotonasobi€. Ve dné se nachazi otvory pro pfipevnéni termoregulalni jed-
notky.

Stojan obsahuje komponenty: sténu stojanu, ¢ep s dirou pro zvlatku a podpéru stojanu. Cely
stojan se upeviiuje k levému a pravému hornimu boku komory pomoci ¢epu se zavlackou, ktery
zapada do valce pro otaceni.

Suplik pro laboratorni nadobu se vzorkem obsahuje komponenty: viko Supliku, dno Supliku a dva
boky Supliku. K viku Supliku je pfipevnéno madlo pro Suplik a ke dnu Supliku jsou ptipevnény
¢tyfi vymezovaci koliky Supliku.

Vnéjsi rozméry otoéné komory mohou byt v rozsahu od 20 do 80 cm, a to v jakémkoliv poméru
stran. Vhodnym materidlem pro vyrobu komory jsou slitiny hliniku, které jsou pevné, lehke
a daji se povrchové upravit. Pro svétlotésnou komoru byla pouZita povrchova tiprava éerny elox,
ktery zlep§i pevnostni vlastnosti materidlu a diky ¢erné barvé je zajiténo vhodné prostiedi pro
méfeni fotonové emise.
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Horni a spodni boky komory jsou spojeny za pouZiti zimkového a Sroubového spoje. Zamkovy
spoj zajisti nepriichodnost svétla diky vytvofenym zahybiim a Sroubovy spoj je slepy, tudiz se
sv€tlo nesifi ani podél Sroubli. Spodni viko a dno jsou spojeny se spodnimi boky stén komory
pomoci schodového piechodu a §roubové spoje, ktery je také slepy. Horni viko mé schodovity
pfechod s vystupujici drazkou, kterd dosedd na gumové tésnéni, pfilepené k hornimu okraji hor-
nich bokii a stén. Pomoci pakového uzavéru pfipevnénému k posouvaci podlozce, ktera je pri-
pevnéna k levému a pravému hornimu boku, a viku dojde k dostate¢nému piitlaku vika &imz se
zajisti svétlotésnost spoje. Mezi spodni viko a horni boky stény je vloZeno gumové tésnéni, které
vyrovna nerovnosti povrchd, tudiz nedochazi k $ifené svétla do vnitiku komory.

Oto¢na komora ma na piedni a zadni horni sténé pfipravené neprichozi zavity na dvé velikosti
pfirub pro riizné typy fotonasobi¢d. CCD kamer &i jejich chlazeni. Pro jakykoliv typ senzoru se
déa vyrobit pfiruba na miru bez zasahu do sestavené komory. Vyhodou tohoto feseni je moznost
piizplsobit méfici komoru viem typiim pouZivanych senzord za kratkou dobu a nizkou cenu.

Vymeénny Suplik slouzi k uchyceni laboratorni nadoby s biologickym vzorkem, k rychlé manipu-
laci a moznosti vymény Supliku pfizplisobeny pro jiny typ nadoby. Dalsi vyhodou pouZiti zasuv-
ného Supliku je pfesné umisténi vzorku do méficiho prostoru.

Stojan je navrzen pro vertikalni a horizontdlni méFeni, vhodné pro méfeni v Petriho miskach
a kyvetach. Systém se polohuje otd¢enim komory kolem &epu, ktery je pevné spojen s vilcem
pro otaceni pomoci zdvlacky, nastaveni polohy se zajiituje koliky, které prochazeji stojanem aZ
do valce pro otaceni.

Polohovaci svétlotésna komora umoZiiuje paralelni méfeni fotonové emise pomoci dvou senzorti
s vybérem horizontalni nebo vertikalni polohy otoéné komory a diky vymezovacimu systému pro
Suplik a zasuvny Suplik umoZiuje pfesné, duplikovatelné umisténi méfeného vzorku a jeho
rychlou vyménu.

Piehled obrazka na vykresech

Na obr. 1 je zobrazena otona komora zepfedu z pravého spodniho pohledu.

Na obr. 2 je zobrazena otoéna komora zezadu z pravého horniho pohledu.

Na obr. 3 je zobrazen vymezovaci systém pro vyménny Suplik pro nadobu se vzorkem.
Na obr. 4 je zobrazen stojan s otoénou komorou.

Na obr. S je zobrazen $uplik pro nadobu se vzorkem.

Na obr. 6a je znazornén zdmkovy spoj pouZity u stén komory a na obr. 6b je znazornén schodo-
vity pfechod spoje vika a dna se sténami komory.

Ptiklady provedeni
Piiklad 1

Bylo vyrobeno zafizeni, které se sklada ze t{ ¢asti, a to oto&né komory, stojanu a zasuvného
Supliku. Vnéjsi Cast otoéné komory je zndzornéna na obr. 1 a obr. 2. Hlavni kostra otoéné ko-
mory se skladé z osmi stén (pfedni horni sténa 1, zadni horni sténa 2, levy horni bok 3, pravy
horni bok 4, pfedni spodni sténa 8, zadni spodni sténa 9, levy spodni bok 10, pravy spodni bok
11), horniho vika 5, spodnfho vika 7 a dna 12. Stény jsou spcjeny pomoci zamkového a §roubo-
vého spoje viz obr. 6a. Ke spojeni spodniho vika 7 a dna 12 se spodnimi st&nami (pFedni spodni
sténa 8, zadni spodni sténa 9, levy spodni bok 10, pravy spodni bok 11) je pouZito schodového
pfechodu se $roubovym spojem, ktery je znazornén na obr. 6. Horni viko 5 slouZi jako vstup do
komory, a proto je zde pouZit schodovity pfechod s hornimi sténami (pfedni horni sténa 1, zadni
horni sténa 2, levy horni bok 3, pravy horni bok 4) bez pouziti §roubovych spoji pro rychlou
manipulaci.
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Horni viko 5 ma na schodovitém piechodu vystupujici draZku a na hornich hranach hornich stén
komory (ptedni horni st€na 1, zadni horni sténa 2, levy horni bok 3, pravy horni bok 4) je nale-
peno gumové t&snéni, které dohromady tvofi Clenéni prostoru. Na horni viko 5 a posunovaci
podlozku 13, které je pfipevnéna k hornim bokiim (levy horni bok 3, pravy horni bok 4), je
upevnén pakovy uzavér, ktery zajistuje dostateény piitlak horniho vika 5 k hornim hranim hor-
nich stén komor (pfedni horni sténa 1, zadni{ horni sténa 2, levy horni bok 3, pravy horni bok 4),
a tim je zabezpedena neprichodnost svétla na tomto pfechodu.

V piedni horni stén& 1 se nachazi vstupni otvor pro senzor a dvé série nepriichozich dér se za-
vity, které sloui k upevnéni pfirub. Jako senzor byl pouzit fotonasobi¢ od firmy Hamamatsu
(R4220). K predni horni sténé 1 je pfipevnéna mala piiruba 16 pro fotondsobi¢, ktera ma ve
spodni strané draZku na o-krouZek o rozméru 62x3 mm, ktery zajistuje neprostupnost svétla mezi
predni horni sténou 1 a malou piirubou 16 pro fotonasobi¢. Horni strana malé pfiruby 16 pro
fotonasobi¢ obsahuje také drazku pro o-krouZek o rozméru 35x2 mm, ktery doseda na chladici
systém fotonasobite od firmy Hamamatsu (typ C9143).

V zadni horni sténé 2 se nachazi vstupni otvor pro senzor a také dvé série neprichozich dér se
zavity, které slouzi k upevnéni piirub. Jako senzor byl pouZit fotondsobi¢ od firmy Hamamatsu
(H2256-02). K predni horni sténé 2 je piipevnéna velka pfiruba 17 pro fotonasobi¢, kterd ma ve
spodni stran€ draZku na o-krouzek o rozméru 76x3 mm, ktery zajist'uje neprostupnost svétla mezi
zadni horni sténou 2 a velkou pfirubou 17 pro fotonasobic.

V piedni spodni sténé 8 a zadni spodni sténé 9 se nachazeji dva priichozi zavity pro namontovani
elektrickych konektori (MIC 334 a MIC 324), umozitujici dodani elektfiny dovnitf komory.

Ve dné komory 12 se nachéz{ vstupni otvor pro termoregulaéni jednotku od firmy UWE electro-
nic (typ A2A 50W), ktera zajistuje konstantni teplotu uvnité komory. Cela spodni ¢ast komory
slouzi pravé pro namontovéni termoregulatni jednotky, zatimco horni ¢ast komory funguje jako
prostor pro méfeni. Tento typ konstrukce umoZiiuje mit biologicky vzorek co nejbliZe u senzori
co? je vyhodné, protoZe intenzita signalu je zévisld na vzdélenosti mezi vzorkem a senzorem.

V obou hornich bokéach (levy horni bok 3, pravy horni bok 4) se nachdzi priichozi zavit pro hadi-
covou priichodku, kterd umoziiuje dodéani plynu do komory ¢i méfeného vzorku. Dale je k témto
sténam piipevnén vélec pro ota¢eni 18. Na strané valce pro otaceni 18, které je ve styku s hor-
nimi boky (levy horni bok 3, pravy horni bok 4) je drazka pro o-krouZek o rozméru 33x3 mm,
ktery zajistuje nepropustnost svétla.

Stojan komory je znazornén na obrézku obr. 4 a je sloZen ze stény stojanu 19, ¢epu s dirou pro
zévlatku 20 a podpéry stojanu 21. Polohovaci komora je se stojanem spojena pomoci vélce pro
otadeni 18. Mezi valcem pro otadeni 18 a sténou stojanu 19 je vloZena distanéni podlozka, kterd
zabrafiuje tieni a umoziuje snazsi polohovani komory. Skrz sténu stojanu 19, podlozku a valec
pro otaeni 18 je veden ¢ep s dirou pro zavlatku 20, ktery se pevné spoji s valcem pro otaceni 18
pomoci zavladky typu DIN 94-A4 s rozmérem 4x63 mm. Poloha komory se nastavuje pomoci
StyF aZ osmi nerezovych kolikd typu h8 (DIN7-Al1) s rozmérem 4x50 mm, ktere prochazeji sté-
nou stojanu 19 do vélce pro otadeni 18. Podpéry stojanu 21 slouZi k zamezeni deformace stén
komor a udrZeni stability. Stojan je poté moZno namontovat k pevné podloZee ¢i stolu diky pfi-
pravenym zavitim na spodn{ hran€ stény stojanu 19.

Vnitfni &ast otoéné komory je znazornéna na obrazku obr. 3. Na vnitini stran€ predni horni stény
1 jsou piipevnény dva vymezovade pro Suplik 14 a zardzka pro Suplik 15. Tyto téi opérné prvky
slouzi ke spravnému nastaveni Supliku pro nadobu se vzorkem.

Suplik pro nadobu se vzorkem je zndzornén na obrézku obr. 5 a jeho hlavni kostra se sklada
z vika Supliku 22, dvou boké upliku 23 a dna Supliku 22. Na viko Supliku 22 je ptipevnéno
madlo pro Suplik 25 a ke dni Supliku 23 jsou pfipevnény Ctyfi vymezovaci koliky Supliku, které
vymezuji prostor a udrZuji stabilitu nddoby se vzorkem. Suplik je navrzen pro meéfici kyvety
orozméru 20x70x70 mm. Bok 3upliku 23 je opatien prichozim zavitem pro hadicovou
priichodku zajistujici dodani plynu do vzorku.
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V3echny €4sti otoéné komory, stojanu a Supliku pro nddobu se vzorkem jsou vyrobeny z duralu
typu ENA W6082T651, kromé vélce pro otadent, ktery je z nerezové oceli a viech madel (madlo
pro horni viko 6, madlo pro 3uplik 25), které jsou z plechu. Horni viko 5 mé rozmér
10x50x240 mm, horni boky (levy homi bok 3, pravy horni bok 4) 10x50x260 mm, spodni viko 7
a dno 12 10x12x280 mm a spodni boky (levy spodni bok 10, pravy spodni bok 11)
10x75x280 mm. Valec pro otaceni 18 je vyroben z tyCoviny o priméru 40 mm a délce 30 mm.
Sténa stojanu 19 ma rozmér 20x200x500 mm, podpéra stojanu 21 20x110x190 mm a &ep s dirou
pro zavlacku 20 je vyroben z ty¢oviny o priméru 18 mm a délce 46 mm. Dno 3upliku 23 a viko
Supliku 22 maji rozmér 5x29, 8x83 mm, bok Supliku 24 5x29, 8x125 mm a vymezovaci kolik
Supliku 26 4x6x20 mm.

Primyslova vyuZitelnost

Potravinafstvi, zemé&d&lstvi, diagnostika v 1ékarstvi

NAROKY NA OCHRANU

1. Polohovaci svétlotésna komora pro paralelni méfeni fotonové emise vyznaéujici se
tim, Ze obsahuje tfi hlavni ¢asti: oto&nou komoru, stojan a zasuvny $uplik, pfi¢emz jsou k
oto¢né komote paralelné piipojeny dva senzory, vyhodné ve formé fotondsobice.

2.  Zafizeni podle naroku 1, vyznadujici se tim, Ze ototna komora obsahuje horni
viko (5), dno (12), pfedni horni sténu (1), zadni horni sténu (2), levy horni bok (3), pravy horni
bok (4), spodni viko (7), pfedni spodni sténu (8), zadni spodni sténu (9), levy spodni bok (10)
a pravy spodni bok (11).

3. Zafizeni podle néroku 1, vyznad€ujici se tim, Ze stojan obsahuje sténu stojanu
(19), €ep s dirou pro zavlacku (20) a podpéry stojanu (21).

4.  Zafizeni podle naroku 1, vyznacujici se tim, Ze zasuvny Suplik pro nadobu se
vzorkem obsahuje viko Supliku (22), dno 3upliku (23) a dva boky Supliku (24), pti¢emz je k viku
Supliku (22) pfipevnéno madlo (25) pro Suplik a ke dnu Supliku (23) jsou ptipevnény &tyfi vyme-
zovaci koliky Supliku (26).

5. Zafizeni podle naroku 2, vyznadujici se tim, Ze k homimu viku (5) je ptipojeno
madlo (6) pro horni viko, k pfedni horni sténé& (1) je pfipojena mala pfiruba (16) pro fotonasobig,
k zadni horni sténé (2) je pfipojena velka piiruba (17) pro fotonasobié, k levému hornimu boku
(3) a k pravému hornimu boku (4) je pFipojen valec pro ota¢eni (18) a posunovaci podlozka (13)
a z vnitfni strany pfedni horni stény (1) jsou pfipojeny dva vymezovaée pro Suplik (14) a zardzka
Supliku (15).

6.  Zafizeni podle naroku 2, vyznadujici se tim, Ze predni horni sténa (1) a zadni
hornf sténa (2) obsahuji dvé série neprichozich dér se zavity, které umozituji vyrobu dvou veli-
kosti pfirub, které jsou opatfeny drazkou pro o-krouzek na horni, spodni &i obou stranach pfi-
ruby.

3 vykresy
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Seznam vztahovych znacek:

1- ptedni horni st€¢na

2- zadni homi sténa

3- levy horni bok

4- pravy horni bok

5- horni viko

6- madlo pro horni viko

7- spodni viko

8- ptedni spodni sténa

9- zadni spodni sténa

10- levy spodni bok

11- pravy spodni bok

12- dno

13- posunovaci podlozka

14- vymezova¢ pro Suplik

15- zarazka Supliku

16- mald ptiruba pro fotonasobi¢
17 - velka pfiruba pro fotonasobi¢
18- valec pro otaceni

19- sténa stojanu

20- &ep s dirou pro zavlatku
21- podpéra stojanu

22- viko Supliku

23- dno Supliku

24- bok Supliku

25- madlo pro $uplik

26- vymezovaci kolik Supliku.
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from electronic excited states generated chemically during oxidative metabolism and stress. Thus, UPE
can potentially serve as a method for non-invasive diagnostics of oxidative processes or, if discovered,
also of other processes capable of electron excitation. While the fundamental generating mechanisms of
UPE are fairly elucidated together with their approximate ranges of intensities and spectra, the statistical
properties of UPE are still a highly challenging topic. Here, we review claims about nontrivial statistical
Keywords: properties of UPE, such as coherence and squeezed states of light. After the introduction to the necessary
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theory, we categorize the experimental works of all authors to those with solid, conventional inter-
pretation and those with unconventional and even speculative interpretation. The conclusion of our
review is twofold; while the phenomenon of UPE from biological systems can be considered experi-
mentally well established, no reliable evidence for the coherence or nonclassicality of UPE has actually

been achieved up to now. Furthermore, we propose perspective avenues for the research of statistical
properties of biological UPE.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Ultra-weak photon emission (UPE, or “biophotons”) from bio-
logical systems is a luminescent phenomenon which is present
without any direct external stimulation nor additionally applied
external luminophores [1]. While there is some consensus about
the intensity and spectrum of UPE [1,2], claims about statistical
properties of UPE are very controversial. We aim to explain and
settle this controversy in this critical review.

Electronic excited states giving rise to UPE are generated che-
mically in the course of oxidative metabolic and stress processes
[1] in biological samples and living organisms. Several other terms
synonymous to ultra-weak photon emission occur in the literature:
autoluminescence [3], weak luminescence [4], low level chemilu-
minescence [5], biophotons/biophoton emission [6,7], etc. The
spectral range of UPE is known to lie at least in the range from
350 nm to 700 nm [2] and its intensity is up to several hundreds to
one thousand photons per square centimeter per second in the
entire mentioned spectral range.'

There have been many claims about nontrivial statistical proper-
ties of UPE since 1980s, such as coherence and even squeezed states
of light [8-14]. Such properties of UPE would be of great physical and
biological importance. Firstly, if the claims of UPE coherence were
proved to be true, a novel mechanism of chemically powered ultra-
low power lasing would be very likely discovered. Secondly, there
would also be great implications in biology since coherence or
squeezed states of UPE would bring an evolutionary advantage for
organisms in terms of ultra-fast optical communication [15] for the
purposes of intracellular and intercellular interactions and organiza-
tion [16].

Optical biocommunication has been targeted by several reviews
[15,17-21]. The intensity and spectral properties of UPE have also
been recently reviewed [1,2]. However, there is no critical review
which covers the detailed technical aspects of the statistical proper-
ties of photon emission from biological systems. Here, we present the
development and current state of the literature on the statistical
properties of UPE, we especially focus on coherent and squeezed
states of light and provide a critical reflection of these works.

We start with the presentation of the necessary theory about
photocount measurement coherence and quantum optics in
Section 2 and then we review the models which are used to ana-
lyze experimental distributions of UPE photocount statistics. In
Section 3, we review the experiments of statistical properties of
UPE and assess them from the point of view of the current
understanding of physics and biophysics. We found that although
there are quite numerous papers which contain unsubstantiated
claims about statistical properties of UPE, several high quality
works can also be found. Based on reliable works, we propose
future avenues in the research of the statistical properties of bio-
logical UPE in our conclusion.

! The intensity of UPE within the visible region of the spectrum is many orders of
magnitude higher than the intensity of thermal radiation (described by Planck’s law) for
other parameters (sample area, temperature, etc.) being the same, see
[1, Fig. 2].

2. Statistical properties of light
2.1. Theory of photocount measurement

The statistical properties of UPE were mostly investigated
experimentally by measuring the distribution of counts produced by
UPE in a photodetector. Therefore, we briefly introduce the classical
and quantum approach to photocount distributions (photocount sta-
tistics is another term often used in the literature).

2.1.1. Classical theory
The intensity of the light field averaged over a cycle of the
oscillation is given by the expression [22, p. 86]
2
1(0) = LeoclE)]

2 <ac|E(0)

(1)
where I(t) is the intensity (irradiance) averaged over a cycle of
oscillation with units W/m?, ¢, is the permittivity of the vacuum, c is
the velocity of light in the vacuum and E(t) is the intensity of the
electric field. The intensity can also be obtained as the time average of
the Poynting vector perpendicular to the surface of the detector.

Let the efficiency of the detector be denoted by ;. According to
the semi-classical theory of optical detection [22, p. 120], there is
such a probability distribution P(W) that the probability p, (t, T) of
detecting n photoelectric emissions in a finite time interval from t
to t+Tis

—l na-w —l e na-w
pn(t,T)_n!<We >_n!f0 Wre-WP(W) dw,

(2)

where W = q/[“T I(z) dz is the integrated light intensity and # is a
coefficient containing dimensional factors and describing the effi-
ciency of the detector, so that W is dimensionless.

2.1.2. Quantum theory

The quantum expression for the probability that n photocounts
occur between time t and t+T is [23; 22, p. 276; 24, p. 725]

(6, T) = <.Fe W.>.

where

(3)

A t+T A
W =neoc [ IE@P, @
in the Heisenberg representation.

All the phenomena are basically of a quantum nature, but we
say that a distribution of photocounts is classical if there exists a
classical density distribution (i.e. a non-negative P(W)) such that
the (quantum) probability given by Eq. (3) is equal to the classical
one given by Eq. (2). The characterization of non-classical light was
investigated in detail [24,25]. The probability of photocount
detection is purely quantum if no such P(W) exists.

2.1.3. Conditional probability

Some experiments are carried out with two photomultipliers [26, p.
87; 27, Chapter by X. Shen, p. 287]. When a photon is detected by
photomultiplier 1, the photons in photomultiplier 2 are registered
during the time interval At. Bayes' theorem tells us that the conditional



40 M. Cifra et al. / Journal of Luminescence 164 (2015) 38-51

probability for A given B is given by P(AIB) = P(A n B)/P(B). The con-
ditional probability of photocounts is calculated in [28, p. 79; 29]. The
waiting-time distribution for coherent, squeezed and thermal states
was investigated in [30].

2.2. States of the light and their photocount statistics

2.2.1. Coherence and coherent states

Coherence is a quite subtle property of light. In a nutshell,
coherence is the ability of light to build interference which is,
according to Grimaldi, the fact that darkness can be obtained by
adding light to light.” Broadly speaking, light beams are coherent if
they combine like waves (by adding the amplitudes of the beams)
while they are incoherent if they combine like particles (by adding
the intensities, i.e. the square of the amplitudes, of the beams).

It took a long time to clarify the meaning of coherence [32,33]
and the coherence properties of even the most classical double-slit
interference experiment are still a matter of active current research
[34-36]. For example, the influence of coherence on the inter-
ference of light beams (i.e. the Fresnel-Arago laws) was fully
understood only in 2004 [37] and the conditions for a light beam to
be considered as a sum of a fully polarized and a fully unpolarized
beams are still controversial [38].> The coherence of a light beam is
modified by its propagation, the degree of coherence of a beam can
influence its spectrum (this is known as the Wolf effect).

As a consequence of all these subtle effects, the literature on
coherence is often very cautious and each statement is carefully
supported by solid proof. Many papers from the period 1980-2010
which aimed to study coherence of UPE often contain highly
speculative statements. Therefore, one of the main purposes of the
current work is to assess the solidity of the conclusions drawn by
the authors based on the data they presented and on the currently
accepted physical viewpoints. We would also like to warn readers,
especially those outside of the field of statistical properties of the
electromagnetic field, that some authors of the original UPE lit-
erature use the term “coherence” rather vaguely. Terminology from
quantum mechanics and quantum field theory often occurs in the
UPE literature, where the term coherence may refer either to (i) the
wave function from the Schrédinger equation or to (ii) light, which
is, strictly speaking, not the same (although related) and often
creates confusion. In quantum mechanics, coherence is an intrinsic
property of the wave function and once decoherence occurs (ie.
loss of the wave function coherence or collapse of the wave func-
tion), the system then behaves classically. Therefore, quantum
behavior is considered synonymous to coherence by some authors,
but this is reasonable only when speaking about the wave function.
We refer to coherence of light in this paper and one cannot directly
equate the terms non-classical (quantum) with coherent light, nei-
ther classical with incoherent light. Generally, the quantum optical
framework can explain all states of light. The classical framework
can explain only some of them and those can be called classical.
The states which can be explained in the quantum framework only
are usually called quantum states. Coherence of light can be both of
a classical and quantum character, thermal states of light (see
further down) can be described in the classical and the quantum
framework, while certain states can be described only in the
quantum framework (e.g. squeezed states).

2 obscuratio, facta per solam additionem luminis 31, p. 189]. In fact, Grimaldi did

not really observe interference [32, p. 135], but his happy turn of phrase was
remembered.

3 The last example must be considered with a grain of salt because the concepts
of polarization and coherence are not identical [39].

2.2.2. C(lassical coherence

If Eq(r, t) and Ey(r, t) are the electric fields of two light waves
(i.e. two solutions of the Maxwell equations), then the linearity of
the Maxwell equations implies that the two waves add to form a
new light wave: E(r,t)=Eq(r, t) + Ex(r, t). In particular, if
Eq(r, t) = — Ey(r, t), then E(r, t) = 0. In other words, as Gabor put it
when he received his Nobel prize in physics for the invention of
holography: “light added to light can produce darkness”. It may not
be completely out of place to recall that Gabor and Reiter devoted a
book to the radiations emitted by plants and their influence on cell
division, where they observed diffraction [40, p. 20] and reflection
[40, p. 21] of UPE (but they did not investigate coherence). In 1928,
they stated: “die Existenz der Strahlung bestimmter biologischer
Objekte und die Wirkung dieser Strahlung auf die Zellteilung steht
nach unseren Versuchen auBer allem Zweifel.” (translation: the
existence of the radiation of certain biological objects and the effect of
the radiation on the cell division is beyond any doubts according to
our experiments) [40, p. 6]. Much later (in 1956), he wrote: “The
results ... seemed to support... the hypothesis of some radiating
agency; on the other hand all experiments for proving the radia-
tion by physical means have failed. To this day (1956) nobody
knows what these experiments really mean.” [41].

Light detectors do not resolve the time-dependence of electro-
magnetic fields and measure something which is proportional
to an average of the intensity over a duration At:I(r, t)=
(1/at) [“*IE(r, )2 d . The light beam is coherent if the total
intensity of the two beams is obtained by adding the amplitudes:
I(r, t) = (1/at) [“*IE(r, ) + Ex(r, )P dr. It is incoherent if the
total intensity of the two beams is obtained by adding the intensities
I(r, £) = (1/At) [ IEx(r, ©)? + [Ea(r, 2)P dz = h(r, )+ h(r, t) . The
reason why intensities should be added is not entirely clear in
classical optics.*

Coherence is not a yes-or-no attribute but a continuum-like
one. Strictly speaking, any electromagnetic (light) field is coherent
to certain extent. Coherence time T, or coherence length L. is often
used to describe the extent of coherence [43, Section 7.5.8]. In
practice, we say that the light is coherent if it displays very large
coherence time (i.e. much larger than the period of the oscillation)
or very large coherence length (i.e. much larger than the wave-
length), such that interference effects can be observed. The relation
between coherence length and coherence time s
L = cT »~ ¢/Af = 2¢/A4, where c is the velocity of light, 1o is the
mean wavelength, Af and A4 are the spectral bandwidth of the
light in Hz and nm, respectively. The broader the spectral range
emitted from the source, the shorter the coherence time and
coherence length: T-Af > 1/4xr [43, p. 319].

2.2.3. Quantum coherence
We follow the discussion of coherence described by Mandel [24,

Chapter 12]. If ]/-EH)(r, t) and ﬁ(f)(r, t) are the annihilation and creation
operator of the electric field, respectively [24, p. 574], then the

intensity of light at a point is proportional to (ﬁ(i)(r, t)ﬁ(”(r, t)),
where the sign (-) represents the expectation value over a quantum

state, which can be a mixed state. More generally, a quantity such as
A(+)

(ﬁ(_)(rl. t1)...ﬁ(_)(m, tv)E (ry, t,’v,)...ﬁm(r’], t;)) is called a correlation
function [24, p. 585]. A state for which there is a vector function e(r, t)

4 As noticed by Biedenharn and Louck for the related problem of unpolarized
radiation: “Every solution of the Maxwell equations, which propagates spatially as a
plane wave, is necessarily completely polarized transversally; every additive
superposition of two completely polarized solutions yields another completely
polarized solution. An unpolarized wave cannot be a solution to the Maxwell
equations! Thus, the concept of an unpolarized wave goes beyond Maxwell elec-
trodynamics and involves quantal considerations.” [42, p. 453].
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Fig. 1. Poisson photocount distribution is asymmetric for low intensities of light flux. Here we show Poisson distribution for four different average values of photon counts

(n).

such that

A(-) A=) Al+) Al+)
(E “(r, t1)..E (v, tv)E (T ty)-.E (g, £))

=e'(ry, tr)...e" (v, tv )e(ryy, tiy)...e(ry, &)

is said to factorize.

Such a state corresponds to full coherence in the classical case.
As we shall see, all correlation functions factorize if the system is in
a coherent state. The reciprocal question (i.e. the determination of
all the states that lead to factorized correlation functions) was
studied by Honegger and Rieckers [44,45]. They found out that
there are states for which all correlation functions factorize and
which are not coherent states in the usual sense. Very general
coherent states were defined in the mathematical literature [46],
but they have not yet been used in the present context.

2.24. Coherent states

Coherent states were discovered by Schrodinger [47], rediscovered
by Schwinger [48], then called coherent states and further studied by
Glauber [49]. Coherent states are now a standard tool of quantum
optics [24]. From a mathematical point of view, a coherent state la) is
an eigenstate of the annihilation operator: dla) = ala), where « is a
complex number [24, p. 523]. From the conceptual point of view,
coherent states are the quantum states that correspond to classical
electromagnetic waves. For instance, a classical current (for instance, a
piece of electric wire carrying a macroscopic current) gives rise to a
coherent state of the photon field [50].

The photocount statistics of a system in a coherent state is a
Poisson distribution (see Fig. 1)

_m
p (L, T)—Te m,

where (n) = T(n) is the average number of photons measured
between time t and time t + T. A Poisson distribution is a sign of a
classical light field. Its variance is equal to its mean: ((An)?) = (n).
The departure from a Poisson distribution is measured by the Fano
factor F such that ((An)?) = (n)F or by the Mandel parameter
Q =F - 1. A photocount statistics is super-Poissonian if F > 1 and
Q > 0, it is sub-Poissonian (and therefore non-classical) if F < 1 and
Q < 0. The departure from Poisson distribution is a sign of a non-
classical (quantum) nature of light.

Note that laser light is not in a coherent state [51], although it
has a very large coherence length and a pronounced phase
coherence [52]. Moreover, its probability distribution can be far
from Poissonian [24, p. 940].

2.2.5. Squeezed states

Squeezed states have the characteristic that the dispersion
(uncertainty) of one variable is reduced at the cost of an increase in
the dispersion of the other canonical variable, for instance position
vs. momentum or amplitude vs. phase.” Following Loudon [53],
this can be easily visualized when we write the equation for the
electric field operator of a single mode of the photon field as

<Q

X X

Fig. 2. The uncertainty region (in grey color) in phase space. The uncertainty region
actually corresponds to the contour of the Wigner function given by ca. 1 standard
deviation from its center. (a) The uncertainty of the canonical variables, here
quadrature components X and Y, is expressed as their standard deviations (AX) and
(AY), respectively. (b) The uncertainties in the phase and amplitude of the field can
be expressed through their standard deviations (A¢) and (Aa), respectively. It is
useful to note that the photon number standard deviation (i.e. standard deviation of
the photocount distribution) is related to the standard deviation of a field ampli-
tude approximately as (An) ~ 2(n)!/2(Alaly [54, Eq. (9)] for the measurement of the
photocount statistics.

]/-f(r, t)= E()I:)? sin(wt — kr) — % cos(wt — kr)] (5)

where Ej is the amplitude of the vectorial electric field, R and ¥ are

Hermitian operators related to annihilation and creation operators
A

of the photon field as R= @+ 3*)/2 and ¥ = (a- 6*)/21. % and }/)
the real and imaginary parts of the complex amplitude, give
dimensionless amplitudes for the two quadrature phases. They
obey the commutation relation [)?, }I}] = i/2. The electric field can be
then depicted in a complex plane, see Fig. 2.

Various squeezed states were used in the UPE literature, but the
most general ones are called two-photon coherent states and were
proposed in 1976 by Yuen [55]. They have become the standard states
of quantum optics [24, p. 1046]. They are simply defined as the

solution le, &) to the eigenvalue equation Ala' &) = Pla, £). We follow
the notation from Orszag [56, Chapter 5]:

Ao uloodt ®)
B = pa + vax (7)
v=e" sinh r (8)

5 It turns out that it is impossible to generate the phase operator which would
be Hermitian [24, p. 492]. Note that the property of being “Hermitian” is necessary
for the operators used in quantum mechanical calculations. Instead of a phase
operator, cosine and sine operators, which can be generated as Hermitian, are used
to work with the phase properties of the field.
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at the origin of the phase space. (b) Application of the squeezing operator on the vacuum state leads to squeezing of the uncertainty region into an ellipse and the rotation of
it by 0/2. (c) The application of the displacement operator simply shifts the uncertainty region by lal in the direction given by the angle ¢.
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counts) are reduced - the distribution is narrower than that of Poisson distribution, (b) coherent light (Poisson distribution) for comparison, (c) phase-squeezed light, where
the phase fluctuations are reduced (not possible to depict in photocount distribution), which inevitably leads to an increase of the amplitude fluctuations - the photocount

distribution is broader.

u=cosh r 9)
a = lalel® (10)
£ =rel? (11)

Squeezed states, as originally defined by Yuen [55], were produced
by squeezing the coherent state. It means that at first, the displace-
ment operator 6(0{) is used to create a coherent state la) from a
vacuum state (10)) and then the squeezing operator s (&) is used, see
[24, Fig 21.3.b, p. 1043]. Mathematically: $(£)D(a)I0) = 8 (&)la)=I¢, a) .
However, it is more convenient, and also often used in modern lit-
erature, to apply first the squeezing operator on the vacuum state and
then the displacement operator: 15((1)§ (&)10y = 6((1)I§) = la, &). Such
procedure which gives the so-called ideal squeezed state (see [24,
Fig. 21.3.a, p. 1043] and Fig. 3 in this paper), was introduced in Refer-
ence [57] and we use it also in this paper.

The photocount statistics of a light field in a coherent squeezed
state is given in terms of Hermite polynomials [58, p. 21]

n (6, T)
= (n! cosh r)-l[% tanh r]’1 e("“z"(”z)‘a“h ’((“*)ZEM*”ZFM))

IHy ()12, (12)
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Fig. 5. Non-stationary signals can generate super- and sub-Poisson distributions
from Poissonian signals. Random signals with Poisson distribution have been
generated by a computer (Matlab, function poissrnd) and combined with other
signals to simulate specific experimental artifacts. (a) Poisson signal superposed to
a decreasing trend, (b) Poisson signal superposed to an oscillating trend, (c) Poisson
signal with 200 random (uniform distribution) bursts with values from the interval
from 20 to 40. Bursts were placed in random positions in the signal and their values
substituted the original values at these positions.
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where

a+ a’e tanh r
V2el tanh r

Squeezed states are interesting because they can manifest lower
intrinsic noise (fluctuations around the mean of a canonical vari-
able) than coherent light [59], a feature which classical light with
Poisson distribution cannot achieve. See Fig. 4 for manifestation of
squeezing in the photocount distributions. The lower the intrinsic
noise (related to uncertainty of a canonical variable), the higher the
capability of such states to transmit information [60], but there are
natural limits [59]. However, squeezed states are fragile. They can
be “destroyed” by the interaction with their environment, such as
attenuation, beam splitter or a mirror, as those admit the vacuum
fluctuations, which exceed the squeezed fluctuations, to enter from
the outside.

One has to be careful to avoid experimental and instrumental
artifacts before interpreting the photocount statistics data. Non-
Poisson distribution of photocounts can be also generated by a
classical and thermal light which would otherwise lead to a Pois-
son distribution if the measurement had been performed correctly.
Trivial manifestation of non-Poisson distribution can be caused by
non-stationarity of the light source such as modulation of the
intensity of the photon signal due to the (i) slow drifting (Fig. 5a) or
periodic (Fig. 5b) trends, (ii) random small bursts caused by elec-
tronic noise or by photon emission caused by other intensity lim-
ited stochastic processes (Fig. 5¢) and added to the Poisson signal,
(iii) thresholding the pulses from the photodetector, etc. Non-
Poisson distribution caused by such non-stationarities and photon
signal deformation has nothing to do with the squeezed state of
light (Fig. 6).

z=

2.2.6. Thermal states

A thermal state of light can be physically obtained by filtering
thermal radiation. The photocount statistics of a thermal source
with M modes (degrees of freedom) is well approximated by the

expression [24, p. 680]
M ‘"(
1+— 1
)

where (n) is the average number of photons and M is the number of
field modes (see also [24, p. 731]). The number of degrees of

_(n+M-1)

P (6 T, M) = n'(M-1)

o

M (13)

freedom M can be estimated by the product of time degeneracy M,
and space degeneracy M, Time degeneracy is the ratio of the
measurement time (bin time) over the coherence time [22, p. 97].
Thermal states are classical. An important characteristic of these
states is the relation between the variance and the mean:

2\ _ (n)?
{(An) >—<n>+7- (14)

The coefficient M is generally very large for chaotic sources [61],
so that the relation between the variance and the mean is close to
that of a coherent state. Another interpretation says that, for rea-
sonable intensities, the expectation value of the number operator n
is very small and the expectation value of n? is therefore negligible
with respect to that of n [62, p. 19]. As a matter of fact, for large M,
p, (t, T, M) tends to a Poisson distribution of parameter (n).

Since the question whether the field which gives rise to UPE is
in a coherent or a thermal state is recurrent in the UPE literature, it
is important to know whether photocount statistics can distinguish
between them. Since photocount statistics of thermal light
becomes equal to that of a coherent state when the number of
modes M is large, photocount statistics are not able to discriminate
between a coherent and a thermal state with many modes. This
can be seen in particular in the relation between variance and
mean in a thermal state, see Eq. (14) (Fig. 6).

2.2.7. Superposition of coherent and thermal states

If UPE contained a mixture of coherent and thermal states, a
corresponding description of such superposed fields should be
used. This has not been done in the UPE literature up to our
knowledge, although photocount statistics of superpositions of
coherent and thermal states was already investigated by Perina
[63,64].

2.2.8. Super-radiance

Super-radiance is the coherent emission of light by several
sources. It was first proposed by Dicke [65] and is now a thor-
oughly investigated subject [66-69]. Its main characteristic is the
fact that the intensity of the emitted light can vary with the square
of the number of sources because they can emit in phase.

The photocount statistics of super-radiant emission was inves-
tigated in detail by Trifonov [70], who found cases where the sta-
tistics are sub-Poissonian (see also [68,68], Sections 1.3 and 11.6).
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Nagashima [71] observed that the photon state of a super-radiant
system is generally not a coherent state.’

3. Experimental works on the photocount statistics of UPE

Photoelectric measurements of UPE have been attempted already
since the early 1930s (see [73,74,74], and references therein), but
reliable measurements could be obtained only in the early 1950s
[75,76]. The very delicate instrumental aspects of UPE photocount
measurements were discussed in several papers [77-82].

First, it is instructive to refer to several relevant works dealing
with statistical properties of luminescence from non-biological
sources. The photocount statistics of weak luminescent sources was
measured for solid-state ZnS:Cu luminophores [83], luminescent
glass [83] and single molecules in microdroplets [84]. All these
experiments can be analyzed in terms of thermal source or Poisson
statistics. The photocount statistics of light emitting diodes was
found to be Poissonian [85] or super-Poissonian in case of avalanche
photodiodes operated above its breakdown voltage and used as a
light source [86]. Chemiluminescence of a 9,10-diphenylanthracene
radical ions in acetonitrile solution shows Poisson statistics [87].

For the following discussion, it is important to stress that Poisson
statistics are not a proof of the existence of a coherent state of light.
According to the Palm-Khintchine theorem, the superposition of a
large number of independent equilibrium renewal processes, each
with a small intensity, behaves asymptotically like a Poisson process.
For example this is true for the limit X(t) = Y\, x; (nt), where the
processes x; are independent [88]. However, this result depends on
the way the limit is taken [89,88]. We suggest that the superposition
of random nonstationary emissions, which was investigated by
[90,91], seems to be the most reasonable first approach for modelling
biological chemiluminescence.

3.1. Works with conventional data interpretation

There are several works on the UPE photocount statistics that are
at the qualitative level of the quantum optics literature, without over-
interpretation of the results. Papers of Kobayashi and Inaba belong to
this category. They performed [85] an interesting and useful investi-
gation of the photocount statistics of a time-dependent system. The
influence of cosmic rays and microdischarges is taken into account to
get reliable data. For a light emitting diode they found a Fano factor
close to one, for the photoluminescent bacterium Photobacterium
phosphoreum they measured a Fano factor significantly greater than
one, indicating a super-Poissonian statistics. More precisely: “During
the primary stage of cell proliferation, the photon statistics show
super-Poisson behavior, which changes to Poisson statistics according
to the increase in the number of cells”. The Fano factor is analyzed in
terms of a chaotic source (using Eq. (41) of Ref. [91]) and denotes a
“clustering of excitation and emission”.

In another paper [78], they describe the experimental setup in
great detail. The long-term stability of the dark counts is checked
as well as their power spectrum, their statistics as a function of
counting time, their auto-correlation function and the dependence
of it on the photomultiplier. The regenerative effects, cosmic rays
and microdischarges are also taken into account. The authors
measured the temperature-dependence of the dark counts and
made a careful analysis of how the dark counts should be sub-
tracted. They compare the corrected g(?(z) (second order correla-
tion function) with an experiment for randomized laser light of
various intensities. They discuss the measurement of the Fano

S This contradicts a previous paper by Bonifacio [72], who overlooked the
contribution of non-diagonal terms.

factor in the presence of a dark current and for a time-dependent
source. Finally, they measure the photon statistics of Dictyostelium
discoideum. Variation of the Fano factor during the early stage of
development and after starvation is observed. Further, they found
super-Poisson statistics (i.e. photocount distribution with a width
greater than a Poissonian distribution and a Fano factor >1), which
they interpreted, as in their previous work, to be caused by the
clustering of excitation and emission processes where the optical
field is composed of a sequence of independent flashes initiated by
Poisson random time events. No relation to the squeezed states,
which can also manifest super-Poisson statistics, was mentioned.
This article [78] represents a quality benchmark for all UPE pho-
tocount measurements in terms of careful verification of the
experimental setup and rigorous interpretation of the data.

Kobayashi et al. also discussed the measurement of photocount
statistics with 2D-photomultipliers [92,79,93]. Note that Inaba et al.
measured UPE images already in 1988 ([94], see also Refs. [95-97]).

Another remarkable publication on this subject is the PhD
thesis by Erich Schirmacher [82]. He made very careful experi-
ments and a thorough theoretical analysis. He measured photon
statistics from samples of lichen (Parmelia physodes) covering a
tree bark, a leaf from a dark plum tree (Prunus cerasifera ‘Nigra’),
leaves on a twig from a silver fir (Abies alba), a leaf from a banyan
tree (Ficus microcarpa), a leaf of a stinging nettle (Urtica dioica) and
a leaf from an oak (Quercus robur) that he compared to the light
beam of a He-Ne laser. He observed only super-Poissonian statis-
tics and did not find conclusive evidence of a non-classical
(quantum) behavior of light.

There are several other works which provided UPE photocount
statistics without speculative interpretation. Williams et al. mea-
sured UPE from human breath and observed a photocount dis-
tribution with two peaks [98,99]. This interesting experiment
should certainly be reproduced. This is not really UPE from a living
organism, but this effect could create an artifact in the measure-
ment of UPE from human beings. Shen et al. [100] measured the
photocount statistics of cucumber seedlings, mungbean seedlings
and rhizobium bacteroids. They concluded that: “Experimental
evidence accumulated so far leaves no doubt as to the validity of
the biochemical interpretation of the chemi-excitation and its
association with metabolism in biological systems.” Similarly,
Gallep measured many different samples and analyzed his results
in a rational way [101,102]. Van Wijk et al. made use of Bajpai's
coherent states to fit experimental photocount statistics. This
enabled them to distinguish UPE from various parts of a human
body [103-105]. These papers already contain unjustified spec-
ulations about squeezed states of UPE.

3.2. Works with speculative data interpretation

There are several researchers who pursued unconventional and
speculative interpretation of the UPE experiments and photocount
statistics, mainly based on the hypothesis of coherent processes in
biological systems. We analyze the evolution of two main streams
of ideas of coherent states and squeezed states of biological light
chronologically. See Appendix A for the reference and selected
comments on the works of other authors in the category of spec-
ulative data interpretation.

3.2.1. Coherence of ultra-weak photon emission?

Work on statistical properties of biological ultra-weak photon
emission focused on coherence was pioneered by Fritz-Albert
Popp. Activities of F.-A. Popp attracted many scientists and also
public interest to the topic of biophotons. However, his inter-
pretation of the experimental results of UPE photocount statistics
in terms of coherent states is controversial and therefore is not
generally accepted within the scientific community.
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Table 1

45

Chronologically ordered assessment of publications of F.A. Popp and the statements contained within it which are the most controversial and deviate most strongly from

currently accepted knowledge.

Statements, issues

Main references

UPE statistics of variously stressed cucumber seedlings were measured and analyzed in terms of chaotic light. The photocount distribution was far
from Poissonian in many cases. The body of the paper brings plenty of data. The part of the conclusion involves a statement which is not
substantiated by the data in the paper. For instance, the authors state that DNA is the origin of UPE: “DNA may represent active photon stores
which are governed by Bose condensation” [117, p. 312]

Further unfounded statements. For instance, often a statement that erythrocytes (red blood cells) do not emit UPE because they do not contain
DNA appears in the text. This argument is used to support the hypothesis of UPE generation by DNA. Although this statement is important, no
reference to the source of experimental data is found. It should be noted that erythrocytes have also many other differences in their structure
compared to other cell types than the presence of a nucleus. Only mammalian erythrocytes, compared to vertebrates, do not contain nuclei as
well as other organelles such as mitochondria, Golgi apparatus and endoplasmic reticulum

“Measurements of photocount statistics show that the probability of registering n photons within a given time interval At is significantly different
from a purely chaotic distribution, even for a multimode system with the highest possible degree of freedom” [123, p. 119]. Although they do
not show any comparison with an experiment, they add: “On the other hand, the consistency of the results with a Poisson distribution, which
accounts for a coherent radiation field, cannot be refused” [123, p. 119]. As we mentioned earlier, a Poisson distribution is indeed compatible
with a coherent state but also similar to other states of light

Papers where the authors were trying to prove that the hyperbolic decay of delayed luminescence is a “sufficient condition for coherence”. They
start from a harmonic oscillator [123,120]. There have been several conceptual and mathematical mistakes identified in these papers, see Ref.
[124] for a detailed investigation of one of these papers. Further, it needs to be stressed that the state of stationary UPE (autoluminescence),
where light is generated by some biochemical reaction, cannot be fully determined by the state of delayed luminescence, which is a relaxation
from an excited state and is not stationary by definition. In other words, the state of light met in delayed luminescence is different from the
state of light of autoluminescence because the former is time-dependent and the latter is not. Therefore, conclusions from the study of physical
parameters of delayed luminescence cannot be directly used to prove the parameters of autoluminescence

Delayed luminescence in plants is usually interpreted as a consequence of the complex reactions involved in photosystem II [125]. Experimental
delayed luminescence can then be reproduced using reasonable reaction constants [126]. Popp and Li used a different approach. They pos-
tulated that the intricate behavior of the photosynthetic chain could be modelled by a simple one-dimensional harmonic oscillator with a time-

dependent force: %(t) + 2u(t)%(t) + w@x(t) = 0. They remove the term in x by writing x(t) = exp(—/;f u() dr)y(t), where y satisfies the
equation j + (w& — 42 — i)y = 0. Without any reasonable justification, they further postulate that the oscillating part y(t) should have a
constant frequency. This gives us the equation x2 + i = 2, so that y oscillates with a constant frequency Ofv‘aloz — @?. The basic solutions of

this equation are u(t) = o tanh(wt + up), so that x(t) = exi@t cosh ug/cosh(ug + wt). Without any justification, Popp and Li completely dismiss
these general solutions and choose the very special x(t) = — » tan(wt + uq), which corresponds to o = 0

Popp and Yan use the above-mentioned special solution and try to get a coherent-state model of delayed luminescence. The solution of the
problem does not satisfy them (it is not compatible with experiments) and the desired solution is achieved in the procedure which unfor-
tunately includes several mathematical errors - see [124] for the detailed critical analysis

Numerous evidences are provided for a Poisson distribution of biological UPE by showing two examples where (n) ~ ((An)2) for cucumber
seedlings with and without acetone poisoning. However, the non-poisoned case is not compatible with the value previously reported [117].
Other measurements of the previous reference [117], which are not compatible with Poisson distribution, are not mentioned. He admits that a

chaotic field would also have (n) ~ ((An)2) for a large number of degrees of freedom M. However, this point of view is dismissed because “we
found an extremely strong mode-coupling indicating that M is of order 1.” As a reference, Ref. [117] is cited where this statement or similar
ones supporting it cannot be found

The Coherence hypothesis is stated, which claims in very general terms that “biophotons are released from a fully coherent electromagnetic field
which serves as a basis for communication in living tissues” [131, p. 577]. They show the measurement of cucumber seedlings with smaller (but
variable) values of 8. They argue that the statistics alone do not prove coherence, but that the temperature dependence, the transparency of
biological materials and the hyperbolic decay of luminescence do [131, p. 581]. These statements are not supported by any rigorously con-
vincing proof. They set up a simple model to describe the emission of coherent light by DNA

Several strong (but largely unfounded) statements are made in this reference. For example, it is written that the phase is completely determined in
a coherent state [132, p. 147], whereas in fact the variance of the phase is 1/(2@) [22, p. 196], which can be very large for the low intensity of
UPE

Further examples of statements which seem to be of conclusive nature but are unfounded: “While spontaneous chemiluminescence cannot
sensitively depend on biological and physiological processes, like the cell-cycle, growth phases, differentiation, enzymatic activity, con-
formational changes of DNA, the external temperature, and weak external perturbations, the opposite behavior is expected for a coherent field,
since it is modulated by any small change of the boundary conditions, including all the environmental and internal factors.” [132, p. 148] and
“As far as results are available, there is no indication for the validity of hypothesis 1, the chaos theory, but complete support of hypothesis 2,
namely the coherence theory of biophotons” [132, p. 148]. The equation (x¥) = (1 + «)(X2) [132, p. 160] is solved as if it was the equation

x% = (1 + «)X2. This is not correct in general

Several novelties are introduced in the review paper [133]. Factorial moments [28, p. 71] are used to describe photocount statistics, new
experimental photocount distributions are presented and an optical biocommunication experiment between Gonyaulax polyedra is described
without giving closer details on experimental protocols. In the same book, Popp makes several speculative statements about “evolution as the
expansion of coherent states” [134], Popp and Li see “hyperbolic relaxation as a sufficient condition of a fully coherent Ergodic field” [127].
[135] postulates super-radiance in DNA and mentions squeezed states

The optical biocommunication experiment between Gonyaulax polyedra is ascribed to super-radiance

Results of coincidence counting of UPE from mungbean seedlings and an elder bush leaflet are published [26]. When a photon is registered in
channel 1, the photons in channel 2 are registered during the time interval At. A coincidence occurs when at least one photon is detected in
channel 2. For a non-stationary process, the number of random coincidences Z; in the j-th time interval AT; is Zj = mj(1 — P2(At, 0)), where

P>(At, 0) is the probability of counting no photon in the time interval At and ny; is the number of counts in channel 1 in the AT;. For a

Poissonian distribution we have P2(At, 0) = e~94!, where a is determined by (n) = aAt. Therefore, Zj = mjj(1 — e~9At). Experimental results for
mungbean (Vigna radiata) seedlings and elder bush (Sambucus nigra) leaflets are given. Photocount statistics agree with the Poissonian dis-
tribution. Similar experiments were done on soybeans ([136], see also Ref. [137]). Poissonian distribution is interpreted there in terms of super-
radiance, although super-radiance does not generally generates Poissonian photocount statistics (see Section 2.2.8)

Squeezed states were used instead of super-radiance as an attempt to describe UPE photocount statistics [12]. The squeezed states they used are
not as general as the ones of [138]. They are of the form la, r) = D(a)S(r)I0). If we compare them with Eq. (21.3-1) of [24, p. 1038] we see that

[117]

[118-120,8,121,122]

[123]

[123,120]

[123,120,127,128]

[129,130]

18]

[131]

[132]

[132]

[116]

[9]
[26,136,137]

[12]
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Table 1 (continued )

Statements, issues

Main references

z = rel is real, so that 6 = 0, a = v [24, p. 1042] and la, 1) = I(v, 2)} is an ideal squeezed state (21.4-2) of [24, p. 1042]. For Mandel and Wolf

u=cosh randv = el sinh r in Eq. (21.3-3) of [24, p. 1039]. The values of p(n) and p(0) are not correct. For example, the value of p(n) given in
the paper is not real when « is not real. But the formula is wrong even if « is real. The correct form for real « is

1 tanh r)" 2(1 +tanh 1) 2 ae’
S = == |
p(m n! cosh r( 2 ) ¢ "\ Vsinh 2r
Thus,

1
0)= ———
p(0) cosh r

By using (n) = a2 + sinh? r we obtain

e—uz(l +tanh r),

1

= e—((n)—sinh2 r)(1+tanh r)'
cosh r

p(0)

which does not reduce to the expression for p(0) given in [12]. Unfortunately, this incorrect formula is repeated in [139,140]

Review articles with no new results and similar issues as those mentioned above

[141,11,10]

Bernhard Ruth, supervised by Popp, built an efficient photo-
multiplier-based measurement system of UPE. Within his thesis
[77] he showed that many biological samples are a source of ultra-
weak photon emission. The most controversial result of this thesis
is a series of UPE spectra [106,77] that are completely different
from UPE spectra measured later [107,79]. Care needs to be taken
because it is possible that the artifact leading to these strange
spectra is the luminescence of the filters [108].

In this period, the following working hypothesis was intro-
duced: biological UPE originates from a biological coherent photon
field [109] which regulates biological processes. This hypothesis
was inspired mainly by the following points:

® Several polycyclic hydrocarbons have been investigated. Correla-
tions between their electronic properties and carcinogenic activity
have been found [110]. Popp proposed that the mechanism of the
action of the cancerogenic substances is the disturbance of the
excitation cellular photon field at certain energy which is related
to DNA repair [110; 111, p. 117].

Coherent electrically polar vibration states within the GHz-THz
region in metabolically active cells have been postulated by
Frohlich [112-115]. Popp embraced the general idea of coherent
processes in biology and assumed, based on the model of Li
[116, Chapter 5], that the DNA in cells behaves as a low level
excimer laser generating a coherent photon field.

From that time on, experimental data obtained in Popp's group
and their followers have been attempted to fit the coherence theory of
biological ultra-weak photon emission. In Table 1, we highlight several
specific points from these works which are the most controversial and
deviate most strongly from currently accepted knowledge in order to
inform readers where caution should be exercised.

The research work described in this section was led by the
working hypothesis that coherence is a fundamental principle
responsible for functioning of biological systems. Fine experi-
mental setups were built, clever experiments with very interesting
results performed, but there are several methodological draw-
backs: (i) experiments are not described in detail, (ii) surprising
experimental results (for example the concentration dependence
of UPE in Daphnia) are not repeated with many other samples or
other experimental setups, (iii) data that do not agree with the
coherence interpretation are dismissed, (iv) alternative inter-
pretations are not seriously considered, (v) oversimplified models
are used instead of realistic biophysical ones, (vi) mathematical

errors in the articles. While the ideas presented inspired many
researchers, incorrect and controversial interpretations of the data
brought the subject of “biophotons” into disrepute.

3.2.2. Squeezed states of ultra-weak photon emission?

The squeezed state of light provides a flexible shape to fit the
UPE photocount statistics because this state is based on four
independent parameters (lal, ¢, 1, 8), see Fig. 3. This interesting
model was first introduced by Bajpai et al. [138]. See the review of
his work in (Table 2). However, the fact that this model fits the
experimental data does not mean that UPE is in a squeezed state.
We saw that a Poisson distribution can be obtained from a coher-
ent state but also from many other (classical or quantum) states of
light. The same is true for the distribution given by a squeezed
state. For example, Mandel and Wolf notice that for certain values
of the squeezed-state parameters, the Mandel parameter has
positive (i.e. classical) values [24, p. 1051]. Even if restricted to Fock
space, the number of states of light is immensely larger than the
number of photocount distributions. Thus, it is generally impos-
sible to deduce a state of light from a photocount distribution.
Higher order correlation functions must be measured. As in the
case of the previous section, interesting experimental results are
somewhat spoiled by speculative interpretations [14,142].

4. Conclusion and perspectives

We reviewed practically all the available literature on the statistical
properties of UPE. There are several high quality works on the level of
standard quantum optics literature that provide an analysis of UPE in
terms of a chaotic light field. In contrast, there are numerous papers
which contain claims about coherent and squeezed states of UPE.
However, only incorrect argumentation and data interpretation or
indirect anecdotal evidence is presented to support these claims.

The conclusion of our review is that while the phenomenon of
UPE from biological systems can be considered experimentally well
established, no reliable evidence for the coherence or non-
classicality of UPE has been actually achieved up to now. The
presence of coherence seems to follow from straightforward rea-
soning: a living organism must be in some coherent state because
it is obviously not in thermal equilibrium [154]. However, the
actual situation is subtle. On the one hand, a thermal source can
emit partially coherent light, even close to the source [155], and
independent thermal sources can produce two-photon
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Table 2
Chronologically ordered assessment and brief description of publications focused on squeezed states.

47

Statements, issues

Main references

Paper [138] presents an analysis of UPE photocount distribution with squeezed states I, 4, & ) (or more precisely, Yuen's two-photon coherent states [138]
[24, p. 1046]) instead of standard coherent states. The relation with Mandel and Wolf is s = u, v = v, w = g. The authors impose a hyperbolic decay
4(t) = 20/(1 + Aot) and they find a time-dependent pseudo-annihilation operator b(t) = 4 @ + u &%, with y and v, being explicitly given. From this,
they compute n(t) and remove the oscillatory terms. They get an expression By + Bi/(1 + Zot) + B2/(1 + Zot)? but they find that B; = 0. They also
calculate the Mandel factor Q = (A(An)2) — (n). They find it non-zero but small. They consider earlier experiments on flowers of Tagetes patula. They
had fitted the fluorescence decay with a sum of two exponentials, but they say that using their new formula gives also a good fit

In [13], coincidence measurements made with Popp's experimental setup [9] using two photomultipliers are presented. Experiments were carried out [13]
on “leaves of different sizes from different plants”. Some experimental results are given but the author does not specify for which sample. The
paper ends with the idea that, from the evolutionary point of view, “the advantages of using squeezed light were too overwhelming”

Bajpai [143] argues that the “inadequacy of the conventional framework to describe a biophoton signal is easy to demonstrate”. Then, the “separate [143]
identity of sub-units and the independence of de-excitations give rise to the thermal nature of photons and exponential decay character of the
signal”. This is generally not correct. The statement in the conclusion “The signal was, therefore, coherent for 5 h” does not seem to be
substantiated

Here [144], Bajpai accepts another definition of coherent states and the real r is replaced by the complex number & which is the same as z = rei? in Eq.
(21.3-1) of [24, p. 1038]. From this paper on, this definition of squeezed coherent states is kept. However, his value of py((n)) is wrong in this paper,
since it would be complex when « is complex. The denominator is also wrong. The correct result is

[144]

~R(a2e—10) tanh r sinh? r-9t(a2e-i0) tanh r
po((m) = e~ =e-m® -
cosh r cosh r
where we used (n) = Vi + i = lai? + sinh? r from Eq. (21.4-10) of [24, p. 1044]. The value of p(n) is obtained from Eq. (21.5-25) of [24, p. 1050] and
the value of (nla¢) is obtained from (ni[u, v; w]) of Eq. (21.5-24) of [24, p. 1050] by the substitution of 4 = cosh r, v = e sinh r and
w = a cosh r+ a#€l sinh r. This is explained in Eq. (21.4-5) of [24, p. 1042]

Lichen Parmelia tinctorum is measured in [145,146] since “Lichen, because of its very slow growth or decay, is a suitable system for making repeated [145,146]

experiments”. The results are analyzed using squeezed state distributions. In these and the following works by Bajpai, the formulas for the
photocount distribution of squeezed states are correct. It is stated that “Since a photon signal of quantum nature emanates from a quantum state
the biophoton emitting parts of a living system must remain in a pure quantum state”. This is not true in general. The fact is that a classical source
generates a coherent state of the photon field, although the source is not quantum at all. Even squeezed states can be generated by classical
currents in the non-linear regime. The only requirement is the presence of a quadratic term (in the photon creation and annihilation operators) in
the interaction Hamiltonian [147]

Photocount statistics of Parmelinella wallichiana is measured and fitted by squeezed state statistics [148]

Time-dependent squeezed states with a time dependence giving the density n(t) = Ziz:o B (to + t)~' are considered. Then, for t — o, p(n) is the dis- [150]

tribution coming from a squeezed state:

A
A =f0p +g 002
We write q = & + 74" and p = aéi + a'4’, where &' and & are creation and annihilation operators. The Hamiltonian becomes

A= 216" + ;3872 + (6% + i,

where

fi = 1ai?f + 1pl2w?g,
o = a?f + pw’g.
This type of Hamiltonian was investigated in detail also elsewhere [55,149]. Delayed luminescence from Parmelinella wallichiana is measured. One of

the fits is displayed, the noise is very large
An interesting and critical survey of previous measurements. Additionally, new measurements of Xanthoria parietina and a rather good fit of the data [151]

using squeezed-state distributions are presented. Speculative statements: “A holistic property is correctly described only in the quantum fra-
mework”, “The photon signal remained in its squeezed state at least for 5 h”, “emission of photon signal in a squeezed state is a characteristic
property of living systems”

In [152], authors introduced a second order correlation function at zero time lag g(2)(r = 0) to estimate the non-classicality of UPE. By varying the
detector response time (or bin size) around the period of expected coherence time one can estimate the coherence time and g(2)(0) [153].
g@)(0) < 1is a signature of non-classical (quantum nature) of the light [22, Fig. 5.21, pp. 229, 249-250]. Racine and Bajpai [152] estimated g(2)(0)
from the Fano factor of the measured UPE signal and compensated for the detector background. In Fig. 2 in [152], g(2)(0) = 1 and shows no
variation across different bin sizes for hydrogen peroxide induced UPE signal from a human hand. The authors claim there that there are hints to
quantum behavior of UPE (g(2)(0) < 1) but the data provided do not fully justify that. The fluctuation of the Fano factor sometimes falls under the
value of 1 (again a signature of quantum states of light) for certain bin sizes, but considering the shape of the Fano factor curve as a whole [152,
Fig. 2], this could be also attributed to fluctuation and error of the measurement. Nevertheless, these interesting data should be reproduced and
thoroughly verified

[152]

interference [156].” On the other hand, the organization required  and time of UPE. The extremely long UPE coherence times (10
to maintain life has no a priori reason to imply that UPE is in a  days,® 5h°) proposed by some authors seem to be completely off
coherent state. Moreover, thermal states and coherent states are the mark. It is remarkable that, except for a few exceptions

two extremes of a very broad range of the possible states of light.
What we would need is to actually measure the coherence length

8 “A reasonable coherence time is the lifetime of cell organelles (for instance,

7 Note that two-photon interference is not the interference of two photons mitotic figures) of about ten days” [10, p. 59].
[157]. 9 “The signal was, therefore, coherent for 5 hr” [143].
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[158,124], the physical community did not provide any critique of
these extraordinary claims.

Although the role of coherent processes in biology, in particular
quantum coherence, cannot be dismissed in general [159-162], it
needs to be emphasized that the research work published until
now does not provide any generally accepted proof for coherence
of biological ultra-weak photon emission according to the physical
definitions (see Section 2.2.1).

Perspectively, standard methods in quantum optics can deliver
more reliable information on coherence and statistical properties
of UPE of living systems. Coherence parameters (coherence time,
coherence length) could be quantified by measuring light inter-
ference or light correlation functions [24,163]. A non-classical,
i.e. quantum nature, could be assessed by using a Hanbury Brown-
Twiss interferometer and measuring higher order correlation
functions. However, the extremely low intensity of UPE and
inherent nonstationarity of biological signals make these experi-
ments highly challenging.

We believe that the development of new types of photon
detectors which will have properties closer to that of the ideal
detectors [1, Section 5] may bring at least partial answers to the
open questions about UPE statistical properties. Such new devel-
opments include light (200-3000 nm) sensors based on the cryo-
genically cooled microwave kinetic inductance detectors [164,165].
Further futuristic possibilities of light detection could include
nondestructive detection of the presence of photons,
i.e. without absorbing them, by detecting the change of the phase
they incur on a pre-prepared quantum state of the atom in cavity,
as was recently experimentally demonstrated [166]. A promising
technological direction to explore is to couple the UPE into optical
fibers. Once in a fiber, the light can be easily manipulated, spec-
trally and spatially filtered and small low noise avalanche

photodiode (APD) detectors can be used. This manipulation allows
control of the number of modes which can enter the detector. It
has been demonstrated already 20 years ago, that in spite of its low
intensity UPE can be coupled to an optical fiber and detected by a
liquid nitrogen cooled Si-APD [167]. Actually, fiber optics and APD
detectors based setups are standard in quantum optics
experiments.

Apart from the quantum statistical properties, there are indi-
cations that other signal properties of biological UPE stemming
from dynamics underlying chemical reactions [168-172] may also
be of interest. Biological processes are naturally oscillatory, com-
plex (chaotic) and fractal. Thus, suitable methods adapted from
statistical physics and very carefully used for other biological sig-
nals to uncover “hidden information” [173] may also be used to
analyze the UPE signals.
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Appendix A. Other works on statistical properties of UPE with speculative interpretations

Several more authors indulged themselves in the speculations about the nature of the light emitted from biosystems. We list their
relevant publications here for the sake of completeness. Gu has strong theoretical background in quantum optics. In [174], he describes a
three-level system as the emitter of UPE. Super-radiance and a model involving the sum of two coherent states is introduced by He in
[175]. In [176], Gu discusses non-classical light and asks the question “are there nonclassical effects in biological systems?” (p. 301). He
recalls the non-classical aspect of sub-Poissonian photon distribution from Gonyaulax polyedra [133] and higher order coherence in
mungbean seedlings [9, p. 1272]. Further, he states that biophotons may be emitted by standing vibrational waves in DNA. Gu considers
the interaction of a single mode of the biophoton field with a phonon reservoir. He considers a Schrodinger cat initial state (healthy or ill,
yin or yang). These theoretical considerations are apparently not used in the paper. Photon statistics of a piece of leaf of a banyan tree
(probably Ficus elastica) is reported. The photon distribution, its variance and entropy are given for the leaf and a radiator. Gu further
compares the variance and entropy observed during the delayed luminescence and autoluminescence phases, and observes that they are
similar. The normalized variance for the leaf and the radiator are 1.26 and 2.20, respectively. He compares the value for the leaf (1.26) to
the value g(®(0) = 1.2 obtained in [174, p. 83]. Other measurements give values much closer to 1. An important point is that the author
does not measure (n?), he calculates it from the distribution p(n). Thus, he cannot observe non-classical effects because p(n) is always
positive. Finally, Gu compares the variance and entropy for traditional and genetically modified soybeans. Extensive theoretical work of Gu
is covered in his book [177].

Kun et al. [178] considers the single-mode coherent states corresponding to parameters « and —a. They make the same mistake as Popp
[129] and consider that w(t) and B(t) can be chosen independently. This is wrong because the time dependence of n(t) is determined by
and f[124].

Chang [139] describes coincidence counting experiments. Distributions were measured for Dinoflagellates, chicken embryos, fireflies
Lampyridae. She discusses Popp's hypothesis that biophotons come from DNA: “DNA excimer radiation is based on the same principle as
laser radiation”. She pushes this hypothesis very far: “During gene transcription the long distance regulative functions may be performed
by biophotons.” “Presumably one of the neurofilament's functions is to act as transmission channels for photon signals.” “The biophoton
fields are in coherent and squeezed states suggesting that over a long period of life evolution livings learned how to use quantum
mechanism to regulate themselves.” Another published paper [140] is of a similar nature as the previous one. Reference [179] is another
speculative paper, see for instance one statement: “The emission of biophotons becomes coherent when the minuscule electric double
layers start their moving state at the same moment.”
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Sample from References
Chemicals

Luminol CgH7N50, [100]
Polystyrene (CgHg)n [133]
9,10-Diphenylanthracene CaeHig [87]
Prokaryotes

Symbiotic bacteria Photobacterium phosphoreum [85]
Nitrogen-fixating symbiont Bradyrhizobium japonicum [100]
Eukaryotes, unicellular

“Umbrella” or cap algae Acetabularia acetabulum [133]
Dinoflagellate Prorocentrum elegans [133]
Dinoflagellate Gonyaulax polyedra [133,175,139]

Slime mold (also multicellular)
Algea-mushroom symbiont

Dictyostelium discoideum

[78]

Lichen Parmelia physodes [82]
Lichen Parmelia tinctorum [145,146]
Lichen Parmelinella wallichiana [148,150]
Lichen on a tree bark Xanthoria parietina [151]
Plants
Silver fir twig Abies alba [82]
Arabica coffee grains Coffea arabica [101]
Robusta coffee grains Coffea canephora [101]
Cucumber seedlings Cucumis sativus [117,100]
Cucumber Cucumis sativus [175]
Elder bush leaflet Sambucus sp. [26]
Banyan tree leaf Ficus microcarpa [82]
Gum tree leaf Ficus elastica [176]
Mungbean seedlings Phaseolus aureus [100,9,26]
Purple plum leaf Prunus cerasifera ‘Nigra’ [82]
Oak leaf Quercus robur [82]
Soybean seedlings Glycine max [133,9]
Soybeans Glycine max [136]
Stinging nettle leaf Urtica dioica [82]
Animal
Waterfleas (Crustacean) Daphnia sp. [134,175,102]
Fireflies (Insects) Lampyridae [139]
Thailand firefly (Insects) Lampyridae [133]
Chicken embryo, brain Gallus gallus domesticus [139]
Man
Body Homo sapiens sapiens [103,105]
Body of meditating subjects Homo sapiens sapiens [180]
Hand of a multiple sclerosis patient Homo sapiens sapiens [181]
Hands Homo sapiens sapiens [104,152]
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