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Summary. All biota spontaneously emit ultraweak electromagnetic radiation (<10'“7 W/em?
for ca 600 nm, from UV to near IR) during the metabolic reactions associated with physiological
state. The emission originates from internal exergonic biochemical reactions mainly of peroxyradical
character and hence related to homeostasis and its perturbations by stress factors. Detection and
analysis of ultraweak photon emission makes it possible to acquire immediate information on bio-
logical activities non-invasively. The review reports and discusses recent progress and results of the
application of ultraweak photon emission for analytical and diagnostic purposes in agriculture and
related areas. Photonic responses from plants, animals and biogenic materials to environmental
physical, chemical and microbial influences acquired by means of advanced optoelectronic techno-
logy are described and shown to be a new very sensitive and fast channel of vital information.

K ey w o rds: photon emission, photosynthetic luminescence, oxidative stress, immunolumi-
nescent methods in agriculture, biotechnology and ecology.

INTRODUCTION

This paper reviews an ultraweak photon emission (UPE) i.e. an endogeneous,
spontaneous or induced ultraweak luminescence generated by living systems. The
review is limited to these aspects which are relevant to applications in agriculture
and related fields. It is curious that this universal phenomenon accompanying life
processes was discovered half a century ago by Italian physicists who first used
photomultipliers for the observation of germinating seeds [16]. Since then re-
searches on UPE have been enormously developed and gained a lot of applications in
physics, biomedical and material sciences, agriculture and environment protection.
The review has a general character, covers applications of spontaneous and white
light-stimulated ultraweak emissions and is based mainly on recent literature.
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CHARACTERISTICS OF ULTRAWEAK PHOTON EMISSION

Ultraweak photon emission (UPE, also called biochemiluminescence or bio-
photons) is the emission of electromagnetic radiation in the spectral range 180-
1500 nm from biological systems. This kind of emission is to be distinguished
from bioluminescence and is a naturally occurring phenomenon associated with
normal, pathological and lethal biochemical and biophysical processes. Such an
endogeneous spontaneous emission is observed from all sorts of organisms and
their tissues, cells and subcellular components in the living state. The flux of UPE
is of the order of 1-10* photons/s sz; in general less than 10716 W/em? (A = 600 nm).
UPE is inherently associated with fundamental biological processes, first of all
with the metabolism, the cell division, fertilization and development of an egg,
photosynthesis, stress and death of an organism. The basic requirement for UPE is
the potential for formation of excited molecules which emit rather than decay to
equilibrium. The excited state species P" must be formed in an elementary reaction
which has sufficient free energy AG to excite a product P:

R]+R2+...M P*M P+hv, (1)
kg, kfp and ka are the rate constants of the corresponding processes. The genera-
tion of the excited molecule P* requires an exergonic metabolic reaction with

|AG| > he/\ 2)

where ¢ and 2 are the velocity and wavelength of light emitted and G is the Gibbs free
enthalpy. The value of G is 5-15 times higher than the free energy of the ATP hydrolysis
(= 36 kJ/mol). Such a high energy event can be considered as a bioener- getic catastrophe
and has rather a low probability. The quantum efficiency (@) of UPE is defined as the
ratio of the number of photons (V) to the number of molecules (V,) that react:

= th/ Nr (3)

@ - values of UPE are extremely low, of the order of 20, Therefore, the
analytical potential of UPE is seriously limited and mainly the processes with
intrinsically high ® - values, e.g. bioluminescence or with specially added
chemiluminescent enhancers or sensitizers are used in agriculture, biotechnol-
ogy, environment protection and biomedical practice. Analytical applications
of UPE are based on the proportionality between the intensity of the CL (/)
and the rate (w) of the limiting reaction step:
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The reaction rate w may be proportional to the concentration of the analyte to
be determined. Thus, measurements of UPE parameters can provide information
about: (i) the reaction rate, (ii) its energetics, and (iii) analyte concentration which
is proportional to the reaction rate. This relationship is the basic for a variety of
bioluminescent analyses employing highly efficient enzymatic luminescent sys-
tems of fireflies, bacteria, jelyfish and other. The determination of ATP is the most
common and important [10,34,85]. Despite low @ - values of majority UPE pro-
cesses, quantitative analytical assays are possible due to extremely sensitive me-
thods of the photon counting technique (see section Methods and Instrumentation
below). As a representative example of such analyses; a continuous determination
(monitoring) of humic acid in natural water may be cited. Peroxidation of trace
amounts of humic acid with MnO"4 [56] or Hy, O, + HCHO [41] generates weak
chemiluminescence the intensity of which is proportional to the concentration of
humic acid. The detection limit is 50 ppb [41].

Many processes with very low @ - values can be brightened dramatically upon
the addition of: (i) highly fluorescent acceptor molecules (4) which transfer the
excitation energy and reemit it with higher probability than P*, e.g. rhodamine,
chlorophyli, riboflavine etc:

Prea—ta s py g (%)

A* —kf‘—’—> A+hvy (6)
when £, >> kﬁ, and @, >>®p.; or (ii) chemiluminescent enhancers which react
with reactive oxygen species (ROS), e.g. 3-amino-1,4-phthalhydrazide (luminol),
9,9’-dimethylbisacridinium nitrate (lucygenin), and specially designed and synthe-
tized chemiluminescent probes.

This sensitized or enhanced UPE is commonly exploited for numerous sensi-
tive assays in biomedical and environmental sciences, but unfortunately, much
less in agriculture.

MECHANISMS AND SOURCES OF UPE

Mechanisms and sources underlying UPE are not yet fully understood. Three
hypotheses trying to explain the origin, mechanism and functional role of UPE are
currently proposed.



66

J. SLAWINSKI

o

Radical redox reactions stimulated by the electron leakage from the respiratory
chain (bioenergetic imperfections), mainly oxidation of lipids in biomembra-
nes produce electronic excited states (*) of carbonyl compounds and oxygen -
the products of ROOe recombination (dismutation):

2RO0e - * (>C=0)* +ROH + '(0,)* (chemiexcitation) 7)

3 (=C=0)* —» 1(>C:O) + hv (blue) ](02)* —» 302 + hv (red) (emission) (8)

In the living organism under stationary conditions (the steady state far from
thermal equilibrium) radical redox reactions are counterbalanced by reactions
scavenging detrimental ROS that results in a stationary flux of UPE. Any per-
turbation disturb this fine balance which leads to changes in parameters of
UPE. Majority of experimental data relatively well prove this hypothesis of
imperfections [10,34,77,85,93,95].

The hypothesis of coherent photon field within double helice of DNA (photon
storage). This field coupled to the conformational (superhelical) states of DNA
is claimed to control regulatory processes in the cell, especially proliferation
and differentiation. The concept is theoretically well elaborated in terms of
quantum mechanics and non-linear optics, but only few experimental data
seem to support it [11,13,72].

A molecular dynamic model connecting the free energy of ATP hydrolysis
with supersonic motion of soliton within polypeptide chains. Energy fluctua-
tions of the conformational states of polypeptide chains can be coherently en-
hanced by in-phase ATP energy and produce electronic excited states. This
relatively new concept is mainly based on quantum mechanical calculations
and still waits for falsification [116,117].

METHODS AND INSTRUMENTATION

UPE-based methods are generally capable of the low detection limits, do not

require external photoexcitation, and the emitted light carries vast information on
the spatial, temporal and energetic characteristics of the light-producing systems.
The most commonly used technique for UPE measurements is single photon
counting (SPC) with the use of high — sensitivity, low — noise photomultiplier
tubes (PMT) cooled to ca -270 K. PMTs with broad spectral sensitivity from UV (180
nm) to NIR (1100 nm) and high signal — to — noise ratio (S/N) have GaAs(Cs), In-
GaAs(Cs) or multialkali Na ~ K — Sb — Cs photocathodes [21,35,39].
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Methods of measurements of the spectral distribution of UL employ usually a
cut-off filters technique or recently, a diffraction grating incorporated into a posi-
tion — sensitive photocathode and specially designed anode, and are described in
detail elsewhere [39,104]. A new detection system based on a dual charge inte-
grating amplifier circuit that employs two GalnAs — InP pin photodiodes for UPE
in the near infrared has been setup. The minimum detectable power is 0.9
exp(—15) W that enables to detect 102 (lAg) (A = 1268 nm) from the HCI-H,0,-
reaction at the concentration of H,O, as low nmolar [55].

Recently, the application of low light level imaging technology allows the spa-
tio (2D)-temporal visualisation of UPE from samples ranging in the size from ca
20 mm to 20 cm. Imaging systems have the spatial resolution ranging from
512-512 to 1024-1024 pixels, read — out noise as low as 3 ¢ per pixel which means
that a signal as low as 6 ¢ can be detected for a S/N ratio of 2. Since the pixel
can contain as many as 6x10° photoelectrons at saturation, the ratio between
the maximum and mmunum detectable signals, i.e. the dynamic range, would
be greater than 5x10*. Cooled (cryogenic) charge coupled devices (CCD) slow
scan cameras allow the image acquisition time from seconds to days, thus to de-
tect and analyse light from a single cell or from very small amounts of analyte.
The spectral sensitivity of a CCD sensor covers the 180-1100 nm range and the
quantum yield ca 40% at the maximum sensitivity in 500-800 nm. CL and biolu-
minescence (BL) — based applications may be assessed qualitatively and quantita-
tively, both characteristic at the micro level (e.g. single mammalian cell) and at the
macro level (e.g. petri dish, plants or animals with the size less than 20 cm). The
simltaneous measurement of multiple samples (e.g. microtitre tray) signifi-
cantly increases the efficiency of routine analyses. The problems pertaining
to digital low light-level imaging are comprehensively discussed elsewhere
[1,24,42,73]. Recent progress and trends in search into the techniques of
measuring and analyzing UPE are comprehensively reported in Advances in
Biophoton and Biophotonics Research issued by Biophotonic Information
Research Center Tohoku Institute of Technology, Japan and monographs and pro-
ceedings published by International Institute of Biophysics, Neuss, Germany,
pointed in the references. Several selected examples discussed further will illus-
trate the analytical — diagnostic potential of CL and UPE methods in the field of
agriculture and environment protection.
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EXAMPLES OF APPLICATIONS OF UPE IN AGRICULTURE
AND RELATED AREAS

Spontaneous UPE from spores, grains and seeds

Twelve species of fungi growing on the Sabouraud medium in darkness and illu-
mination (220 Ix, 360-780 nm) were tested for their ability to emit UPE. Boletus
edulis, Pestalotia funerea and Microsporum gypseum exhibited UPE, whose intensity
exceeded by 100-130% that of the control, i.e. the Sabouraud medium. Other tested
fungi did not revealed UPE, but even quenched it. The illumination resulted in the de-
crease of UPE intensity [100]. Resting spores of Entomophthora virulenta with 0 and
97% of germination ability emitted UPE in two distinct phases: a physicochemical
one associated with water imbibition (0-24 h) and physiological phase when germina-
tion occured. The intensity of UPE correlated with germination potential [98].

UPE from grains and their homogenates of wheat, rye, barley and field pea in
the dried phase and during water imbibition was shown to correlate with grains
germination capacity. The correlation was better for homogenates [59-61]. Me-
chanical damage to wheat seeds was shown to increase the light output [105-107].
Also, an excellently good approximations were obtained for imbibing wheat grain
between the intensity of UPE, the rate of water uptake and temperature [106,108,
109]. An ample experimental and theoretical elaboration of the biophoton emis-
sion as a measure of the germinative ability is given elsewhere [4,96,119]. UPE
accompanying germination of soya seeds is the subject of many studies [8,44]. Rice
seeds new and aged as well as genetically modified exhibit different characteristics
(the rise rate, peak value, attenuation tendency) of UPE in early imbibition period
[69,113,114]. There is a consensus on the metabolic source of energy for chemiexcita-
tion. Particularly, oxidative deamination and transamination by flavoprotein dehydro-
genase can produce ROS [36]. Therefore, application of chemiluminogenic enhancers
such as luminol, lucygenin, adamantyl compounds would be probably helpful for
practical applications. On the other hand, detailed studies on UPE observed during
different phases of microsporogenesis of larch suggest the nuclear chromatine origin
of the emission [13-15]. The process of mitosis can be monitored in its own light using
2-dimensional UPE imaging technique [44,76].

Photo — induced delayed luminescence of plant and animal organisms

Photo — induced delayed luminescence (PDL) is a phenomenon of long — lived
photon emission (ms-min) by organisms after their illumination with white light
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[103,112]. There are numerous experimental evidence showing a close connection
between the state of the organism (homeostasis) and the parameters of PDL.

Many works have been devoted to the application of PDL to determine the
germination capacity of seeds.

The PDL of barley seeds shows anti-correlation to the three physiological pa-
rameters: germination capacity, water content and temperature. This result sug-
gests that PDL reflects the molecular structure of seeds [4,76,111,112,1 18].

The kinetics of PDL of tomato seeds can be fitted to a function which is the
sum of two independent hyperbolic decay curves:

I0=Fb+ F€d (9)

where: a and c are the slope factors at the power of t multiplied with the intensity
b and d at time 1 = 1 s. This model offers the most predictive value for the germi-
nation capacity [67,68,75,101].

PDL of the green plants fits best the hyperbolic decay 7 = ; (t + £, )" with 0.82.2.
The parameter [ depends on the size of the emission system and sensitivity of the light
detector. Parameter # depends on the excitation of the system; lower fo means higher ex-
citation. The kinetics of PDL can be analyzed in terms of the composite electron band
model. According to this model different molecules form an energy—coupled system
with composite electron band structure and unique emission properties [67].

PDL of spruce seedlings (Picea abies) was shown to be correlated with the de-
velopment of ethioplasts to chloroplasts [18]. The general stress syndrome in-
duced by AICl3 (general adaptation syndrome) consisting of inhibition of the cell
proliferation and slower uptake of Ca(ll), Mg(IT), Zn(II), Fe(1l) and other divalent
cations was also correlated with the m parameter [37].

In studies of detrimental stress factors affecting plants, application of lumines-
cent methods allow fast, simple and sensitive monitoring of the resistance poten-
tial. For example, differences in the luminescence of regenerated cucumber plants
caused by plant hormones in the medium [9], triazine resistance of wheat and rape
plants [62,63], of chilling resistance of cucumbers [78] and other quick tests for
plants growing in the natural environment [64] have been elaborated. PDL of
Acetabularia acetabulum has appeared to be a sensitive and fast test for herbicide
residues in water and soil [65,66].

A great advantage of PDL method is its 10-1000 times higher intensity than
that of spontaneous UPE and a short measurement time and possibility to manipu-
late with the illumination parameters. However, the lack of understanding of the
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origin and mechanism of PDL impedes significant step toward highly promising
applications.

UPE in the environment protection

Environmental analyses are required to assess the prevalence of chemical or
microbiological pollution, to monitor the extent of pollution and an aid to prevent
further contamination. Sensitive and specific asays which are also cost—effective
are required. Because of the different sample martices involved in environmental
monitoring, e.g. soil, water and air, the assays must also be robust and adaptable.

Determination of pollutants in water, soil and organisms

Monitoring of water quality using conventional analysis such as HPLC, BC
and GC-MS, although sensitive and specific, requires extensive sample extraction
techniques and is often time consuming. Recently, the potential of combined lumi-
nescence (high sensitivity) with immune assays (high specificity) in environ-
mental monitoring has been widely recognized [2].

Halogenated organics are probably the most prevalent class of environmental
contaminants worldwide (herbicides, insecticides, fungicides, refrige-rants, sol-
vents, water chlorination products). The maximum admissable concentration
(MAC) for any single pesticide in water supplies is 100 ng/L and for total pesti-
cides is 500 ng/L — the legal limit set by the Council of the European Communi-
ties (with permanent MAC-decreasing tendency). The competitive enhanced CL
immunoassay (ECLIA) allows to determine triazine herbicides in this concentra-
tion range as well as paraquat (>10 ng/L) [2]. For example, assays for triazine and
paraquat determination can be performed using SPC photomultiplier standard lu-
minometers, plate reading luminoscans, image—intensifier—based instruments or
CCD cameras. With microtitre plate technique a large number of samples can be
handled simultaneously and prepared for endpoint detection in immunoassays, or
enzyme enhanced CL (enzyme labels of horseradish peroxidase and xanthine oxi-
dase) and transient labels enhanced CL (e.g. luminol, acridinium compounds).
Other BL and CL reactions employed in environmental toxicology and microbio-
logy use luminous bacteria, fireflyy luciferase-luciferin, NADH and cytochrome
P—450 isoenzymes [110]. CL immunoassays have many attributes: they combine
specificity and sensitivity with ease of use, large sample throughputs, minimal
sample cleanup and also offer the possibility of developing assays which can be
used away from traditional analytical laboratories. Other applications of chemilu-
minescent techniques to environmental sciences are reviewed in [83].
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UWL and humus substances in soil and aquatic environment

It was shown 30 years ago that during the oxidative degradation of humus sub-
stances electronic excited states and free radicals are produced which leads to
UPE. In model photochemical and dark chemical oxidation reactions of humus
substances generation of reactive oxygen species (ROS: 102*, ( 102*)2‘ O ,,e0OH,
HyO,, ROOH, etc) concomitant with ultraweak light emission was proved
[82,91,94-120]. These results have latter been confirmed by many authors [3,17,
33,120] and they revealed previously unknown a vital ecological role of the inter-
action of humus substances with main components of biosphere: solar radiation,
oxygen and water (Scheme 1);

UV, VIS, IR SOLAR & IONIZING
COSMIC and TELLURIC RADIATION

activation ||, energy
*&& heat dissipation

H,0 v 0

h;drogen bonds &< HS &= <= & 0;
Van der Vaals Ineractions U( Redox reactions ROS

(hydrophilic)
UPE

Scheme 1. A simplified representation of interactions of humus substances (SH) with main compo-
nents of the biosphere

UPE embraces a deep interconnectedness among these four elements. There-
fore a concise discussion on the use of UPE as a tool to reveal mechanisms and
ecological role of humus substances seems to be justified.

Degradation of humus substances by UV radiation and ozone

There is no doubt that humus is the most efficient target or antenna for solar
radiation ever designed by Nature. Therefore, photochemical production of ROS
may have significant ecological consequences.

Since ROS are generated on surface and/or inside a spongy colloidal macro-
molecule of humus and are rather short living, the nearest substrate is just a sus-
ceptible moiety of the humus itself, especially o-quinone rings [99]. Thus, humus
material also undergo slow photooxidation and still slower auto— and enzymatic
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and mineral-catalyzed dark degradative oxidations [30]. Quite recently a tropo-
spheric concentration ozone (O3)-induced UPE concomitant with humus degrada-
tion has been reported [25,26,54]. All these reactions are accompanied by UPE,
the intensity, Kinetics, energetics (emission spectra) and luminescence decays pro-
vide information about the dynamics, rate and mechanism of humus degradation.
Degraded material is more: hydrophillic, acid and water soluble, and have lower
spin concentration (paramagnetism) and molecular weight than the parent mate-
rial. The low—molecular products: CO, and organic hydroxy— and keto-acids exert
significant impact: (i) contribute to the global warming effect (CO,), (ii) increase
the pool of easily assimilated foodstof for microorganisms and (iii) the total hu-
mus—degradation process decreases slowly albedo of the surface of Earth and anti-
oxidative capacity of humus substances [12]. Little is known about physiological
effect of humus degradation products on higher plants [31,57,58] and still less on
the physico—chemical and microbiological changes of the soil.

Humus substances as environmental photosensitizers

Absorption of solar radiation by humus substances can lead to the following
reactions:

HS + hv —»'HS* —isc - JHS* (10)
1 + -
X /HS ""O2
*HS+'0 (11)
NHSHO)

where isc is the intersystem crossing and 13 indexes are multiplicities; singlet and
triplet states, respectively. The generated ROS attack xenobiotics that undergo
degradation and mineralization. Such processes are observed in natural waters like
lakes, rivers and even see regions close to rivers estuaries containing humus mate-
rial. Slow degradation/mineralization reactions are accompanied by UPE, the in-
tensity / and kinetics /=f{f) of which reflects the rate and kinetics of the reaction(s)
[25,30,94]. An increasing tropospheric UV-radiation intensity resulting from the
stratospheric ozone depletion strongly accelerate these processes [17,31,82].

Photoprotective and antioxidative role of humus and its correlation with UPE

Humus substances and closely related dark biopigments — melanins, not only
absorb all kinds of radiation and efficiently convert it into heat, but also act as ac-
tive scavengers of free peroxyradicals induced in electrochemical [12] and photochemical
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[90] processes. It has been proven that humus substances (HS) quench electro—
and photoinduced chemiluminescence of many model reactions just by scaveng-
ing ROO radicals transforming them into less active ones:

ROQOe + HS — ROOH + Se . (12)

Such radicals (Se) due to a high resonance energy do not support progression
of radical chain reactions and are stable. Thus, HS and melanins reveal a double
face: they are strong antioxidants which protect biota against the detrimental effect
of ROS leading to the oxidative stress and can also act as photosensitizers and/or
substrate of ROS. Our knowledge about these two opposite functions of HS and
melanins and their role in agriculture is very limited and requires further explora-
tion. Quantitative chemiluminescent assay of HS in natural water has been elabo-
rated as mentioned previously [41,56].

Photosynthetic delayed luminescence and bioluminescence as an indication
of stress and gene expression

One of the most universal indicator of stress in photosynthetic plants is a re-
duction in the rate of photosynthesis, which is reflected by an increase in delayed
fluorescence (Strehler radiation, ns-ms time-regime) and ultraweak chemilumines-
cence (ms-min) from the plants chlorophyll [103,112]. Chlorophyll fluoresces
from approximately 680 to 780 nm and at the same region there are two oxygen
absorption bands at A = 690 and 760 nm. The absorption cross section of the lines
in these bands are sufficiently strong to ensure that little sunlight at these
A reaches the Earths surface through the atmosphere. The plant fluorescence sen-
sor operates as a Fraunhofer line discriminator, detecting light at the cores of the
lines comprising these atmospheric O, bands. The sensor works at the principle
that, as the light collected from fluorescing plants passes through a cell containing
O, at low pressure, the gas will absorb some of the light and re-emit it as photons
that can be detected with a PMT. The induced fluorescence signal provides an im-
mediate, absolute measure of the plants fluorescence intensity in the narrow bands
in which the device responds. In the field, the sensor can remotely collect two-
band fluorescence information from target plants from as far as 200 m. This direct
measurement of light emission from plants offers the most reliable way to probe
plants biophysical processes. Thus, the fluorescence device can early detect plant
stress resulting from water and nitrogen deficiencies, as well as other applied
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stresses, before there are any visible signs. This allows timely intervention mini-
mizing damage to a crop [22].

Studies of photoinhibition of cucumber, wheat, rape and triazine-resistant rape
line growing in high irradiance and chill have been performed using the chloro-
phyll a fluorescence induction and PDL [18,64]. The results indicate that the lu-
minescence parameters of PDL kinetics inform about the structure and function of
the primary quinone acceptors Q4 and Qp in photosystem II. They can be also
used for estimation of the degree of photoinhibition, especially the regularity of
primary photosynthetic reactions course.

Bioluminescent proteins — luciferases from bacteria, jellyfish and fireflies are
useful tools in molecular biology and agriculture not only as reporter proteins, but
also because of the sensitivity, reproducibility and simplicity of the corresponding
detection assays. An exciting example of bioluminescence application is its use as
an in vitro indicator of denaturation processes. It is possible to treat living cells
with environmental contaminants or altered physical conditions such as light, tem-
perature, pH, osmotic shock, electrical field, oxygen deprivation and assess their
effects on physiological response by monitoring real-time changes in the BL acti-
vity. Luciferase can be also used as an in vivo reporter of gene expression: luci-
ferase gene has to be brought to the promoter region of the gene of interest. Due to
the null background luminescence of luciferase, the quantification of very weak
promoters is possible [71,102,115]. In another project promoters of dehalogenases
(cleavage of the C-CI bond) were selected, amplified and inserted into a multiple
cloning site on a plasmid, upstream from Vibrio fisheri lux CDABE. These plas-
mids were used to transform several bacterial strains to generate bacterial con-
structs which respond by increased bioluminescence to the pre—determined target
haloorganics (detection of 4-Cl-benzoic acid, 4CBA). The bacterial construct dis-
plays a marked specificity towards haloderivatives of 4CBA that offers a powerful
tool for the selective determination of haloorganics [2,110].

The use of UPE to the determination of food quality and deterioration
of food products

There are permanent attempts to apply UPE, bio- and chemiluminescence for evalu-
ation of food quality. This approach is justified as these luminescences, particularly
UPE, represent a holistic integrated responses of properties and structure of a bio-
genic material to external influences (see Table 1). In recent years compelling evi-
dence has been accumulated that spontaneous or photoinduced UPE of certain
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T able 1. Basic features of the ultraweak—luminescence-response to internal and environmental
detrimental stress factors

Holistic response Combines the effect of stress on the homeostatic system (the cell,
tissue or organism); presents a synergetic superposition of posi-
tive/negative feedbacks of processes influencing luminescence.

Homeostasis-dependent  sensiti- High or low depending on the efficiency of regulation mecha-

vity of the photonic (lumines- nisms (amplification or damping), quantum yield of excitation/

cence) response emission and the rate of processes. Can be enhanced and speci-
fied by e.g. chemi-fluore-scent probes.

Multiparametric information Contains information about: species-specificity of a stress factor,
the rate and energetics of chemiexcitation process, its heteroge-
neity and dynamics.

Discrete character of the photonic Inherently quantified signal (photon count series) is ideal for
signal (luminescent response)  statistical (numerical) procedures, e.g. analysis of stochastic pro-
cesses, correlation analysis etc.

food products can provide information about the food quality and its resistance to
microbial, physical and chemical deterioration. Chemiluminescence—based meth-
ods have been developed for monitoring of the deterioration of food [40,51,74],
detection of irradiated food [7,53] and investigation of reactions of water with ce-
real products [28,86].

Holistic response combines the effect of stress on the homeostatic system (the
cell, tissue or organism); presents a synergetic superposition of positive/negative
feedbacks of processes influencing luminescence

Homeostasis-dependent sensitivity of the photonic (luminescence) response-
high or low depending on the efficiency of regulation mechanisms (amplification
or damping), quantum yield of excitation/emission and the rate of processes can be
enhanced and specified by e.g. chemi—fluorescent probes.

Multiparametric measurements provide information about: species—specificity
of a stress factor, the rate and energetics of chemiexcitation process, its heteroge-
neity and dynamics.

Discrete character of the photonic signal (luminescent response) i.e., inhe-
rently quantified signal (photon count series) is ideal for statistical (numerical)
procedures, e.g. analysis of stochastic processes, correlation analysis etc. The oxidative
deterioration of food products has received much attention in connection with its
pathological effects. It is intrinsically associated with slow auto- and peroxidative ex-
ergonic reactions in which electronically excited light-emitting molecules are generated.
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Therefore, the rate, energetics and mechanisms of oxidative deterioration have
been recently successfully examined using UPE measurements [28,40,70,82].

An ultrasensitive slow scan charge coupled device (CCD) camera Night Owl
Molecular Light Imager was employed to monitor the surface intensity I distribu-
tion (single photon counting imaging, SPCI) and kinetics /=f{¢) of UPE from a va-
riety of plant oils subjected to oxidative deterioration stimulated by ozonation and
photooxidation [76]. It was found that the increase in the intensity / of UPE was
correlated with the rate of oxidative deterioration of oils exposed to oxygen ozone
or UV-VIS radiation. The effect of chlorophylls as a photosensitizer, vitamin C
and E as a radical chain-breaking antioxidants and Fe and Ni salts as catalysts of
hydroperoxides decomposition has been proved [28,82].

UPE from 7 species and varieties of cereal grains and rye bread was monitored
as a successiveSPCI by means of a high sensitivity slow scan CCD camera Night
Ow). The interaction of water with air-dried intact and damaged grains enhanced
CL intensity and revealed interspecies differences in SPCI. UPE of rye bread
slices exposed to the UV-VIS radiation or ozone was monitored by the SCPI and
found to reflect the rate of cereal food deterioration [28,29,82]. The results illus-
trate potential use of the SPCI technique as a fast, sensitive and noninvasive
method for monitoring kinetics and spatial distribution of oxidative reactions in
plant food products, the field of cereal food sciences.

UPE and wood weathering

The weathering process of the surface of wood exposed to out of doors results
in defibration, loss of original colour and greying and has serious consequences
for wood technology. Pollutants, singlet oxygen, ozone and UV radiation en-
hanced by the ozone layer depletion, moisture and acid rains are the major weath-
ering factors. Freshly cut specimens of wood do not exhibit any detectable
photoinduced UPE or EPR signal. The kinetics / = f{¥) and emission spectra / = 1)
of photoinduced (irradiation of wood samples with a xenon lamp) UPE were
measured [79,81]. The similar kinetics for different types of wood can be best fit-
ted by two-exponential sum:

I(f) = a, exp(-tla,) + a; exp(-tia,) (13)

where: a| and a5 are initial /-value of components and a, ay are time constants, re-
spectively. All emission spectra have three spectral regions: 450-550, 600-640 and
700-720 nm. Such similarity of the time constants between different types of
wood and spectra is suggesting a common mechanism connected with observed
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luminescence. Imaging of wood UPE by means of Night Ow, CCD camera re-
vealed that wood samples not irradiated with UV+VIS do not emit UPE flux
higher than about 100 photons/mm2 s (A =650 nm). A satysfying spatial resolu-
tion of the UPE inhomogeneity pattern and textural details were achieved. A sig-
nificant role of water, polyphenols and cellulose photooxidation contributing to
the weathering was well proven [79]. Therefore, the photon imaging of surface lu-
minescent phenomena may be important for searching new and more effective an-
tioxidants and retardants for protection of wood and natural fibers against
environmental deterioration.

Evaluation of the viability of domestic animals spermatozoa

There have been made permanent attempts to employ UPE as a fast and sensi-
tive biophysical method for the evaluation of the structural and functional integrity
of membranes in domestic animals spermatozoa. The problem is relevant to sperm
cryoconservation for artificial insemination. Spermatozoa cells were incubated at
temperatures higher than the optimum temperature in the presence of prooxi-
dants.The process of lipid peroxidation was intensified by the redox-cycling
Fe(I)-ascorbate system and pure O,. After various time of incubation FeSO, solu-
tion was injected into cell suspension in order to decompose accumulated hydrop-
eroxides. This resulted in a rapid formation and recombination of radicals
accompanied by light flash. Using the single photon counting method and optical
cut-off filters, spectra of the intrinsic UPE were measured for the first time with-
out luminescent probes (chemiluminescence enhancers). The spectra (300-850 nm,
Amax 630 nm) provided information about energetics of the radical recombination
and photon emission. The motility, vitality, O,-consumption and ATP production
in the cells were simultaneously determined. The time course and light sum of
UPE was correlated with physiological and biochemical indices. A drop in moti-lity
and vitality of spermatozoa was accompanied by accumulation of ATP, increase
of UPE intensity and light sum, and decrease in oxygen consumption [19,32,52].
In the presence of pM mM concentrations of o-tocopherol the intensity of UPE
decreased while the vitality of bull spermatozoa cells increrased in comparison with
the cells incubated with ascorbic acid + Fe(Il). Results of these investigation confirm the
radical character of UPE and indicate that the main source of radiation emitted are
singlet molecular oxygen species and electronically excited carbonyls. Attempts to
enhance a very weak signal of UPE and to increase the S/N ratio to the values re-
quired for practical applications by the use chemi- and fluorogenic probes are ac-
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tually performed [6,23,27]. UPE from developing eggs and embryos has only been
sporadically investigated [5,20,38].

UPE as the measure of homeostasis perturbation

The transition from one level of the organisms homeostasis to another under
stress is accompanied by changes in intensity 7, kinetic pattern / = f{), spectral dis-
tribution 7(1.) = f{A) and statistical photocount distribution P = f{n, Af) of a station-
ary UPE. A new conceptual and methodological approach which combines
bioenergetic, kinetic and spectral aspects of open systems far from thermal equi-
librium (i.e. a living state) with corresponding properties of UPE has been pro-
posed [93,95,97]. It takes into consideration the control biofeedback mechanisms
governing energy sources and the activity of electrogenic pumps which maintain
homeostasis and are mainly localized in membranes. The energy dissipation in a
living system is:

5 = (dS/dy)dv (14)

where: dS/dt stands for the rate of entropy production within the system (orga-
nism) per volume of unit. It can be related to the rate of metabolic processes:

d=%1,X;>0 (15)
where the flux (rate) is:
L=, > VIpx, i=12,..,N (16)
and the gradient
X=1/T | Zviy (17)

where: p; is the chemical potential and v, is the molecular fraction of reactant I.
Ton-radical processes in mitochondrial membranes involving exergonic steps of
the metabolic peroxidative reactions underline UPE. Under homeostatic condi-
tions (the steady state) the flux /. of ion-radicals, ROOe, peroxides or 102* is
minimal owing to the radical-scavenging reactions. These reactions are generated
by inhibitors {(mainly antioxidants) present in the membrane, e.g. a-tocopherol,
[-carotene and substituted polyphenols and flavonoids as well as enzymes, e.g.
SOD, catalase etc. The stationary condition for open systems & = constant
— minimum, requires that fluxes I, 1, (the flux of antioxidants/inhibitors) and 1,
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(unsaturated membrane lipids which serve as the source of substrates for 1) are
counterbalanced. The value of I, is coupled to UPE by the following equation:

I =1/® (18)

where @ is the total quantum yield of UPE. The spectral properties of UPE are as-
sociated with the free energy AG of the elementary step of exergonic reactions by
AG = he/A (Eq. 2), where A'is the short-wave limit of the emitted radiation. Thus,
all factors influencing control mechanisms in the membranes have to affect pa-
rameters of UPE. The solution of phenomenological equations:

]i=k=12NLika for i=2 and i=3 (19)

gives two-dimensional or three-dimensional (hyper) surfaces (a parabola) typical
of a self-regulating oscillatory system. The living state emitting electromagnetic
radiation (UPE) may be treated as such a system. Therefore, this matematical
model describes well homeostatic control (feedbacks) of living organisms and per-
turbations of homeostasis by stress factors [74,93,95,97]. It is also in agreement
with the so called Quality Factor O:

O = Energy stored in the system/ Energy lost per period 2IT (20)

analogous to the energy storage and dissipation in an oscillating electric circuit LC.

The UPE response to stress factors may be also analyzed by statistical proce-
dures: integrated moving average (IMA), autoregression integrated moving ave-
rage (ARIMA) and systemic analysis using the experimentally aquisited
photocount time series [45-48]. The analysis based on photon statistics and corre-
lation analysis (the time—interval measurement of photoelectrons) elaborated quite
recently [43] has merit for for noninvasive detection of an UPE signal coupled
with physiological and pathological states. It will contribute to more efficient ex-
tracting information from faint UPE signals.
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ZASTOSOWANIE ULTRASLABEJ EMISII FOTONOWE] W ROLNICTWIE

J. Stawinski

Zaktad Radio- i Fotochemii, Instytut Chemii i Elektrochemii Technicznej,
Wydzial Technologii Chemicznej, Politechnika Poznanska, ul. Piotrowo 3, 60-965 Poznan

Streszczenie Wszystkie zywe organizmy emituja niezwykle stabe $wiecenie (o mocy
10'® W dla diugosci fali = 600 nm lub ca 10-10* fotonéw/sem?, od UV do IR) podczas metabo-
licznych przemian. Promieniowanie to zwane ultra staby luminescencja, biochemiluminescencia,
emisja fotonowa lub “biofotonami” jest $cisle zwiazane z natezeniem, kinetyka, energetyka i charak-
terem proceséw biochemicznych oraz stanem fizjologicznym organizmu (komérek) tj. homeostaza.
Parametry ultra stabego $wiecenia dzielacych si¢ komorek oraz kielkujacych nasion roslin upraw-
nych. dostarczaja informacji o intensywnosci procesow metabolicznych i doé¢ dobrze koreluja ze
zdolnoscia kietkowania zarodnikow i nasion. Pozwalaja szybko i nieinwazyjnie oszacowa¢ zdolnosci
adaptacyjne roélin do niskich i wysokich temperatur, wytrzymatos¢ na suszg, zasolenie i inne czyn-
niki agrofizyczne i meteorologiczne. W przegladzie przedstawiono i przedyskutowano ostatnie
osiagniccia w zastosowaniu ultra stabej emisji fotonowej do celéw analitycznych i diagnostycznych
w rolnictwie i pokrewnych dziedzinach. Metody te w powiazaniu z zaawansowang optoelektronikg
stanowia bardzo cenne i czule Zrédlo istotnych informacji.

Stowa kluczowe; emisja fotonowa, fotosyntetyczna luminescencja, stress oksydacyjny,
metody immunoluminescencyjne w rolnictwie, biotechnologii i ekologii.





