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Summary. Photon emission from unicellular and multicellular organisms has been a subject of study for many 
decennia. In contrast to the well-known phenomenon of bioluminescence originating in luciferin-luciferase reactions, 
low intensity emission in the visible region of the electromagnetic spectrum has been found in almost every species 
studied so far. At present, the nomenclature of this phenomenon has not crystallized and it is referred to by a variety 
of names, such as mitogenetic radiation 29, dark luminescence 7, low-level chemiluminescence 20, 36, and biopho- 
tons 57. Particular attention has been focussed on the relationship between photon emission and the regulation of 
various aspects of cellular metabolism, although in many cases quantitative data are still lacking. Throughout the 
history of this field of research the question of a functional biological role of the low intensity emission has been 
repeatedly raised; this is reflected, for instance, in the heterogeneity of the terms used to describe it. The discussion 
concerns the possible participation of photons of low intensity in intra- and intercellular communication. This paper 
reviews literature on the metabolic regulation of low intensity emission, as well as the regulation of photon emission 
initiated by external light. Furthermore, recent data are discussed with respect to a possible biocommunicative 
function of low intensity photon emission. 
Key words. Regulatory aspects; intracellular and intercellular communication; metabolic regulation; biological role; 
cancer; biophoton review. 

Ultraweak photon emission and cellular metabolism 

Studies on photon emission have been performed with a 
large variety of organisms, applying various physical 
measurements. In 1977, at a symposium on electromag- 
netic bio-information, Ruth listed data obtained with 
various cell types and organisms ranging from yeasts to 
plants and animals 63. In addition biological indicators 
have been used to obtain evidence for the existence of 
ultraweak photon emission of biological origin 29. Since 
then there has been a steady increase in cell types from 
which photon emission has been detected. In the majority 
of studies only qualitative data have been published, but 
more recently quantitative data as well as data on the 
effects of altered environmental conditions have become 
available. For reasons of clarity the present survey of the 
literature on ultraweak photon emission from biological 
sources has been divided in three parts, consisting of 
observations on tissues/cells of mammalian, yeast and 
plant origin. 

a) Photon emission from mammalian cells 

Emission of weak radiation in the visible range of the 
electromagnetic spectrum by animal tissues and cells has 
been described for a variety of organs and by many au- 
thors. By the use of photomultipliers emission has been 
readily detected from liver 11, 12, 66, heart 8, 52, lung 14, 
nerve 5, muscle 9, 6s, Ehrlich ascites cells 21, 63, human ex- 
pired air 79 and blood from healthy persons and patients 
suffering from various diseases, i.e., cancer, diabetes mel- 
litus and hyperlipidemia 34. A contracting frog heart in 
the thorax emits light, and this continues after isola- 
tion 52. Isolated frog muscles obtained from various body 
locations radiate in low intensity when stimulated 9' 6s. 
Pulsed electric excitation of frog sciatic nerve caused 

photon emission 5. Radiation within the visible range has 
been reported for mouse liver at physiological tempera- 
tures 66. From in situ and isolated perfused rat liver a 
spontaneous emission of approximately 7-12 photons/s 
per cm z was registered, depending on the spectral sensi- 
tivity of the photomultiplier 11, 12. 
Interestingly, the phenomenon of light emission was still 
present after isolation of individual hepatocytes, 
amounting to approximately 30photons/s per 106 
cells 20. However, it must be emphasized that the number 
of photons registered per cell depends on a variety of 
factors. Among them are instrumental characteristics 
like the size and shape of the sample cuvette, the use of 
a mirror, the distance between cuvette and photomulti- 
plier and the spectral sensitivity of the photomultiplier. 
Other factors relate to the emitting biological material, 
namely its homogeneity within the cuvette and the num- 
ber of cells. The latter factors influence the absorption by 
cells other than the emittor cell. Apparently the actual 
number of photons registered represents a percentage of 
photons leaving the cells. Based on quantum efficiency 
data and light absorption data it can be estimated that 
mammalian cells emit approximately one photon per cell 
during a time period of 3-20 min. 
Extensive studies consider the underlying mechanism of 
weak radiation from liver. Emission from intact liver 
appeared to be oxygen-dependent, increasing by a factor 
of 30 upon infusion with hydroperoxides 12 Unfortu- 
nately, a quantitative comparison between intact liver 
and isolated hepatocytes can not be made due to the lack 
of accurate data, especially on the number of cells con- 
tributing to the emission of intact liver. However, also in 
isolated hepatocytes oxygenation resulted in an increased 
photon emission, occurring after a lag period of 20-  
40 min 2~ Several studies were intended to determine 
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possible intracellular sources of the light emission. In 
addition to measurements on photon emission by total 
organ homogenates from heart and liver cells 19, cell frac- 
tionation studies showed emission from submitochondri- 
al particles 15, 16 and mitochondria 10. Furthermore, the 
microsomal fraction of liver cells was recognized as a 
major contributor of  emission1~ t8, 32.46, 72, 80 The 
light emission of these organelles requires a membrane 
bound electron transfer system and can be optimized in 
the presence of oxygen and hydroperoxide. 
Spectral analysis has been extensively applied in order to 
identify more precisely the source of the photon emission 
in liver, brain, lung and heart cells 14, 16, 19 and hepatic 
microsomal fractions 18, ,6. In general various emission 
bands in the range of 400-700 nm were found and the 
data appeared to suggest singlet molecular oxygen, 
formed during the free radical process accompanying 
lipid peroxidation as the major source of light emission 
(fig. 1). 
Thus, free radical decomposition of lipid hydroperoxides 
leads to the formation of excited chemiluminescent spe- 
cies by the self-reaction of secondary lipids peroxyradi- 
cals, producing either singlet molecular oxygen or excited 
carbonyl groups. Excited carbonyl compounds could in 
addition be formed by the reaction of the singlet molecu- 
lar oxygen generated with unsaturated lipids, through a 
dioxetane intermediate 20. For a more comprehensive ac- 
count of  lipid peroxidation, including the oxidizing spe- 
cies triggering and participating in this process, the read- 
er is referred to Halliwell and Gutteridge 31 and Boveris 
et al. 11. However, it should be emphasized that besides 
the process of lipid peroxidation additional sources of 
weak luminescence have been proposed (see later). 
Another important target of  active research in photon 
emission concerns the process of phagocytosis by leuko- 
cytes. Leukocytes, circulating freely in the blood stream, 
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can move to any site in a tissue which is damaged or 
invaded by microbes. During acute inflammation circu- 
lating leukocytes become attached to the endothelial cells 
of small blood vessels at the site of the stimulus, move to 
the endothelium, penetrate through it and pass extravas- 
cularly into the adjacent tissue. Many factors have been 
shown to elicit the chemotactic response, especially inter- 
esting are bacterial metabolites and N-formylme- 
thionylpeptides 26, 
Photon emission of leukocytes has been measured both 
by directly applying photomultipliers and by the use of  
luminol as amplifier of the effect 2, 3, 36.74. The intensity 
and kinetics have been determined. The data suggest that 
photon emission is related to the process ofphagocytosis. 
Photon emission has been used in order to elucidate the 
mechanism involved in the elimination of invading mi- 
croorganisms. Studies revealed that phagocytosis com- 
prises the engulfment of foreign particles, followed by 
their encapsulation in phagolysosomes 42. During these 
processes the particles become exposed to a high flux of 
oxygen radicals, resulting from an increased non-mito- 
chondrial consumption of oxygen, This respiratory burst 
appears to be associated with a burst in luminescence. 
Various oxygen reduction intermediates have been pro- 
posed as the species initiating the microbicidal effect, 
including the superoxide anion, hydrogen peroxide, the 
hydroxyl radical and singlet oxygen (for review see Bad- 
wey and Karnovsky 6 and Halliwell3~ Furthermore, 
several mechanisms by which the actual killing of mi- 
croorganism is effected have been proposed 6' 35. It is 
generally believed that the myeloperoxidase-hydrogen 
peroxide-halide system is the principal oxygen-depen- 
dent microbicidal system in neutrophils. However, exper- 
iments of  Shohet et al. indicate that lipid peroxidation 
plays a role in the killing process 67. 
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Figure 1. Spectral distribution of luminescence observed for various bio- 
logical species and cellular fractions. The bars represent range of wave- 
lengths. Optima within these ranges are not shown. The triangles repre- 
sent specific optima reported in literature. In this later case no ranges 
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were reported. In addition wavelengths of luminescence of various rele- 
vant chemical species are given. The numbers in the parentheses represent 
the reference numbers. 
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In addition, photon emission of peritoneal and alveolar 
macrophages has been used to elucidate what is the pre- 
dominant oxygen reduction intermediate triggering the 
microbicidal effect 2' 17. The various results appeared to 
be conflicting and both singlet oxygen and superoxide 
anion have been mentioned 3, 17, 35, 36. However, at pres- 
ent it is not clear whether these differences originate from 
differences in the cellular source (polymorphonuclear 
leucocytes or macrophages). Furthermore, the presence 
of multiple broad bands of emission makes the interpre- 
tation of the various results less conclusive. 
Despite these difficulties, spontaneous emission in the 
range of 20-200 photon/s per 106 cells, depending on the 
particular cell type has been reported 17, 36. The intensity 
can be modified by immunological f a c to r s  64'7~ 

chemoattractants 26, drugs 51 and the interaction with 
various solid surfaces so, sl. 
A resemblance between phagocytosis-induced chemilu- 
minescence and luminescence from Acanthamoeba castel- 
lanii has been found 43. Studies on the chemilumines- 
cence stimulated by cyanide and dibromothymoquinone 
suggested that reactions responsible for the production 
of luminescence are those primarily involved in produc- 
tion of superoxide anions, leading to lipid peroxidation 
and singlet oxygen formation. 
In addition to the studies with isolated hepatocytes and 
leukocytes several other isolated mammalian cells have 
been investigated. Thus, Yoshida and Ehrlich ascites tu- 
mor cells grown in the abdominal cavity of rats and mice 
respectively, were found to emit light with a very low 
intensity 63. Addition of several cytostatica influenced 
the emission temporarily. Increasing the concentration of 
4-hydroxycyclophosphamide caused an approximately 
proportional enhancement of the emission of the Yoshi- 
da ascites cells. Recently, Cheng et al. also measured 
chemiluminescence from Ehrlich ascites cells which had 
an intensity of the same order of magnitude as that of the 
cells mentioned before zl. 
Several attempts have been made by us to measure spon- 
taneous low level chemiluminescence of a liver-derived 
hepatoma cell line, grown in vitro. In contrast to the 
reported observations of light emission from hepato- 
cytes 2o these attempts were unsuccessful, although the 
conditions used for measurement should have permitted 
the registration of photon emission at a current density 
of 2 photons/s per c m  2 with a significance level of 99.9 % 
within 6 h 58. These differences between hepatocytes and 
hepatoma cells may be of value, because they can present 
additional circumstantial evidence for differences in rad- 
ical processes in relation to cellular malignant transfor- 
mation. In this respect it is interesting that some years 
ago it has been suggested that the loss of mitochondrial- 
bound manganese-containing superoxide dismutase 
(Mn SOD) along with radical production is a cause of 
cancer 4'4s. Superoxide dismutase catalyze the conver- 
sion of superoxide radicals into hydrogen peroxide and 
oxygen, neutralizing the potentially damaging effect of 
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the superoxide radical. The observations that tumor cells 
do produce superoxide in addition to undergoing a loss 
of Mn SOD, seems to support this hypothesis. 
However, recently Galeoti et al. compared the generation 
of superoxide and lipid peroxidation of the microsomal 
fraction of various hepatomas with different growth 
rates and degrees of malignancy 2v. Their results showed 
that the production of superoxide radicals becomes re- 
duced with increasing growth rate of the tumors. These 
data seem to be in contrast with those of Oberley and 
Buettner 48. However, these results do not exclude the 
possibility that superoxide or related radicals in combi- 
nation with a reduced level of Mn SOD play a role in 
early tumor formation. In this respect analysis of chemi- 
luminescence during malignant transformation could be 
of great value. In addition, it must be emphasized that 
decreased photon emission can be due to multiple fac- 
tors. Besides the possibility of an alteration of intracellu- 
lar sources of emission, the emission is dependent on 
intracellular trapping principles (see later). 

b) Photon emission from yeast 

Photon emission from yeast has been reported in the 
sixties and seventies 38, 59, 6o, 71. At that time a number of 
data appeared which are comparable with those de- 
scribed for mammalian cells. Thus, photon emission was 
increased by blowing oxygen through a suspension of 
yeast cells. This enhancement was temporary and de- 
creased within 20 min vl. In addition several other nutri- 
tional effects on photon emission were described. Photon 
emission of Saccharomyces cerevisiae during continuous 
proliferation has been extensively studied by Quickenden 
et al. 59-61. After inoculation the emission rises during 
the logarithmic phase of growth, proportionally to the 
increase in the number of yeast cells. At the end of the log 
phase emission decreased. It is interesting, although not 
yet explainable, that after a short period of time a second, 
transient increase occurred. Spectral analysis of the lu- 
minescence of yeast have shown that in addition to the 
spectral bands comparable to those observed for mam- 
malian cells, yeast cells emit in the UV part (200- 
425 nm) of the electromagnetic spectrum (fig. 1). Spec- 
tral distribution of luminescence emitted during the 
logarithmic and stationary phases of growth were shown 
to be different. Stationary phase cells had a smaller far- 
UV band, whereas the band in the visible region ap- 
peared to be very broad compared to that for logarithmic 
phase cells. The sources from which the emission from 
yeast originates are not known. It has been suggested 
that the far-UV component arises from excited tryp- 
tophan 60. Luminescence in the visible region seems com- 
parable to that observed in mammalian cells. 
Yeast metabolism has been studied in great detail, espe- 
cially the phenomena of glucose repression (catabolite 
repression) and catabolite inactivation in a large number 
of yeast physiological processes. Growing yeast metabo- 
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lizes carbon sources in a sequential way 2s. In the case of 
glucose (or fructose) metabolism, ethanol is produced 
while respiration is inhibited, despite the presence of ox- 
ygen. Expression of relevant enzymes is either repressed 
or inactivated. However, enzyme activities readily in- 
crease under conditions of glucose limitation and in the 
presence of oxygen 53, 54, 75-77. Absence of glucose re- 
pression and catabolite inactivation results in a tempo- 
rary increase in cellular metabolism and ethanol con- 
sumption. Furthermore, lipid metabolism and fatty acid 
composition of yeast varies considerably, according to 
the growth conditions 49. Recent experiments with nor- 
mal and petite (lacking functional mitochondria) yeasts 
showed clearly the importance of mitochondrial 
metabolism in photon emission 61. 
Taking advantage of the relative ease with which yeast 
cells can be synchronized by deprivation of an essential 
nutrient, it was shown that the emission increased during 
synchronized growth after application of the essential 
nutrient. Subsequently emission decreased; this was fol- 
lowed by a second increase during budding or cell divi- 
sion 59. It is essentially unknown whether this fluctuating 
behavior is the consequence of some oscillatory phenom- 
ena initiated by metabolic stimulation or is linked to the 
process of budding in a causal manner. It might be asso- 
ciated with a unique, underlying metabolic process acti- 
vated during various phases of the cell cycle, or with two 
different metabolic processes, each active in a specific 
phase of the cell cycle. In this respect, spectral analysis of 
the light emitted during cell cycle progression would be 
of great value. Furthermore, the alterations in photon 
emission may be partly due to temporarily active trap- 
ping principles. Subsequent analysis of the alteration of 
gene expression and DNA duplication after growth and 
synchronization will be of interest in order to prove a 
coupling between photon emission and DNA structure 
as suggested by several authors 44, 57, 59 
Although the data from yeast do not permit accurate 
quantification, photon emission from yeast and from 
mammalian cells seem to have in general several aspects 
in common, namely a) the low frequency at which cells 
emit a photon, and b) the regulation in situations of 
increased metabolism. Furthermore, as was observed for 
mammalian cells the existence of fairly broad bands in 
the emission spectrum may be indicative of the presence 
of multiple sources of emission, some of them not yet 
established. 

c) Photon emission in plants 

In adult plants, seedlings and seeds photon emission of 
high intensity has been found. For example, cucumber 
seedlings of about 4 cm emit light at an intensity of at 
least 6000 photons/s per seedling 63. Emission of plant 
material was especially high immediately after placing 
fresh plants in the dark chamber of the measurement 
equipment. Subsequently, the emission decreased to a 

low, but detectable level within a few hours. A great 
number of experiments have been performed with 
Tradescantia branches with developed roots and 
seedlings of potato and cucumber 58, 63. Unfortunately, 
as in the case of many studies on mammalian and yeast 
cells, a quantification in terms of photons emitted per cell 
under conditions of darkness cannot be given. Photon 
emission from various germinating plants and plant tis- 
sue extracts was first reported by Colli and Facchini 25. 
Later it was found that similarly to that of mammalian 
and yeast cells, the emission of seedlings is oxygen depen- 
dent 63. By the use of effective inhibitors and determina- 
tion of the spectral distribution of intact soybean seeds, 
homogenates from these seeds and the reaction of pure 
lipoxygenase, Boveris et al. suggested that photon emis- 
sion is mainly related to the lipoxygenase reaction 13. The 
low photon emission is therefore regarded as mainly orig- 
inating from excited species such as carbonyl groups, 
singlet oxygen and/or dioxetane intermediates (fig. 1). 
For cucumber seedlings and wheat leaves temperature- 
dependence of photon emission has been described 37, 58 
Especially interesting is the alteration of emission in- 
duced by the transfer from a low to a higher temperature. 
A transfer from 19 ~ to 30, 35 and 40 ~ resulted in a 
transient increase of the emission of cucumber 
seedlings 58. Furthermore, the typical temporal course of 
the response of photon emission to temperature changes 
appeared to be that after a rise in emission, initiated by 
the temperature increase, emission subsequently dropped 
in an oscillatory way. This characteristic response of 
photon emission has been theoretically described in 
terms of dissipative structures of thermodynamically 
open systems, which are far away from thermal equilibri- 
um 55. These and other results led Popp and co-workers 
to suggest a major role of DNA in photon emission sT. 6z 
In microsporocytes of larch, developmentally linked 
changes in photon emission, occurring at low frequency, 
were observed 23. Large differences were found for the 
various phases of meiosis, known to cover a process of 
significant transformation of the nuclear apparatus asso- 
ciated with repeated disappearance and reappearance of 
nucleoli and rebuilding of cytoplasm 23. These differ- 
ences in photon emission have been interpreted in terms 
of structural changes in chromatin and consequently 
considered as evidence for DNA as a source of photon 
emission zz. Furthermore, additional evidence has been 
based on the observed correlation between changes in 
photon emission and DNase activity, measured in vitro, 
the latter being considered as indicative for DNA confor- 
mation. However, this assumption seems at present pre- 
mature, making this evidence insufficient for definite 
proof. 

Light induced photon emission (IPE) 

From the preceding section it was concluded that the 
photons escape from cells at low frequency. The actual 
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number of photons generated within the cell may, how- 
ever, be far higher. In that case a photon has a low 
probability of escaping from the emitter cell after gener- 
ation, which means there is an effective intracellular 
mechanism of photon trapping. One can well imagine 
that this trapping can influence metabolic and cellular 
events by triggering amplification mechanisms and pro- 
moting photochemical processes, in a way comparable to 
the mechanisms proposed by Cilento z4 
In this respect it is of interest to consider the events 
observed after (pre-)illumination of cells. Supposing that 
cellular photon trapping does occur, it seems likely that 
as a consequence of illumination the trapping mechanism 
shifts to a state not capable of photon trapping during 
some period of time. The duration of the period of laten- 
cy depends on the characteristics of the trapping mecha- 
nism(s). In fact, after termination of illumination, cellu- 
lar emission may be temporarily at a high level, 
depending on the recovery time of the trapping process. 
Furthermore, the maximal amount of photons measured 
immediately after the start of darkness may be indicative 
of the actual number of photons that could potentially be 
released or, in other words, had previously been being 
trapped. 
Experimentally, the plant system has shown the transi- 
tion between at least two states of photon emission. The 
first state represents the emission of photons in the pres- 
ence of external light, experimentally determined imme- 
diately after transfer to the dark chamber of the photo- 
multiplier. As mentioned before, during a prolonged stay 
in the dark photon emission decreased until a second, 
steady state was reached. The transition between these 
various states has been studied in detail by way of its 
decay kinetics, its dependence on the initial light condi- 
tion and its spectral changes. In essence, the technique of 
pulse illumination has been used, described as 
(light)induced photon emission (IPE). 
A series of experiments on induced photon emission have 
been described by Popp and co-workers. The kinetics of 
the decay curves observed after pre-illumination of cu- 
cumber seedlings and leaves of Bryophyllurn were not 
found to be easy to interpret. Pre-illumination with 
quasi-monochromatic light of a wavelength of about 
700 nm and higher resulted in decay curves exhibiting a 
single shoulder shortly after the start of IPE decay ss. 
This shoulder was not found after pre-illumination with 
light of lower wavelength. Furthermore, it was shown 
that the decay kinetics df IPE were independent of the 
excitation wavelength and followed a hyperbolic rather 
than an exponential law. Chwirot et al., using as a model 
system the microsporogenesis of larch microsporocytes, 
found that both the intensity of IPE and the characteris- 
tics of decay varied considerably during the successive 
stages of development 23. Depending on the developmen- 
tal stage oscillating decay curves were found after excita- 
tion with quasimonochromatic light. In contrast, oscilla- 
tions were not detected after illumination with the full 

spectrum of a halogen lamp or nonmonochromatic light 
with a wavelength beyond 350 nm. At 8 out of 13 devel- 
opmental stages decay of IPE could be described as being 
essentially hyperbolic. Furthermore, as in other plant 
systems the process of decay of IPE continues for nearly 
an hour or even longer. Recently, several mammalian 
systems have been carefully studied for their decay curves 
after exposure to light. Up to now only nonmonochro- 
matic light has been used. Contrary to the plant systems, 
in mammalian systems the time for the decay of IPE is 
rapid, of the order of a few seconds. The first mammalian 
system was studied by Schamhart and Van Wijk and 
consisted of normal, isolated rat hepatocytes and the 
liver-derived hepatoma cell lines, H 35 and HTC, with 
different degrees of differentiation 65. It was found that 
for any of these cell types the decay curve of IPE could 
be best described as hyperbolic. In view of the aforemen- 
tioned hypothesis attention must be paid to: 
a) the maximum rate of photon emission immediately 
after shutting off the external light source (this gives 
information about the cellular photon emission under 
conditions of minimal trapping activity), and 
b) the rate of decay as indicative for the trapping process, 
including appropriate excited molecular states. 
These aspects were studied in the aforementioned hepa- 
tocyte-hepatoma model system in relation to cell density. 
Comparison of the hepatoma cell lines showed that at 
high cell densities both the initial rate (measured at about 
0.3 s following pre-illumination) and the rate of decay of 
IPE were more rapid in the poorly differentiated HTC 
cells compared to the well differentiated H 35 cells (figs 
2A and B)6s. So, in the case of H 35 cells both parame- 
ters appeared to be comparable to those of the medium, 
whereas HTC cells displayed an increasing emission- 
probability with increasing cell density. Normal hepato- 
cytes exhibited a complex cell density dependency. At 
low cell density an increase in both parameters with in- 
creasing cell density was observed, followed by a decrease 
of emission-probability at cell densities above 3 x 106 
cells/ml. Furthermore, as shown in figure 2C the initial 
rate and the rate of decay of IPE were found to be corre- 
lated in some way. These results were partially confirmed 
by Popp and co-workers comparing Wish tumor cells 
and their normal counterpart, human amnion cells (per- 
sonal communication). 
These results may be explained by assuming that under 
conditions of increasing cell density the proposed photon 
trapping system becomes inactivated (not susceptible to 
light) in hepatocytes, whereas on the contrary this system 
becomes activated in HTC cells. Although there is no 
doubt that this explanation is at present very incomplete 
and raises many questions, it could in principle suggest a 
way of cellular communication. 
It is essentially unknown whether this cell density-depen- 
dent (rapid) event is regulated by metabolic products, 
extruded from the cell and active at low concentrations. 
On the other hand these results may provide evidence for 
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a recently published model of intra- and intercellular 
communication45, 56. This biophysical model, including 
the suggestion that the conformational state of DNA acts 
as a photon storing and emitting resonance device, has a 
well elaborated theoretical basis 4o, 4t. 

Concluding remarks 

In this review a survey is presented of studies concerning 
the regulation of ultraweak photon emission of biologi- 
cal origin. A variety of organisms has been studied and 
from the results reported it can be expected that ultra- 
weak photon emission in the visible range of the spec- 
trum originates from various different cellular systems. 
As clearlY pointed out by Slawinska and Slawinski 69 the 
biochemical interpretation of chemiluminescence is that 
it originates from the interaction of oxygen with the liv- 
ing cell, resulting in various emissive excited species. 
There is no doubt that this is one of the major sources. 
However, in the past few years data have been collected 
indicating that there are additional mechanisms able to 
produce photons. 
The problem of cellular photon trapping processes other 
than photosynthesis has until recently received little at- 
tention. This trapping process, which is very effective 
even in etiolated plants, appears also to be present in 
animal cells. The nature of the trapping is not known, 
although kinetic data suggest multiple mechanisms. To 
gain insight into this process, research on IPE seems 
likely to be worthwhile, since the number of photons 
emitted by the cell is essentially dependent on the nature 
and activity of both the photon emitting process(es) and 

trapping process(es), which may be localized in one sys- 
tem or in two separate systems. 
Furthermore, this article stresses the possible conse- 
quences of the emission. It may well have a decisive 
influence on the activity of biological systems, both on 
the functioning of the emittor cell itself and on its inter- 
actions with surrounding cells. Studies in this field of 
biocommunication are extremely difficult and are at 
present the topic of vigorous discussion. A recent sympo- 
sium on photon emission of biological systems was al- 
most completely devoted to this subject (Photon emis- 
sion from biological systems, IS-86 PEBS, Poland, 1986). 
In this respect it seems to be of importance to emphasize 
that evidence has been obtained indicating that the rele- 
vant excited species may trigger amplification mecha- 
nisms and promote photochemical processes in the dark. 
This type of intracellular interaction has been named 
'photochemistry without light' by Cilento 24. Sung ex- 
tended this concept, speculating that this type of interac- 
tion may also be relevant at the intercellular level. In this 
model the 'biophoton'  is utilized in promoting some bio- 
photochemical reaction, coupling a bioluminescent reac- 
tion in one cell with a biophotochemical reaction in an- 
other 73. Although direct evidence for such a mechanism 
is still lacking, it should be noted that a number of exper- 
iments indicate that cells respond to the presence of weak 
electromagnetic waves, including light 1, 33, 39, 47 
As mentioned before, in addition to this physicochemical 
model of cellular communication, a purely physical mod- 
el for inter- (and intra-)cellular communication has been 
recently proposed 45'56. In this model the biophoton is 
trapped and emitted by a cellular physical resonance 
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device, presumably DNA; this results in light emission 
with at least partially a high degree of coherence 40, 41, 57. 
Furthermore, the dependence of the emission kinetics on 
cell density is of special interest. Density-dependent rapid 
effects on the activity of the trapping mechanism(s) may 
be present. It seems apparent that the transformed cell is 
essentially different from its normal counterpart, the 
parental cell. The altered regulation of the activity of the 
trapping principle in some cancer cells may be part of the 
general shift in regulatory systems that characterizes can- 
cer cells 7s. It is essentially unknown whether this density- 
dependent rapid event is regulated by specific metabolic 
products, which are secreted and are active at low con- 
centration. On the contrary, it seems possible to consider 
biophotons at least as a part of the system of cellular 
communication. Further experiments will have to be de- 
signed to gain insight into the use of (coherent) excita- 
tions of multicellular systems and their role in cancer. 

1 Adey, W. R., Tissue interactions with nonionizing electromagnetic 
fields. Physiol. Rev. 61 (1981) 435-514. 

2 Allen, R. C., and Loose, L. D., Phagocytic activation ofa luminol-de- 
pendent chemiluminescence in rabbit alveolar and peritoneal 
macrophages. Biochem. biophys. Res. Commun. 69 (1976) 245-252. 

3 Allen, R. C., Yevich, S. J., Orth, R. W., and Steele, R. H., The super- 
oxide anion and singlet molecular oxygen: their role in the microbici- 
dal activity of the polymorphonuclear leucocyte. Biochem. biophys. 
Res. Commun. 60 (1974) 909-917. 

4 Ames, B. N ,  Cathcart, R., Schwiers, E., and Hochstein, P., Uric acid 
provides an antioxidant defense in humans against oxidant and radi- 
cal-caused aging and cancer: A hypothesis. Proc. natl Acad. Sci. USA 
78 (1981) 6858-6862. 

5 Artem~ey, V. V., Gotdobin, A. S., and Gus'kov, L. N., Recording the 
optical emission of a nerve. Biophysics 12 (1967) 1278-1280. 

6 Badwey, J. A., and Karnovsky, M. L., Active oxygen species and the 
functions of phagocytic leucocytes. A. Rev. Biochem. 49 (1980) 695- 
726. 

7 Barenboim, G.M., Domanskii, A.N., and Turoverov, K.K.,  Lu- 
minescence of Biopolymers and Cells. Plenum Press, New York/Lon- 
don 1969. 

8 Barsacchi, R_, Camici, P., Bottigli, U., Salvadofi, P. A., Pelosi, G., 
Maiorino, M., and Ursini, F., Correlation between hydroperoxide-in- 
duced chemiluminescence of the heart and its function. Biochim. bio- 
phys. Acta 762 (1983) 241-247. 

9 Blokha, V. V., Kossova, G.V., Sizov, A. D., Fedin, V. A., Kozlov, 
Yu. P., Kol's, O. R., and Tarusov, B. N., Detection of the ultraweak 
glow of muscles on stimulation. Biophysics 13 (1968) 1084-1085. 

10 Boveris, A ,  Chance, B., Filipkowski, M., Nakase, Y., and Paul, 
K. G., Enhancement of the chemiluminescence of perfused rat liver 
and of isolated mitochondria and microsomes by hydroperoxides, in: 
Frontiers of Biological Energetics, Electron to Tissues, vol. 2, 
pp. 975-984. Eds A. Scarpa, P. L. Duutton and J. S. Leigh, Jr. Aca- 
demic Press, New York 1978. 

11 Boveris, A., Cadenas, E., and Chance, B., Ultraweak chemilumines- 
cence: a sensitive assay for oxidative radical reactions. Fed. Proc. 40 
(1981) 195-198. 

12 Boveris, A., Cadenas, E., Reiter, R., Filipkowski, M., Nakase, Y., and 
Chance, B., Organ chemiluminescence: Noninvasive assay for oxida- 
tive radical reactions. Proc. nati Acad Sci. USA 77 (1980) 347-351. 

13 Boveris, A., Sanchez, R. A., Varsavsky, A. I., and Cadenas, E., Spon- 
taneous chemiluminescence of soybean seed. FEBS Lett. 113 (1980) 
29-32. 

14 Cadenas, E., Arad, I. D., Boveris, A., Fisher, A. B., and Chance, B., 
Partial spectral analysis &the  hydroperoxide-induced chemilumines- 
cence of the perfused lung. EEBS Lett. 111 (1980) 413-418. 

15 Cadenas, E., Boveris, A., and Chance, B., Low-level chemilumines- 
cence of bovine heart submitochondrial particles. Biochem. J. 186 
(1980) 659-667. 

16 Cadenas, E., Boveris, A., and Chance, B., Hydroperoxide-dependent 
chemiluminescence of submitochondrial particles and its relationship 
to superoxide anion and other oxygen radicals, in: Developments in 

Biochemistry, vol. 11 A, pp. 92-103. Eds J. V. Bannister and H. A. O. 
Hill. Elsevier, North Holland, New York 1980. 

17 Cadenas, E,, Daniele, R. P., and Chance, B., Low level chemilumines- 
cence of alveolar macrophages. FEBS Lett. I23 (1981) 225-228. 

18 Cadenas, E., and Sies, H., Low level chemiluminescence of liver mi- 
crosomaI fractions initiated by tert-butyl hydroperoxide. Relation to 
microsomal hemoproteins, oxygen dependence, and lipid peroxida- 
tion. Eur. J. Biochem. 124 (1982) 349 356. 

19 Cadenas, E., Varsavsky, A. I., Boveris, E., and Chance, B., Oxygen- 
or organic hydroperoxide-induced chemiluminescence of brain and 
liver homogenates. Biochem. J. 198 (1981) 645 654. 

20 Cadenas, E., Wefers, H., and Sies, H., Low-level chemiluminescence 
of isolated hepatocytes. Eur. J. Biochem. 119 (1981) 531-536. 

21 Cheng, B., Williams, M., and Chance, B., Effects of glucose, anoxia, 
and adriamycin on the chemiluminescence of Ehrlich ascites cells. 
FEBS Lett. 160 (1983) 169-172. 

22 Chwirot, W~ B., New indication of possibte role of DNA in ultraweak 
photon emission from biological systems. Cytobios (1988) in press. 

23 Chwirot, W. B., Dygala, R. S., and Chwirot, S., Quasi-monochro- 
matic-tight-induced photon emission from microsporocytes of larch 
shows oscillating decay behaviour predicted by the electromagnetic 
model of differentiation. Cytobios 47 (1986) 137-146. 

24 Cilento, G., Electronic excitation in dark biological processes, in: 
Chemical and Biological Generation of Excited States, pp. 277-307. 
Eds W. Adam and G. Cilento. Academic Press, New York 1982. 

25 Colli, L., Facchini, U., Guidotti, G., Dugnani Lonati, R., Arsenigo, 
M., and Sommariva, O., Further measurements on the biolumines- 
cence of the seedlings. Experientia 11 (1955) 479-481. 

26 Dahlgren, C., Magnusson, K. E., Stendahl, O., and Sundquist, T., 
Modulation of polymorphonuclear leukocyte chemiluminescence re- 
sponse to the chemoattractant f -  M e t -  L e u -  Phe. Int. Archs Allergy 
appl. Immun. 68 (1982) 79-83. 

27 Galeotto, T., Bartoli, G. M., Bartoli, S., and Bertoli, E., Superoxide 
radicals and lipid peroxidation in tumor microsomal membranes, in: 
Developments in Biochemistry, vol. 11B, pp. 106-117. Eds W. H. 
Bannister and L V. Bannister. Elsevier, North Holland, New York 
1980. 

28 Gorts, C. P. M., Effect of different carbon sources on the regulation 
of carbohydrate metabolism in Saccharomyces cerevisiae. Antonie 
van Leeuwenhoek, J. Microbiol. Serol. 33 (1967) 451-463. 

29 Gurwitsch, A.G., and Gurwitsch, L.D., Die Mitogenetische 
Strahlung. VEB Gustav Fischer Verlag, Jena 1959. 

30 Halliwell, B., Production of snperoxide, hydrogen peroxide and hy- 
droxyl radicals by phagocytic cells: a cause of chronic inflammatory 
disease. Cell Biol. int. Rep. 6 (1982) 529-542. 

31 Hatliwell, B., and Gutteridge, J. M. C., Oxygen toxicity, oxygen rad- 
icals, transition metals and disease. Biochem. L 219 (t 984) 1-14. 

32 Hamman, J. P., Gorby, D.R.,  and Seliger, H. H., A new type of 
biological chemiluminescence: The microsomal chemiluminescence of 
benzo-a-pyrene arises from the diol epoxide product of the 7,8-dihy- 
drodiol. Biochem. biophys. Res. Commun. 75 (1977) 793-798. 

33 Henkart, M., Light-induced changes in the structure of pigmented 
granules in Aplysia neurons. Science 188 (1975) 155 157. 

34 Inaba, H., Yamagishi, A., Takyu, C., Yoda, B., Goto, Y., Miyazawa, 
T,  Kaneda, T., and S aeki, A., Development of an ultra-high sensitive 
photon counting system and its application to biomedical measure- 
ments. Optics Lasers Engineering 3 (1982) 125-130. 

35 Johston, R. B. Jr, Pabst, R. J., and Sasada, M., The release of super- 
oxide anion by macrophages and its relationship to phagocytic micro- 
bicidat activity, in: Developments in Biochemistry, vol. 11 B, pp. 21 J - 
221. Eds W. H. Bannister and J. V. Bannister. Elsevier, North Hol- 
land, New York 1980. 

36 Kakinuma, K., Cadenas, E., Boveris, A., and Chance, B., Low level 
chemiluminescence of intact polymorphonuclear leukocytes. FEBS 
Lett. 102 (1979) 38 42. 

37 Kochel, B_, Grabikowski, E., and Slawinski, J., Analysis of photon 
counting series of low level luminescence from wheat leaves at high 
temperatures. Int. Symposium on Photon Emission From Biological 
Systems (IS-86), Wroclaw, Poland, in press. 

38 Konev, S. V., Lyskova, T. I., and Nisenbaum, G. D., Very weak bio- 
luminescence of cells in the ultraviolet region of the spectrum and its 
biological role. Biophysics 11 (1966) 410-413. 

39 Konig, H.L.,  Bioinformation-electruphysical aspects, in: Electro- 
magnetic Bio-Information, pp. 25-54. Eds F. A. Popp, G. Bucker, 
H.L. Konig and W. Peschka. Urban & Schwarzenberg, Miinchen 
1979. 

40 Li, K. H., and Popp, F. A., Non-exponential decay law of radiation sys- 
tems with coherent fight rescattering. Phys. Lett. 93A (1983) 262-266. 



Renews Experientia 44 (1988), Birkhiiuser Verlag, CH-4010 Basel/Switzerland 593 

41 Li, K.H.,  Popp, F.A.,  Nagl, W., and Klima, H., Indications of 
optical coherence in biological systems and its possible significance, 
in: Coherent Excitations in Biological Systems, pp. 117-122. Eds H. 
Fr6hlich and F. Kremer. Springer-Verlag, Berlin/Heidelberg 1983. 

42 Linnemans, W. A. M., Cell biological analysis of parasite-host cell 
interactions. I. Phagocytosis and endoparasitism, a review. Acta lei- 
densia 47 (1979) 1-21. 

43 Lloyd, D., Boveris, A., Reiter, R., Filipkowski, M., Chance, B., 
Chemiluminescence of Acanthamoeba castellanii. Biochem. J. 184 
(1979) 149-156. 

44 Nagl, W., Chromatin organization and the control of gene activity. 
Int. Rev. Cytol. 94 (1985) 21-56. 

45 Nagl, W., and Popp, F. A., A physical (electromagnetic) model of 
differentiation. 1. Basic considerations. Cytobios 37 (1983) 45-62. 

46 Nakano, M., Noguchi, T., Sugioka, K., Fukuyama, H., Sato, M., 
Shimizu, Y., Tsuji, Y., and Inaba, H., Spectroscopic evidence for the 
generation of singlet oxygen in the reduced nicotinamide adenine 
dinucleotide phosphate-dependent microsomal lipid peroxidation sys- 
tem. J. biol. Chem. 250 (1975) 2404-2406. 

47 Ninnemann, H., Butler, W. L., and Epel, B. i~., Inhibition of respira- 
tion in yeast by light. Biochim. biophys. Acta 205 (1970) 499-506. 

48 Oberley, L. W., and Buettner, G. R., Role of superoxide dismutase in 
cancer. A review. Cancer Res. 39 (1979) 1141-1149. 

49 Oura, E., The effect of aeration on the growth energetics and bio- 
chemical composition of baker's yeast. Thesis, Helsinki 1972. 

50 Parks, P. J., Barna, B. P., Edinger, M. G., Deodhar, S. D., Monocyte 
interactions with solid substrates monitored by chemiluminescence. 
Biomat. Med. Dev., Art. Org. 10 (1982) 41 53. 

51 Parnham, M. J., Bittner, C, and Winkelmann, J., Macrophages from 
different sources, their production of chemiluminescence under vari- 
ous stimuli and the effects of PGE, and drugs. Agents Actions 11 
(1981) 617-619. 

52 Perelygin, V. V., and Tarusov, B. N., Flash of very weak radiation on 
damage to living tissues. Biophysics 11 (1966) 616-618. 

53 Polakis, E. S., and Bartley, W., Changes in enzyme activities of Sac- 
charomyces cerevisiae during aerobic growth on different carbon 
sources. Biochem. J. 97 (1965) 284-297. 

54 Polakis, E. S., Bartley, W., and Meek, G. A., Changes in the structure 
and enzyme activity of Saccharomyces cerevisiae in response to 
changes in the environment. Biochem. J. 90 (1964) 369-374. 

55 Popp, F. A., Li, K., and Nagl, W., A thermodynamic approach to the 
temperature response of biological systems as demonstrated by low 
level luminescence of cucumber seedlings. Z. Pflanzenphysiol. 114 
(1984) 1-13. 

56 Popp, F. A., and Nagl, W., A physical (e!ectromagnetic) model of 
differentiation. 2. Applications and examples. Cytobios 37 (1983) 
71-83. :; 

57 Popp, F. A., Nagl, W., Li, K. H., Scholz, W., Weingartner; O,  and 
Wolf, R., Biophoton emission. New evidence for coherence and DNA 
as source. Cell Biophys. 6 (1984) 33-52. 

58 Popp, F. A., Ruth, B., Bahr, R. W., Bohm, J., Grass, P., Grolig, G., 
Rattemeyer, M., Schmidt, H. G., and Wulle, P., Emission of visible 
and ultraviolet radiation by active biological systems. Coll. Phenom- 
ena 3 (1981) 187-214. 

59 Quickenden, T. I., and Que Hee, S. S., Weak luminescence from the 
yeast Saccharomyces cerevisiae and the existence of mitogenetic radi- 
ation. Biochem. biophys. Res. Commun. 60 (1974) 764-770. 

60 Quickenden, T. I., and Que Hee, S. S., The spectral distribution of the 
luminescence emitted during growth of the yeast Saccharomyees cere- 
visiae and its relationship to mitogenetic radiation. Photochem. Pho- 
tobiol. 23 (1976) 201-204. 

61 Quickenden, T. I., and Tilbury, R.N.,  Growth dependent lumines- 
cence from cultures of normal and respiratory deficient Saccha- 
romyces cerevisiae. Photochem. Photobiol. 37 (1983) 337-344. 

62 Rattemeyer, M., and Popp, F. A., Evidence of photon emission from 
DNA in living systems. Naturwissenschaften 68 (1981) 572-573. 

63 Ruth, B., Experimental investigations on ultraweak photon emission, 
in: Electromagnetic Bio-Information, pp. 107-122. Eds F. A. Popp, 
G. Becker, H. L. Konig and W. Peschka. Urban & Schwarzenberg, 
Mfinchen 1979. 

64 Robinson, J. P., and Penny, R., Chemiluminescence in normal human 
phagocytes. II. Effect of paraproteins. J. clin. Lab. Immun. 7 (1982) 
219 221. 

65 Schamhart, D. H. J., and Van Wijk, R., Photon emission and the 
degree of differentiation. Int. Symp. on Photon Emission From Bio- 
logical Systems (IS-86), Wroclaw, Poland, in press. 

66 Shlyakhtina, L. L., and Gurwitsch, A. A., Radiations from the mouse 
liver at normal temperatures and on cooling. Biophysics 17 (1972) 
1146-1150. 

67 Shohet, S.B., Pitt, J., Baehner, R.L.,  and Poplack, D.G., Lipid 
peroxidation in the killing of phagocytized pneumococci. Infect. 
Immun. 10 (1974) 1321-1328. 

68 Shtrankfel'd, I. G., Klimensko, L.L. and Komarow, N.N., Very 
weak luminescence of muscles. Biophysics 13 (1968) 1082-1084. 

69 Slawinska, D., and Slawinski, J., Biological chemiluminescence. 
Photochem. Photobiol. 37 (1983) 709-715. 

70 Starkebaum, G., Stevens, D. L., Claude, H., and Gavin, S. E., Stimu- 
lation of human neutrofil chemiluminescence by soluble immune 
complexes and antibodies to neutrophils. J. Lab. clin. Med. 98 (1981) 
280-291. 

71 Stauff, J., and Reske, G., Lumineszenz yon Hefe. Naturwis- 
senschaften 51 (1964) 39. 

72 Sugioka, K., and Nakano, M., A possible mechanism of the genera- 
tion of singlet molecular oxygen in NADP-dependent microsomal 
lipid peroxidation. Biochim. biophys. Acta 423 (1976) 203-216. 

73 Sung, S-S., A possible biophotochemical mechanism for cell commu- 
nication, in: Electromagnetic Bio-Information, pp. 151-174. Eds 
F.A.  Popp, G. Becket, H.L. Konig and W. Peschka. Urban & 
Schwarzenberg, Mfinchen 1979. 

74 Trush, M. A., Wilson, M. E., and Van Dyke, K., The generation of 
chemiluminescence (CL) by phagocytic cells. Meth. Enzymol. 57 
(1978) 462-494. 

75 Van de Poll, K. W., Kerkenaar, A., and Schamhart, D. H. J., Isola- 
tion of a regulatory mutant of fructose-l,6-diphosphatase in Saccha- 
romyces carlsbergensis. J. Bact. 117 (1974) 965-970. 

76 Van Rijn, J., and Van Wijk, R., Differential sensitivities of the two 
malate dehydrogenases and the maltose permease to the effect of 
glucose in Saccharomyces carlsbergensis. J. Bact. 110 (1972) 477-484. 

77 Van Wijk, R ,  Glucosidase synthesis, respiratory enzymes and catabo- 
lite repressipn in yeast. Proc. K. ned. Akad. Wet. C71 (1968) 129- 
'146. ' '~ 

78 Va n Wijk,;~., Regulation of DNA synthesis in cultured rat hepatoma 
cells. ,I.nt. ~.ev. Cytol. 85 (1983) 63-107. 

79 Williams, M. D., and Chance, B., Spontaneous chemiluminescence of 
human breath. J. biol. Chem. 258 (1983) 3628-3631. 

80 Wright, J. R., Rumbaugh, R. C., Colby, H. D., and Miles, P. R., The 
relationship between chemiluminescence and lipid peroxidation in rat 
hepatic microsomes. Archs Biochem. Biophys. 192 (1979) 344-351. 

81 Yanai, M., and Quie, O., Chemiluminescence by polymorphonuclear 
leukocytes adhering to surfaces. Infect. Immun. 32 (1981) 1181 1186. 

0014-4754/88/070586-0851.50 + 0.20/0 
�9 Birkh~iuser Verlag Basel, 1988 


