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Luminescence research and its relation to ultraweak cell radiation 

J. Slawiflski  

Ins t i tu te  o f  Physics ,  Pedagogica l  Universi ty ,  30084 K r a k o w  (Po land)  

S u m m a r y .  T h e  f u n d a m e n t a l  laws o f  p h o t o c h e m i s t r y  a n d  the  essent ia l  resul t s  o f  e x p e r i m e n t a l  r e s e a r c h  o n  u l t r a w e a k  

cell r a d i a t i o n  a re  p re sen ted .  By c o m p a r i n g  all the  facts  i t  c an  be  c o n c l u d e d  t h a t  the  p h e n o m e n a  d iscussed  m a y  ar ise  

f r o m  a va r i e ty  o f  poss ib le  r e a c t i o n s  a n d  sources .  R e c o m b i n a t i o n  r eac t i ons  o f  c e r t a i n  r ad ica l s  ac tua l ly  do  re lease  

suff ic ient  e n e r g y  to g e n e r a t e  U V - p h o t o n s  o f  the  in t ens i ty  u n d e r  c o n s i d e r a t i o n .  O n  the  o t h e r  h a n d ,  s t i m u l a t e d  

emi s s ion  c a n n o t  b e  exc luded  in view o f  the  d i s t inc t  d e v i a t i o n  o f  the  r a d i a t i o n  f ield f r o m  t h e r m a l  equ i l i b r ium.  T h e r e  

exist ,  howeve r ,  v a r i o u s  o t h e r  c a n d i d a t e s ,  such  as d i rec t  emi t t e r s  l ike f lavins ,  indoles ,  p o r p h y r i n s ,  c a r b o n y l  de r iva t ives  

a n d  a r o m a t i c  c o m p o u n d s ,  a n d  m o l e c u l a r  oxygen  a n d  its v a r i o u s  species, as well  as col lect ive  m o l e c u l a r  i n t e r ac t i ons ,  

e.g. d i m o l e  or  exciplex t r an s i t i ons ,  t r i p l e t - t r i p l e t  a n n i h i l a t i o n ,  col lec t ive  hydro lys i s ,  electr ic  field effects  in  m e m -  

b r anes ,  etc. 

C a r e f u l  b i o c h e m i c a l  a n d  b i o p h y s i c a l  e x p e r i m e n t s  are  still necessa ry  to f ind  answers  to  all the  q u e s t i o n s  t h a t  r e m a i n ;  

n o t  on ly  i n d i v i d u a l  p r o b l e m s  h a v e  to be  solved,  b u t  i t  is i m p o r t a n t  to  keep  in m i n d  t h e  i n t e r r e l a t i o n s h i p s  b e t w e e n  

ce r t a i n  r eac t ions .  

K e y  words.  B i o l u m i n e s c e n c e  a n d  w e a k  p h o t o n  emi s s ion  f r o m  b io log ica l  sys tems ;  exci ted  s ta tes ;  p h o t o c h e m i s t r y ;  

r ad ica l  r e a c t i o n s ;  e n e r g y  t r a n s f e r ;  col lec t ive  i n t e r a c t i o n s ;  t e m p e r a t u r e  hysteresis .  
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Introduction 

Growing research activity in the field of biological lu- 
minescence reflects an increasing recognition of the fol- 
lowing: 1) The universality of ultraweak cell radiation 
(luminescence) which is emitted by all biological systems 
and is inherently associated with fundamental processes 
such as cell division and death, photosynthesis, carcino- 
genesis and possibly growth regulation. 2) The high, yet 
unexplored diagnostic potential of low level lumines- 
cence in medicine, agriculture and other biosciences, and 
3) the development of a new biophysical hypothesis as- 
signing particular importance to the informative and or- 
ganizational role of coherent electromagnetic fields with- 
in living organisms. 
In this chapter we will consider primarily biochemi- 
cal mechanisms by which living systems create elec- 
tronic excited states and photons, and the link between 
them and physiological processes. An attempt is made 
here to present the results of the most recent inter- 
disciplinary research in a simple and coherent way. 
More comprehensive treatments are available else- 
where 5, 7, 13, 19, 30, 35, 37, 51 
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Generation o f  excited states and photons in biological sys- 
tems 

The emission of electromagnetic radiation with the ener- 

gY 

E = h v (1) 

and the corresponding wavelength 

2 = c/v (2) 

occurs when an electric charge oscillates at the frequency 
v. In the spectral range 180-1000 nm covering the UV, 
visible and near IR, corresponding oscillation frequen- 
cies are 3 x 101+-1.6 x 10 is Hz. Thus, the generation of 
photons requires two phases: 1) the energy pumping 
that promotes an electron to the excited level, and 2) 
radiative relaxation that creates a photon (fig. 1): 

E ~ P * ~ P  + h v  (3) 

where P* represents an electronically excited species and 
A E is the difference of the ground and excited states (the 
pumping energy). Living organisms can utilize a variety 
of energy forms and transform a fraction of them into an 
electronic/vibrational excitation. In photosynthetic bac- 
teria and green plants, for example, the photoexcitation 
of bacteriochlorophyll or chlorophyll takes place and 
leads to charge separation and storage. A subsequent 
recombination of charge-separated molecular species re- 
sults in photon emission in the red part of the spectrum, 
the so-called photosynthetic or delay luminescence 
(Strehler's radiation). Heterotrophes employ free energy, 
G, from the reorganization of chemical bonds of sub- 
strates in the consumed food. In this case the change of 
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Figure 1. The simplest Jablonski's diagram of energy levels depicting the 
generation of electronic excited states and photon emission. Electronic 
levels, ; vibronic oscillation levels, - - - - ;  S and T, singlet and 
triplet states, respectively; radiationless transitions,--_.-..v~. 

free energy AG is a part of the thermochemical effect of 
the chemical reaction (i.e., a reorganization of bonds): 

AG = AH - T AS (4) 

where AH is called enthalpy and AS is the entropy 
change. The whole process can be classified as chemilu- 
minescence, since the first phase is a chemical pumping or 
chemiexcitation. We shall consider this process more ex- 
actly, as it is considered to be the main energy-pumping 
(excitation) source for spontaneous luminescence in bio- 
logical systems. 

Chemiexcitation 

In general, three criteria must be satisfied to achieve 
chemiluminescence: 
1) There must be an efficient chemical pathway leading 
to the formation of product molecules, with an adequate 
electronic structure facilitating the electronic excitation, 
high efficiency and ability for luminescence etc. The 
chemical yield can be represented as a fraction of the 
total chemical paths: 

~b~ the number (or rate) of P molecules formed 
= the number (or rate) of molecules reacted (5) 

2) The sufficient energy amount has to be liberated in 
one single step: 

[ - A G I -~ hc/~min (6) 

where 2mi n is the short wavelength limit for the excitation 
of a product molecule P. This process must be faster than 
the oscillation frequency 10 is Hz in order to efficiently 
produce an electronic excited state of P* : 

the number (or rate) of excited molecules P* 
q~cx - the number (or rate) of P molecules formed 

(7) 
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3) Efficient luminescence quantum yield q~l 

the number (or rate) of quanta emitted 
~1 = the number (or rate) of excited molecules P* 

(8) 

The q~l value and its contribution to the total quantum 
yield of chemiluminescence are discussed in more detail 
in the next parts of the chapter. 
Values ~c and ~ex are of  the order of 10 -1 and 10 - 5 -  
10 -2 for certain model chemiluminescent reactions st, 
whereas for low-level biological luminescence they ap- 
pear to be much lower. In bioluminescence, i.e. the enzy- 
matically controlled chemiluminescence of specific sub- 
strates called luciferins, both values approach unity. 
Four types of chemiexcitation reactions are presently 
known which fulfill these requirements, namely: 1) dis- 
mutation of peroxyradicals leading to the formation of 
excited carbonyl compounds or singlet (excited) molecu- 
lar oxygen, 2) electron transfer reactions, 3) synchronous 
cleavage of weak C - C  and O -  O bonds in peroxides, 
and 4) chemically initiated electron exchange lumines- 
cence (CIEEL). The molecular mechanisms of these pro- 
cesses, especially of the enzymatic formation of excited 
triplet states and electron transfer reactions, are de- 
scribed by Cilento in the next chapter and else- 
where 7, 37, 51. The question arises, whether these reac- 
tions operate in biological systems. To answer this 
question, a deeper insight into the bioenergetics of living 
systems seems to be necessary. 

Bioenergetics and chemiexcitations 

From the most general perspective of bioenergetics, liv- 
ing systems can be considered as chemi-electro-dynamic 
open systems far from thermal equilibrium. The driving 
force of life is a reducing potential Vroa embodied in the 
reducing equivalent H + + e - ,  i.e., the hydrogen of a 
substrate. Thus, hydrogen appears to be a common fuel 
for the whole of the Universe - both for living cells and 
for stars. The potential realized through transfer of a 
reducing equivalent reflects the affinity of the reactive 
component, e.g. the substrate of the redox couple S to 
donate(Srod) or remove (Sox) an electron (e-):  

R T .  [Sox] 
A E = E0 + - -  m - -  [V] (9) 

nF [Srea] 

where Eo is the standard potential, R is the gas constant, 
F is the Faraday constant and n the number of e-  per 
g-equivalent transferred. The magnitude A E is associat- 
ed with A G by the equation (10): 

AG = - nF AE (10) 

Biological redox reactions involve transfer of both e -  
and H + and, as such, Vr~ a is influenced by the concentra- 
tion of protons [H+], or pH of a solution: 

RT 
AE = ~F-ln [H + ] = - 0.06 pH (11) 
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o r  

AE = - 0.06 a pH (12) 
n 

at T = 298 K, where a is the number of H + transferred. In 
biochemistry, the pH of the biological environment is 
assigned an appropriate value of 7.0, denoted as A E;. 
Then span of the redox potentials is visualized in fig- 
ure 2B for the respiratory chain. The stepwise release of 
energy during oxidoreductions of the substrate and con- 
secutive e - / H  § e. g. NAD/NADH,  FAD/FADH 
etc., is controlled by the spaciotemporal organization of 
the H § - e -  processing within compartmentalized sub- 
cellular structures, e.g., the inner mitochondrial mem- 
brane, as shown in figure 2. Each step liberates small 
portions of energy which are adequate for the biosynthet- 
ic and homeostatic requirements of the cell, but too small 
for direct electronic excitation according to the second 
criterion (equation 6). Thus, the probability of the gener- 
ation of excited states and photons is very low from the 
energetic point of view (low ~box values). However, exper- 
imental evidence leaves no doubt that living systems do 
create electronic excited states and photons. This fact is 
interpreted in the framework of contemporary biochem- 
istry as follows; the biochemical pathways of cell 
metabolism involve some of the four basic types of 
chemiexcitation reactions. As it is seen from the general- 
ized model (fig. 2), the primary events leading to 
chemiexcitation are initiated by the electron leakage 
from the e--respiratory chain and the consecutive forma- 
tion of active species such as O2,  OH.,  10*, H20  2, 
Fe z +/Fe 3 +. Excited carbonyl compounds 1(37 ( ~C = O)* 
and dimoles O* (lAg) are produced by the dismutation of 
peroxyradicals and peroxide cleavage (for more informa- 
tion see references 5, 30, 46, 51). This model exemplifies 
a wide-spread interpretation of low level biological lu- 
minescence as an adventitious, nonfunctional event aris- 
ing in exothermic oxygenation and in radical reactions of 
a substrate molecule involved in a specific biochemical 
pathway (the so-called theory of bioenergetic 'imperfec- 
tions' or 'e-- leakage'  3o, 37, 51). It is worthwhile to em- 
phasize that recombination reactions of certain radicals 
do release up to 480 kJ/mol energy, and this is sufficient 
to generate UV-photons of about 230 nm, i.e., close to 
the mitogenetic radiation range. 

Relaxation of excited states-luminescence 

An excited atom or molecule P* on the higher energy 
level E1 will decay on a lower energy level, e.g. E 0, losing 
the energy E 1 - E  0. When this energy is spontaneously 
emitted as a quantum of the electromagnetic field, i.e., a 
photon, we call it spontaneous emission (fig. 1). Its rate 
is given by (13): 

(dNI  
~- - J sp  = Al~o N1 (13) 
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Figure 2. A generalized scheme depicting the link between an electron 
(e-) leakage from the respiratory chain and ultraweak luminescence. The 
e--transfer system (B) is located within the inner mitochondrial mem- 
brane (IM) and coupled to the proton gradient, protomotive force and 
proton H+-transport from IM toward outer membrane (OM). Radical 
reactions (C) involving unsaturated fatty acids and other susceptible 
compounds (RH) lead to the generation of electronically excited prod- 
ucts: carbonyl compounds (~R=O*) ,  singlet molecular oxygen (10*) 
and alcohols (ROH, not electronically excited). ~O~ can oxidize unsatu- 
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rated compounds ~ C  = C < such as iipides, phospholipids, ubiquinones, 
etc., that produce dioxetanes H -  C -  C -  which decompose in chemih- 

minescent reactions. The excited species decay, with emission in the blue 
(hvu) and red (hvr) part of the spectrum. Competitive non-chemilumines- 
cent pathway produces malondialdehyde (MA) and peroxide HOOH via 
the glutathione redox system (GSH-GSSG). The rate of oxidative chain 
reactions is controlled in vivo by inhibitors (antioxidants, InH), such as 
tocopherols, vitamin A, C and K, which scavenge active radicals R'. 

where AI~ 0 [s-t] is the Einstein coefficient for sponta- 
neous emission, and its reciprocal value r~p = 1/Aa~o is 
the spontaneous lifetime or radiative lifetime. The decay 
E1 ~ Ez or El -+ Eo may also occur through nonradia- 
tive processes which compete with radiative ones de- 
creasing the ~bl-value. In the biological medium certain 
substances such as water and molecular oxygen enhance 
nonradiative processes, diminishing the intrinsic ~l-val-  
ue of an excited state. These quenching processes are 
partially responsible for very low effective ~b 1 -values of 
biological luminescence. 
Stimulated emission can occur when a photon encoun- 
ters a higher (excited) state. Its ratio is given by the 
following kinetic equation: 

dt-,,/s, --- Bl-~0 N1 ~ (14) 

where Bt~ o is the Einstein coefficient for stimulated 
emission, 0 the radiation density, and N 1 the number of 
atoms or molecules in the energy level N 1 per unit vol- 

ume (population density). In thermal equilibrium the 
higher energy states are less populated than the lower 
states in accordance with the Boltzmann distribution: 

E 
N1 -k~ 
- -  ~ e ( 1 5 )  
No 

where k is the Boltzmann constant. Because ~ is small, 
events of stimulated emission are far less frequent than 
those of spontaneous emission. Moreover, the probabili- 
ty for the latter increases with v 3. This reflects the fact 
that an excited species can spontaneously decay into 
many modes (8~v2/c 3 modes per unit volume, according 
to the Einstein equation), whereas stimulated emission is 
prescribed in the single mode of the incident photon. 
However, in the living cell which is far from thermal 
equilibrium, the density of excited species and photons is 
by many orders of magnitude, up to the factor 1040 , 
higher than in thermal equilibrium. Proportionally to 
this increases the probability of stimulated emission - an 
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intriguing problem that is discussed later in this and oth- 
er chapters. 
Spontaneous emission from singlet excited states, i.e. flu- 
orescence occurs at a much higher rate than that from 
triplet excited states, i.e., phosphorescence (fig. 1). This is 
due to the lifetime of singlet excited states (r* ~- 10 9 s) 
being shorter than that of triplet ones (r* > 10-6 s). On 
the other hand, triplet states are energetically more easily 
accessible than singlet ones due to the lower-lying energy 
states, and the ratio of population number N T/N s is usu- 
ally higher than 1 (neglecting quenching processes). 
Therefore emission spectra of biological luminescence 
may consist of the superposition of fluorescence (16 a) 
and phosphorescence (16b): 

1p, ~ 1po + h "Pfl (a) 3p, ~ 1po + h vph (b) (16) 

with some contribution of low-lying vibrational levels 
v = 1 2. Such spectra have been observed in the autoox- 
idation of hydrocarbons 49 which is very similar to the 
lipid peroxidation in biological membranes 2. sx. In both 
cases excited ketones and aldehydes in the lowest excited 
singlet and triplet states are produced and radiatively 
decay. The overlapping of fluorescence and phosphores- 
cence spectra of a variety of emitting species in biological 
samples may account for very broad and diffuse spectra 
ranging from the near IR to UV 3, 5, 7.27, 30.36, 51 

Direct emitters of low level biological luminescence 

Efficient emitters should have low-lying excited states 
and high values of the luminescence quantum yield q~l- 
Therefore most presently known efficient chemilumines- 
cent systems involve large molecules with easily polariz- 
able and thus excitable ~z-electron systems, such as 
flavins, indoles, porphyrins, carbonyl derivatives of aro- 
matic compounds, heterocyclic rings like purines and 
pyrimidines and species-specific compounds evolved in 
bioluminescent organisms, the so-called luciferins. These 
compounds have q~n-values higher than 10 2 due to the 
short lifetime of the singlet excited state and some of 
them are shown in figure 3. Good candidates for direct 
emitters, especially in the near UV range are tryptophan 
and its oxidative degradation product - N-formylkin- 
urenin 4~ as well as nucleic acids 13, 27, 3o. Different ionic 
and/or radical forms of oxidized/reduced flavins exhibit 
strong and broad absorption bands as well as emission in 
a very broad spectral range from near UV to near IR. 
Flavins are important components of the respiratory 
chain and their redox reactions produce superoxide ion- 
radical O~ - the species responsible for a number of 
oxygenation reactions leading to chemiexcitation and lu- 
minescence 7, 37, 51 

Experimental evidence accumulated so far indicates that 
carbonyl compounds ~ C  = O in the excited singlet and 
triplet states n - ~ *  and excited dimers (dimols) of the 
singlet molecular oxygen (10*)2 are the most common 
emitters of ultralow luminescence. Carbonyl compounds 
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are a common product of exothermic reactions involved 
in .oxidative metabolism; they have strongly polarizable 
~ C =  O groups and relatively low-lying energy levels, 
especially triplet ones, accessible to chemical pumping. 
However, in an aqueous solution values of 41 usually do 
not exceed 10 -5. In a hydrophobic and rigid environ- 
ment, e.g., inside the active center on an enzyme, the rate 
of radiationless processes decreases. Therefore, in enzy- 
matic reactions involving, e.g., the production of alde- 
hydes or carboxylie acids, the concentration of excited 
carbonyls and the q~l-value drastically increase. Just this 
situation underlies the so-called 'photobiochemistry 
without light' 7 and bioluminescence 37 
Molecular oxygen and its various species like O~-, O H - ,  
OH',  H20  2 are ubiquitous reactants involved in oxida- 
tive metabolism. Figure 4 shows that energy levels of the 
lowest electronic states of 0 2 and its dimole (excimers) 
require relatively small portions of the excitation energy 
and reveal many radiative transitions. The emission: 

(0,0) IAg --~ 3Zg ,~ = 1.27 gm (17) 

can now be recorded with highly sensitive PbS- or Ge- 
photodiodes. It was found in the enzymatic decomposi- 
tion of H202 activated by catalase, lactoperoxidase or 
peroxidase in vitro systems which model certain biologi- 
cal processes such as, e.g., phagocytosis 7. This emission 
is assigned to simultaneous electronic-vibrational transi- 
tions involving the electronic lAg-state and the vibra- 
tional transitions v =  1,2 of the solvent molecule 16. 
There are also transitions in the UV-region; a very weak 
emission at 380 and 400 nm, corresponding to the transi- 
tion: 

was observed in a liquid phase 16, 25. The Schumann con- 
tinuum 

3E~ ~ 3E~- (19) 

covering the 200-500 nm wavelength range is observed 
in the gas phase/boundary systems and might be relevant 
to the spectral distribution of mitogenetic radiation 
recorded in the spectral range 190 350 nm 11. Many bio- 
logical luminescent systems, from expired air of the hu- 
man breath s~ activated phages 7, and a variety of plant 
and animal tissues 27' 36,37,4-6 are now being studied 
from the point of view of possible involvement with 103. 

Energy transfer and indirect (sensitized) luminescence 

An efficient mechanism of indirect emission may operate 
when a strongly fluorescent (q~n > 0.1) molecule A is ca- 
pable of accepting the excitation energy from the primary 
excited reaction product P* and to emit its own fluores- 
cence: 

kET 
P* + A ~ P + A* A* ~ A  + hVA (20) 
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Two modes of this sensitized or activated luminescence 
may be distinguished: a) if donor P* and acceptor A 
molecules are not in contact, a long-range F6rster-type 
energy transfer (ET) can take place at the rate constant 
kET determined by the distance between P* and A and the 
spectral overlap between the donor emission and absorp- 
tion of the acceptor, b) I f  P* and A come into close 
contact during the z* of P*, then a much more efficient 
mechanism of ET begins to operate via an electron-ex- 
change. A close packing of molecules in biological struc- 
tures facilitates this mechanism. Indeed, the highly effi- 

cient enzymatic bioluminescence of the firefly, with a 
total quantum efficiency close to one, involves ET from 
the excited oxyluciferin to the strongly fluorescent 
protein of the enzyme luciferase. The observed firefly 
bioluminescence is a good example of indirect lumines- 
cence; the spectrum and ~n-value are characteristic of 
the luciferase (the energy acceptor and emitter). Sensi- 
tized luminescence operates also in higher plant tissues. 
Photon emission from etiolated plants (growing in the 
dark) reveals maxima at 382, 480, 580 and 640 nm 43. The 
spectra are similar to those of model lipid peroxidation 22 
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Figure 3. Examples of strongly fluorescent compounds involved in bioluminescence (1), chemiluminescence (2, 3), and possibly in ultraweak lumines- 
cence (6) and which can be used as specific chemiluminescent probes; site-specific for the inner mitochondrial membrane (4) and for the detection of 
excited earbonyls (5). 

and are ascribed to the emission of 10~ and ) C  = O*. 
Green plants emit predominantly in the red (~  650 nm). 
The above data and in vitro experiments with chloro- 
plasts 7 provide strong evidence for the in vivo electronic 
excitation ET from primary P* to functionally important 
systems, e.g., photosynthetic ones predicted by the theory 
of'photobiochemistry without light' (see the next chapter). 
An important case of the secondary luminescent processes 
is the so-called triplet-triplet annihilation that leads to the 
production of higher-energy excited states and photons: 
3p, 4_ 3p, _.+ 1p, + 1p_~2 1e jr hv n (21) 

This process, analogous in some respects to the 'higher 
harmonic modes' acquisition of laser light, is diffusion- 
controlled and may play an important role in certain 
cases of biological luminescence which are mentioned in 
the next section. Here one should emphasize the possible 
contribution of the triplet-triplet annihilation to the 
emission in the UV, observed during synchronized cell 
divisions. Such a possibility has not yet been exploited in 
the interpretation of mitogenetic radiation. 
The overall or total quantum efficiency q~ of a lumines- 
cence generated in a chemical reaction is thus given by 



566 

E 1 
[k3-moF ] 
314.25 

250.56 

1 
15L12 o 

94.27 o 

- - 0  

Experientia 44 (1988), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 

02 20~ 

- lag 

:3z~ 

Renews 

Figure 4. Lowest electronic and vibronic energy levels of the ground- 
state and excited oxygen molecule and its excimers (excited dimoles). 
Double and thicker arrows symbolize simultaneous and more probable 
transitions, respectively. 

the equations 

q~ = ~bc~e~ 1 (a) and 

~bse,, = ~c~ex(P*)&ET(P* ~ A )  4 1 (A*) (b) (22) 

which are valid for the direct (a) and indirect (sensitized, 
b) chemiluminescence, respectively. The range of ~-val- 
ues is 10-*s 10-lo for spontaneous ultraweak lumines- 
cence, 10-12-10-4  for model biochemical reactions, and 
close to one for bioluminescence. The equation 22 per- 
mits the calculation of partial quantum effidencies, e.g., 
~ x  or &l when values JET and &l are known. Such 
calculations are possible only for the simplest model sys- 
tems and give largely approximated values. The intensity 
and quantum yield are related by the simple formula: 

I = ~ b v [ g i n ~  teir{] [ n u m b e ~ ~  I (23) 

where V is the reaction rate of a single energy-pumping 
step expressed in the number of molecules reacted per s. 
The formula enables determinations of the concentration 
of reactants which participate in a light-producing reac- 
tion, since V is proportional to the concentration under 
appropriate conditions. Such determinations are possible 
for a limited number of well-defined chemiluminescent 
and bioluminescent systems 9. In the case of ultraweak 
spontaneous emission, only very rough estimations of, 
e.g., the rate of oxidative reactions, or concentrations of 
peroxy-radicals, are possible 2, 51. In this respect the use 
of specific chemiluminescent probes, combining high se- 
lectivity with light amplification, seems to be very 
promising 12. 
It is worthwhile to emphasize the uncertainty in determi- 
nations of basic parameters of low level luminescence 
caused by changes of these parameters due to interac- 
tions of the electromagnetic field with the extremely com- 
plex biological medium. The strong absorption of light in 
biological tissues prevents the detection of the primary 
source of the photons. Values of I, I (2), q~, etc., measured 
experimentally, do not necessarily characterize the pri- 
mary emitter. These considerations are particularly perti- 

nent to the problem of mitogenetic radiation measure- 
ments since the biological medium strongly absorbs and 
scatters light just in the UV-range, and measured values 
of I and q~ might be underrated by a factor of up to 100. 
Previous research in this field has not sufficiently ana- 
lyzed this aspect and the resulting implications. 

The possibility of photoemission from collective molecular 
interactions 

The criteria of chemiexcitation described above for the 
condensed homogeneous phase are not, perhaps, perti- 
nent to a heterogeneous, anisotropic biological medium 
with high values of gradients. The question arises: is it 
possible that molecular interactions collectively accumu- 
late small portions of energy until the threshold value 
E -~ hc/2min is reached? There are at least two classes of 
luminescence generated without chemical reactions sensu 
stricto, i.e., without reorganization of strong chemical 
bonds, namely: 1) crystallo- arid lyo-luminescence, where 
light emission accompanies growth and solubilization of 
crystals, and 2) emission associated with water penetra- 
tion into biopolymers and dry biological objects such as 
seeds and spores 3, 39, 41.  The existence of photon emis- 
sion in such processes strongly suggests that small por- 
tions of energy can accumulate to the extent necessary for 
electronic excitation. Hypothetical mechanisms of cer- 
tain processes involving weak intermolecular couplings 
probably resulting in photon emission will therefore be 
briefly discussed. 

The relaxation of superhelical DNA 

Nearly all naturally occurring circular DNA molecules 
are negatively supertwisted. Energy is required to convert 
a relaxed DNA molecule into a supertwisted one (fig. 5). 
For example, the formation of 15 superhelical turns in 
SV 40 DNA costs about 420 kJ/mol 4v. Supertwists must 
be relieved at the replication fork that rotates 100 times 
per s, and DNA-gyrase-topoisomerase is involved in this 
process. No ATP is needed to catalyze this thermody- 
namically favorable relaxation. The relaxation liberates 
the amount of free energy AG = - 225 kJ/mol from 9 
relieved supertwists. I f  this process take less than 0.01 s, 

/ / 

DNA DNA 
,") - (~ gy rase  f )  ~'~ gyrase (,,) i,,) 

no ATP 

L " - ~ , ~  f "  relaxed -',-X,.) 

Positively Negatively 
supertwisted DNA supertwisted DNA 

Figure 5. Conformational transitions of the superhelical structures of 
DNA. Explanations in the text. 
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the production of the lowest triplet state n -  n* of 
thymidylic acid could be possible. There is also the possi- 
bility of excimer formation of polynucleotides at room 
temperature within the lowest long-living triplet states of 
DNA. The excimer complex is relatively stable and forms 
a photon trap since its free energy is lower than that of 
the molecular fragments: 

hv 
M1 + M2 ~ (M1M2)* (24) 

The natural tendency of exciplexes and excimers to ab- 
sorb photons and to create excited states associated with 
ordered and more compact biostructures, e.g., condensed 
chromatin in the nucleus, fits well to the idea that the 
relaxation of DNA-superstructures releases pho- 
tons 23, 27, 30, 33 

Molecular interactions in the electric field of biomem- 
branes 

Electric fields in biological microstructures can reach 
very high values of the order of 106-108 V/m. The exis- 
tence of such high field strengths implies that the nonlin- 
ear response of molecular interactions should be taken 
into account. Every electrically charged particle passing 
the membrane is exposed to this field and its polarization 
may be dramatically changed. For example, a large 
change of a dipole moment 

= ~] qi ri (25) 
i 

in a polarizable molecule with qi charges at r i distances 
may be induced and change the probability of the gener- 
ation of excited states. The energy E = q AU which an 
ion gains in such a field is on average 10 kJ/mol. About 
20 accelerated ions have to interact within a limited space 
and time to accomplish the energy accumulation neces- 
sary for the electronic excitation. The probability of such 
an event would be extremely low but finite, fitting well to 
the extremely low luminescence yield of the order of 
10 -14 10 -1~ observed, e.g., in the case of erystallolu- 
mineseence. 
Another source of photon emission might be the inacti- 
vation of a neurotransmitter, e.g., acetylcholine (AC) in 
the synaptic cleft - a gap of about 50 nm separating a 
presynaptic membrane from the postsynaptic one. The 
resting potential V of a postsynaptie membrane or a 
motor plate is about - 75 inV. Other gap-junctions have 
15-20 nm diameter holes and AU ~ 150 mV. The full 
depolarization of the end plate elicited by an action po- 
tential results from the synchronous release of about 100 
packets (vesicles) of AC from the presynaptic membrane 
in less than 1 ms. Each packet contains of the order of 
104 AC molecules with the internal concentration of AC 
approaching 1 molar. Changes of the #-value and reori- 
entation of AC dipoles within a vesicle under the influ- 
ence of the external field can occur only in a collective 
way. This obviously results from the tight-packing of AC 
molecules and high gradients of the electric field. The 
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reorientation of dipoles should create electric polariza- 
tion waves the energy of which might coherently accumu- 
late, leading to electronic excitation. It has been shown in 
in vitro experiments that the biochemical inactivation of 
AC after the exocytosis goes along with a photon emis- 
sion 49. The relevant process is the hydrolysis of AC at 
the postsynaptic membrane that restores its polarized 
initial stage, i.e., the resting potential: 

+ H 2 0  - - * C H  3 - C ~ U  + H O - C H 2 C H 2 - N  + AC + 
_(CH3)3 + H + - -u_ (26) 

The reaction catalyzed by AC-esterase is very fast 
(<  400 ns) and releases 30 _< - AG <_ 130 kJ/mol as es- 
timated from the energy reorganization of bonds and 
hydration of ions. The entire depolarization may be con- 
sidered as 'synchronous' because as many as 106 AC 
molecules undergo hydrolysis during this time. Therefore 
the probability of an energy accumulation of 3-10  single 
hydrolysis reactions in close proximity to achieve the 
threshold of electronic excitation is high 49 
Other weak interactions pertinent to a possible photon 
emission could be an electrogenic activity of the 
Na + --K+-ATPase pump and a cooperative opening of 
the cell-to-cell channels associated with the action of 
Ca 2+ ions. These events generate an electric current 
across the plasma membrane with the maximal turnover 
--- 100 s-1 at the time of peak conductance. Indeed, a 
weak luminescence accompanying nerve stimulation and 
muscle contraction has been reported 10, tl 

The possibility of population inversion and stimulated 
emission in electrogenic structures 

Endogeneous electrical fields in membranes can create 
favorable conditions for population inversion and stimu- 
lated emission based on metabolically generated electro- 
chemiluminescence. These conditions are the following: 
1) Metabolic redox reactions produce ion-radicals M .+ 
and M - ,  donor and acceptor, respectively, the concen- 
tration of which can reach the molar range in certain 
organelles, e.g., in the inner mitochondrial membrane 
(fig. 2). Recombination of these species generates singlet 
and triplet excited states. 
2) Living systems operate at low redox potential, less 
than the AE of the redox couple H2/O 2, equal to 1.4 V, 
but at high-density ionic currents. These conditions are 
sufficient for both the generation of M .+ and M -  and 
their movement across the electric field. Ubiquitous sub- 
cellular membraneous structures form slits, hollows, 
channels etc. with distances 10-100 A, in which the U- 
value reaches 10 6 10 8 V/m. 
3) The cellular medium contains: a) ionic compounds 
which may serve as a supporting electrolyte, and b) a 
variety of dyes with high values of the absorption cross 
section and q~l, which are good candidates for the active 
material of a laser. Broad emission bands facilitate the 
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tuning of a laser and ET-coupled amplification of lu- 
minescence output. 
High density population of excited states arises directly 
from the recombination of ion-radicals. The reaction 
goes without activation energy, is fast enough (k = 107- 
1 0 ~ ~  -1) and quite efficient (~ox = 10-z-10~ - 
The analysis of a four-niveau energy system indicates 
that triplet-triplet annihilation can effectively contribute 
to the population inversion 4. 
Another favorable possibility in this respect is the forma- 
tion of heterogeneous excimers (exciplexes): 

i + M ~  M / M  2 - ~ t ( M 1 - . . M 2 ) *  (27) 

Free energy G ( M ~ - . . . M 2 )  stored in the radical ion 
pair, i.e., in the encounter complex of the solute ion-rad- 
icals is adiabatically and isothermally transformed into 
excitation energy of the heteroexcimer. Calculations and 
a few pieces of experimental work on electrochemilu- 
minescent lasers indicate that the reversed population 
can be achieved in the stationary or in the nonstationary 
(chronoamperometric) approximation. The power of 
stimulated emission generated by the triple,triplet  anni- 
hilation reactions is about 20 kW and the efficiency 20 % 
for the pulse duration I ~ts, the radical-ion concentration 
10 -6  M -2, 2 = 500nm at minimum cavity lOSS 4. A 
wave-guide laser with the longitudinal propagation of the 
radiation would meet well the topology of subcellular 
structures. Analysis of the energy and dynamics of pho- 
ton field of a four-level excimer open system far from 
thermal equilibrium shows that a distribution inversion 
due to a biological pump may bring to the laser-like 
effects in both bioluminescence and ultraweak photon 
emission 22. 
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Collective excitations in perturbed water and cytosol 

The analysis of the water-ion macromolecule system in 
membraneous structures shows that cellular water exists 
in a physical state sufficiently ordered to exclude solutes, 
e.g., certain ions, to create an extremely polarizable 
medium with H5 O+ or H302  ions in which metastable, 
dynamic states are possible. The evidence for this comes 
from a cooperative interaction between the majority of 
ion-absorbing sites that replace K + by Na + ions. The 
sigmoidal nature of the equilibrium distribution isotherm 
of cellular K + and Na + is analogous to critical or collec- 
tive phenomena in general 8, 24. A strong evidence that 
collective molecular interactions can produce macroergic 
effects leading to the electronic excitation comes from 
experiments with water-induced luminescence of lucigen- 
in in oriepted polar solutions (micelles) 26. It has also 
been well established that the addition of water to dry 
seeds 39 or spores of fungi 4~ produces instantaneous 
weak luminescence. Physico-chemical processes of water 
penetration earlier than the onset of germination, proba- 
bly involving hydrophilic coherent interactions within a 
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limited space at the water-macromolecule boundary, are 
considered as a possible source of excitation. Whether a 
sort of Bose condensation of coherent photons with the 
same vector of momentum p and a constant phase rela- 
tion (A ~0 = 0 or const), or the accumulation of energy in, 
e.g., 'molecular constellations' might account for these 
phenomena, remains to be decided. Although the above 
considerations have mainly heuristic value and require 
verification, they show that certain conjectural or yet 
unexplored problems can be solved on realistic bases. 

Luminescence response to internal and external factors 

Perhaps the most important feature of low-level lumines- 
cence is its inherent association with fundamental biolog- 
ical processes such as cell division and death, oxidative 
metabolism, carcinogenesis, etc., as well as its high sensi- 
tivity to environmental stresses. Therefore the intensity, 
kinetic pattern, photocount distribution and perhaps 
other parameters of luminescence reflect a subtle balance 
of the biohomeostasis and the intactness of the organ- 
ism 45. The question 'how much information can be re- 
trieved from measurements of various parameters?' is 
discussed elsewhere ~3, 37. Here we will focus our atten- 
tion on two effects: 1) luminescence accompanying mito- 
sis and cell death and 2) non-linear response to external 
temperatures - the two internal and external factors 
which impose order and disorder upon the biological 
system. 

Mitogenetic and necrobiotic radiation 

The emission of the UV component ( /80-350 rim) of 
mitogenetic radiation observed during the mitosis of syn- 
chronized yeast cell cultures requires a pumping (excita- 
tion) process that releases - A G  = 330-650kJ/mol.  
During enzymatic oxidations and other reactions minute 
amounts of OH., O., NH-, NH~ and HC = O. radicals 
and atoms may be formed. Their recombination supplies 
energy enough to excite the UV-levels of  the resulting 
products 34, 42, 46, 48, 51. One can not exclude the proba- 
bility that these processes are responsible for lumines- 
cence in the UV range of the total spectrum (fig. 6). A 
maximum in the blue part of the emission continuum of 
many biological objects indicates that part of the excita- 
tion energy is emitted in the UV-range. Perhaps any 
process enhancing the production of light in the cell also 
increases the intensity of the UV component. This might 
occur during mitosis and might fit the recent observation 
that the intensity of light correlated with the rate of  cell 
division 51. On the other hand, experiments with cy- 
tochrome-deficient yeast mutants suggest the involve- 
ment of O ~, the amount of which correlates with the 
total number of viable cells 32 
Thermodynamic analysis of photon emission performed 
by Poppet  al. 27, 28 provides data on the energetic aspects 
of mitogenetic and necrobiotic radiation. The spectral 
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Figure 6. Examples of ultraweak emission spectra from various objects: 
A Synchronized yeast culture 0), medium alone (I), spectral characteris- 
tics of the photomultiplier used ~po = f(2) (- - - -) 31 ; al ' emission bands 
from a rabbit heart muscle under narcosis determined by means of the 
biological detector a synchronized yeast culture a ~. B Germinating cu- 
cumber seeds: native, not perturbed (1), treated with a cytostatic Cialit | 
(2) and with acetone (3)3o. C Model reaction in vitro between cy- 
tochrome c and hydrogen peroxide under physiological conditions 42. 
D Lipid peroxidation with rat liver microsomes in vitro 22" 

occupation number densities g (2) calculated from the 
emission spectra of several plants 27, 31.43 obey the con- 
dition: g ( 2 ) =  constant for 1014-1015 Hz. This means 
that the system generating photons is far from thermal 
equilibrium and implies laser activity in a nonstationary 
case (see the ratio-value N1/N o > 0 in eq. 15). Non-equi- 
librial constellations postulated by Gurwitsch 11 resem- 
ble local metastable excited states of the cytosol men- 
tioned previously, and perhaps the energy-rich 
superhelical structures of DNA in nuclear chromatin. 
These states should exhibit absorption and emission 
spectra in the UV. Thus, the absorption of a UV photon 
by the excited state results in induced emission (2 hv). 
Therefore these states or 'nonequilibrial constellations' 
act like relay stations and may explain the mechanism of 
the so-called secondary radiation (see the first chapter). 
Dynamical rearrangements of local excited states to low- 
er energy levels release energy, part of which may be 
emitted in the UV-range. This mechanism might account 
for the degradation radiation emitted by cells stressed 
with cooling, narcotics or mechanical or electrical stimu- 
lation, and for the necrotic radiation accompanying the 
death of cells. The constant g (2) values also mean that 
biological systems exhibit an optimum response on exter- 
nal influences; for instance I or 2 UV photons absorbed 
by a cell can trigger mitosis or other critical processes. 
Relevant to this are theoretical considerations 9 showing 
that the electromagnetic response of the living system 
depends upon the total load of energy stored in such 
excited molecular structures. In the extreme case that 

such a structure was already highly excited, the arrival of 
just one photon could trigger the discharge of a sizable 
amount of electromagnetic energy. Thus, the electromag- 
netic response of a living system depends not only on the 
incoming signal, but also on the memory of past excita- 
tions. As seen from figure 6 A, the degradation spectrum 
and also the mitogenetic one can be recorded with amaz- 
ingly high spectral resolution by means of a biological 
detector; in this case a synchronized yeast culture 11. Al- 
though such sharp resonances cannot be excluded, much 
more evidence is necessary to prove their existence unam- 
biguously. 
The question of whether the mitogenetic effect does exist 
is still a subject of conjectural opinions in the relevant 
literature. However,  more and more evidence is now 
available that: 1) natural chronic low-level radiation of 
cosmic, telluric and technical origin stimulates cell prolif- 
eration 2o, 2) low-intensity UV-laser radiation stimulates 
DNA synthesis and increases cell membrane permeabili- 
ty 14, 3) selective killing of malignant cells by postulat- 
ed UV-radiation from normal yeast cells has been re- 
ported 6, and 4) there is an increasing amount of work 
proving the significant effect of  the UV component of 
weak biological luminescence exerted upon various bio- 
logical processes 1, 15, 17 
The yield of photon emission appears to be surprisingly 
high: 0.07-0.7 photons/cell division 31 and about 10 
photons per cell during interphase 18. Similarly, the num- 
ber of photons emitted by dying single cell cultures is of 
the same order of magnitude as the number of 
cells 11, 27, 30 This is an indication of the association of 
luminescence with cell division or cell death rather than 
with accidental chemiluminescence from oxidative radi- 
cal reactions. However, in mutticellular higher organ- 
isms, e.g., molluscs, worms and insects, the number of  
photons emitted in a 'death flash' is lower than the num- 
ber of cells constituting the whole organism. In this case 
a strong coupling of molecular oscillatory circuits emit- 
ring photons and an internal absorption cause a signifi- 
cant decrease of the number of photons 45. 

Temperature hysteresis of low level luminescence 

The response of biological systems to alterations of the 
temperature of their environment has been recently de- 
scribed in terms of the physical model of dissipative 
structures of  thermodynamically open systems which are 
far from thermal equilibrium 29. A nonlinear response of 
radiation to temperature T is manifested by damped os- 
cillations on the I = f(tT) curves and by non-constant 
values of activation energy 29, 39. A significant evidence 
of nonlinearity and collectivity comes from measure- 
ments of the luminescence intensity as a function of cycli- 
cally changed T 3a, 39. As can be seen from figure 7, all 
curves I = f(T) for dT/dt = const exhibit more or less 
open loops resembling a typical hysteresis phenomenon. 
The area of the loop calculated as a ~I dT depends on the 
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Figure 7. The response of the luminescence intensity to cyclic changes of 
temperature shows hysteresis-like loops. The rate of temperature (T) 
changes was 0.5 K.  min-  1 = const. Germinating seeds 4 - 6  days of green 
pea (Pisum sativum), green and etiolated (the insert) barley (Hordeum 
vulgate) were 30-rain dark-adapted in order to eliminate photosynthetic 
delayed luminescence. Arrows indicate the direction of T-changes. Simi- 
lar results have been obtained for many other plants as. 

T-range of a cycle. If  the range includes the so-called low 
T-glow limit, i.e., the low-T maximum determining the 
lower limit of adaptation capacity of a plant (e.g., the 
maximum at - 8 ~ in fig. 7) and/or the upper critical 
T-point (not shown in fig. 7), the loop is largely open and 
has a large area. A closer analysis of this phenomenon 
reveals its analogy to the Curie-Weiss low and the possi- 
bility of using certain parameters of the hysteresis loop, 
e.g., its area and/or the degree of openness, as a relative 
measure of the deviation from homeostasis. This clearly 
nonlinear and collective behavior points to the 'memory'  
of the photon-generating or storing system and cannot be 
understood in the framework of the classical biochemical 
model based on compartmentalized reactions 44. 

Conclusions 

The main purpose of this chapter was to present the 
biochemical side of processes creating photons in biolog- 
ical systems. As we have seen, the general picture pre- 
sents a highly fragmented status rerum, largely dominat- 
ed by the reductionistic paradigm of contemporary 
biochemistry. Thus, biological luminescence appears to 
be a heterogeneous phenomenon originating from multi- 
ple enzymatic and nonenzymatic reactions occurring in 
different organelles as a side-product of exothermic pro- 

cesses. Although methodological reductionism may be 
accepted as leading to a deeper insight into particular 
structures and reactions, some integrative principle re- 
sponsible for the coherent and holistic interplay between 
radiation and matter seems to be necessary for the better 
understanding of ultraweak cell radiation and its biolog- 
ical role. Therefore, we have tried to emphasize certain 
aspects of biochemical processes and show examples in- 
dicating the collective character of photon generating 
processes and their possible subordination to more gen- 
eral, unifying factors. 
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