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Abstract 
Glycolytic oscillation is one of the first observed and described nonlinear 
phenomena in living objects. Our recent paper points out the similarity of the 
temperature and outer electric field to influence this oscillation. The electric 
field is absorbed and changes the molecules. Similarly to the effect of heating, 
molecules have various structural, dynamical and chemical changes promoted 
by electric field. The changes sometimes happen without increasing the tem-
perature. Temperature, as the average energy of the included particles, has 
various kinds of “waste” energy used to heat up the particles which do not 
participate in the desired changes. The inaccuracy of the effects of tempera-
ture growth in local molecular changes could be remarkably high and could 
be corrected by the well-applied electric field absorption.  
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1. Introduction 

Glycolytic oscillation was observed first in yeast suspension by pulsing-addition 
of glucose to the system [1], registering the transient oscillation of concentration 
of NAD (Nicotinamide-Adenine Dinucleotide [reduced form]). Cells were stu-
died under anaerobic conditions and oxygen addition terminated the transient 
oscillation phenomenon. Soon, many biochemical oscillations were measured, 
[2] [3] pushing the process into the front of the non-linear reaction-kinetics de-
scribed by ordinary differential equations [4]. This activity accelerated when the 
first glycolytic oscillation was explained strictly on a mathematical basis called 
Selkov’s model [5]. This bifurcation-based phenomenon soon reached its direct 
biomedical applications too [6], mainly centered on the pancreatic activity [7]. 
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Mathematical models (like [8]) had great support by the more and more precise 
experiments [9] [10]. Presently, precise metabolic activity in cells is measured by 
showing entrainment of heterogeneous glycolytic oscillations in single cells [11] 
[12], in which work was one of the vast news of the year. Interaction of glycolysis 
with external electric field stimulation has been known for a long time [13] [14] 
[15]. Our objective is to clear the following question in detail: are there any si-
milarities between the temperature stimuli and electric stimuli in transient gly-
colytic oscillation? 

2. Method 

Temperature is a trivial driving parameter of glycolysis [16] [17]. It was widely 
investigated experimentally [18] and explained theoretically too [19] as fur-
ther-developed Selkov’s model. Two factors were introduced for this study: a 
constant α for positive feedback catalytic effect and a β(T) for temperature de-
pendence.  

( )

( )

2

2

d ,
d
d
d

x x T xy
t
y wy x T xy
t

ν α β

α β

= − −

= − + +
                    (1) 

where ,ν α  and w are constants, while β(T) satisfies the Arrhenius-dependence 
of temperature. 

( ) 0e
E
kTTβ β

−
=                          (2) 

Solving these equations, the results were as follows: 
1) The average concentration of the reagents decreases by time.  
2) The frequency of oscillation depends on the temperature by Arrhenius 

function. 
3) The form of oscillation changes by the temperature. 
4) Oscillation can be modulated by the periodic changing of the temperature. 
Let us suppose that the activation energy in Arrhenius law depends on the 

electric field which can have strong synergy with the temperature [20].  
Giving the perturbation of the temperature  

( ) ( )0 0, maxT t T T t T T= + ∆ ∆                  (3) 

after a Taylor-expansion and stop at the linear term: 

( )( )
( )

( )
2

0 0 0
0 0 2

0

e e e 1
EE Et

kT kT kT ET t T t
kT

β β β
∆− −  

∆ = ≅ + ∆ 
 

        (4) 

When the ( )E t∆  changes have periodic part, then:  

( )
( ) ( )

( )
0 0 0

0 0 0
1e e e e 1

E E t E tE E
kT kT kT kTE E t

kT
β β β β

+∆ ∆
− − − −  ∆ = = ≅ − ∆ 

 
     (5) 

If P is the polarization and ( )t∆  is the electric field strength, then  
( ) ( )E t P E t∆ = − ∆  and consequently 
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( )( )
( ) ( )

( )
0 0 0

0 0 0e e e e 1
E E t E tE E

kT kT kT kT PE t t
kT

β β β β
+∆ ∆

− − − −  ∆ = = ≅ + ∆ 
 

    (6) 

Comparing (4) and (6), the effects which we promote by temperature could be 
constructed on the same way by electric field, making substitution.  

( )E T P t∆ ↔ ∆  

3. Discussion 

Comparing (4) and (6), electric field has a formally similar effect on the modula-
tion of glycolytic oscillations to the temperature. Driving force is the change of  

the field strength ( )t∆  (instead of the 
( )
0

ΔT t
T

 relative temperature change),  

and chemical activation energy is replaced simply by the polarization of the ma-
terial. The abovementioned similarity is based on the Arrhenius equation which 
is a general expression for the temperature dependence of chemical reaction 
rates, so in the simple empirical comparison of the reaction kinetics it allows the 
interchange of the temperature and electric field effects. So, the effect is formally 
similar, but their real action is different, the electric field needs polarizability of 
the materials which is not the condition for temperature. The glycolysis is a spe-
cial effect involving the membranes (cytoplasmic and mitochondrial) which 
have a definite and well distinguishable polarization vector. This means that this 
similarity makes high parallel effects nearby the membrane of the cells. In the 
other chemical mechanisms of the living material the difference between the 
temperature effect and the electric fields is simply the mechanism which these 
effects induce in the process.  

The electric field in this meaning makes equivalent changes in the chemical 
effects of glycolytic oscillations like temperature does when the heat-exchange is 
concentrated on a certain chemical reaction and not spread all over the target.  

Heat spreads in the target by various convection and conduction effects. 
Therefore temperature rise in this case cannot be equal to the precisely concen-
trated electric filed for chemical changes. This is indispensable for making 
hyperthermia treatment precise, where the accurate approximation of the chem-
ical changes is blocked by the spreading of the heat energy. According to the 
Pennes Equation [21] [22]:  

( ) ( ) ( ), ,m b s D
Tc div gradT h h Q x t Q x t
T

ρ κ
∂

= + + + +
∂

 

where 

( ) ( )

( ) ( )1 2
1 11 1 2 ,

b b b e

m s

Tc div gradT c w T T p
t

T c c Tc h Q x t
t t

ρ λ ρ

ζ ζ
ζ

∂
= + − +

∂
∂ ∂

= − + = − −
∂ ∂

          (7) 

The electric energy source has modified the Pennes Equation, and the changes 
are realized in reactions (introduced reaction coordinates ζi (i = 1, 2). 
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( ) ( )

( )

1 2
1 11 1 2

b b b e

Tc T c c Tc div gradT
t t t
c w T T p

ζ ζ
ρ ζ λ

ρ

∂ ∂∂
+ − + −

∂ ∂ ∂
− − =

             (8) 

Moreover, two extra reaction-equations made the description valid for the 
system, where reactions could occur.  

( )1
1 1

2
22 2

d 1 ,
d

d ,
d

et

L c
t

ζ
ζ ζ

τ
ζ

= − −

=
                        (9) 

This interconnected (coupled) equation-system must be solved for describing 
the system. A more straightforward form of the conventional system is: 

( ) ( ) ( )

( )

21
1 11 1 22 2

1
1 1

,

d 1
d

b b b e

e

Tc T c c TL c div gradT c w T T p
t t

t

ζ
ρ ζ λ ρ

ζ
ζ ζ

τ

∂∂
+ − + − + − =

∂ ∂

= − −
 (10) 

If the initial condition was zero product (best assumption) then the solution 
of the second equation is: 

1 1 1 e
t

e
τζ ζ
− 

= −  
 

                       (11) 

where the saturated (equilibrium) value and the time-constant could be temper-
ature dependent functions. The generalized Pennes Equation with these mathe-
matical treatments: 
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−

−

+∂
− ∆ + = − −

∂
∂

→ − ∆ + = −
∂

+
=

= +

Λ Λ
= = =

   (12) 

The Pennes Equation formally could be rewritten as follows; 

( )L T g=                          (13) 

where L is a linear differential-operator and g the inhomogeneity term, con-
structed from the blood-perfusion and the introduced electric-power. If chemi-
cal reactions (cellular disruptions) additionally happen, that makes non-linearity 
to the equation, and the original Equation (13) will be modified:  

( ) ( )L T N T g+ =                     (14) 

where N(.) term contains the non-linearities. In a general form Equation (14) 
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could be: 

( ) ( )L T N T gλ+ =                      (15) 

where λ is an arbitrary parameter. (Naturally (14) and (15) are identical if 
1λ = ). 

The solution of (15) could be approached by perturbation approximation 
having a power-series of λ: 

2
0 1 2T T T Tλ λ= + + +                    (16) 

Because L(.) is linear than:   

( ) ( )
0

i
i

i
L T L Tλ

∞

=

= ∑                      (17) 

However, N(.) is an analytical function of T; consequently, it could be pre-
sented as a series of λ powers.  

( ) ( ) ( ) ( )2 2
0 1 2 0 1 0 1 2 0 1 2, , ,N T T T N T N T T N T T Tλ λ λ λ+ + + = + + +     (18) 

Moreover, using these series in the Equation (15) grouping the terms by the 
power of λ as well as using the arbitrariness of λ, we get:  

( ) ( ) ( ) ( ) ( )0 1 0 2 1 1, ,L T g L T N T L T N T= = − = −          (19) 

Solved and substituted to Equation (16) we have the solution of Equation (14) 
at 1λ = : 

0 1 2T T T T= + + +                       (20) 

The 0T  is the ordinary solution of the usual Pennes Equation, and the fur-
ther terms are the consequences of the non-linear extension, so these are the es-
sentials in our approach.  

Let us study the one-dimensional case at first. The one-dimensional Pennes 
Equation with neglecting of the thermal conduction, using Equation (12): 

( ) d ,
d

b b b b

b b b

p w c TTL T T g
t c

w c
c

ρ
α

ρ
ρ

α
ρ

+
= + = =

=
              (21) 

which has a solution: 

( )1

0 00 0
e e e d

tt t tT T g t tα α α− − ′= + ∫  

00 36.5 273 CT = +                         (22) 

If the electromagnetic power is constant (not time-dependent), then:  

( )0 0 0 00

0

00

e ,

,

36.5 273 C

tT T T T
gT

T

α

α

−
∞ ∞

∞

= − −

=

= + 

                   (23) 

Naturally, g could depend on the space-vector so 0T  as well.  
The first term of the perturbation solution by (19) is the solution of the fol-
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lowing equation: 

( ) ( )1
1 1 0

d
d
TL T T N T
t

α= + = −                     (24) 

Its solution (because the initial condition has been satisfied before) is: 

( )1 0
0

e e , d ,
t

t tT N T t t tα α ′− ′ ′ ′= −   ∫                    (25) 

Substitute N(.) from Equation (12) we have:  

( ) ( )( ) ( )( ) ( )( )

( ) ( )( ) ( )( )

0

2 2
0 11 0 0 1

1
0

2
0 22 0 0 2

e e e

d ,

tt
T tt t

T t L T t c T t
T

c

T t L T t c T t
t

c

τα α

ρ

ρ

′−
′′−

 ′ ′ ′
= −



′ ′ ′
 ′+



∫
          (26) 

We only have numerical possibility to solve this, although it has no great im-
portance. We must have the stationery solution, which is enough for hyperther-
mia conditions. 

In stationery cases, 0T  is constant in time, and the first term of the inte-
grands is zero, so:  

( ) ( ) ( ) ( ) ( )
2 2

0 22 0 0 0 22 0 02 2
1

0

e e d 1 e ,
t

t t tT L T c T T L T c T
T t

c c
α α α

ρ αρ
′− −′= − = − −∫      (27) 

where the only stationer solution is: 

( ) ( )2
0 22 0 0 2

1

T L T c T
T

cαρ
= −                       (28) 

What did we get for the value of the temperature correction?  
Nothing on the absolute value, because no experimental data exists. However, 

the relative change could be guessed by the experimental dose-function.  
The correction at 43˚C for arbitrary T temperature, based on the Equation 

(28), is: 

( ) ( )
( ) ( )

2
220 431 2

2
143 043 22 43 43 2

T bT

bT

L T c TT cwT
T T cwL T c T

ρ
ρ

=                  (29) 

Using the results from the dose-idea:  

( )43 43

2
22 2

2
22 2

:T T T T
eq

T

L c
t t R t

L c
= −= =                     (30) 

where according to Sapareto and Dewey [23]:  

0, if 3 C
0,25, if 39 C 43 C
0,5, if 43 C

T
R T

T

<
= ≤ <
 ≥



 



                 (31) 

Based on these equations: 
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( )43

0 431

143 043

1T bT
T T

bT

T cwT
T T cw R

ρ
ρ −

=                     (32) 

For example, when we compare two temperature points: T41 = 273 + 41 = 314 
K, and T45 = 273 + 45 = 318 K. In the first interval (41˚C - 43˚C) R41 = 0.25 and 
the second: (43˚C - 45˚C) R45 = 0.5. The blood-perfusion rate at T41wb41 = 20 
ml/min/100g, and at T45 is wb45 5 ml/min/100g [24]. 

Then the ratio of corrections according to Equation (32) is  

( )

( )

43 41

43 45

041 43141

143 043 41 1

145 044 43

143 043 45 2

1 ,

1

b
T T

b

b
T T

b

T wT
T T w R
T T w
T T w R

−

−

=

=
                    (33) 

where 
( )

( )

43 41

43 45

2
041 45141 2

2
145 045 41 1

314 5 0.5 16
318 20 0.25

T T
b

T T
b

T wT R
T T w R

− −

−
= == ≅             (34) 

This means if at temperature 45˚C we have an inaccuracy ΔT45C = 0.2˚C due 
to the chemical reactions, then the correction on T = 41˚C became ΔT41C = 
3.2˚C. Due to the general hyperthermia practice, the temperature does not ex-
ceed the 41˚C in average, so the inaccuracy in these practical temperatures is 
large. The application of electric field enhances the accuracy to target the chem-
ical bonds directly. Consequently, this energy-absorption has better efficacy at 
the same temperature when applied according to the targeted bonds. General 
electromagnetic radiation or capacitive heating affects all dipoles, not only the 
concentration for those which are devoted for cellular destruction. This is the 
reason why certain cell-destruction can occur at a lower temperature [25] [26], 
when precise impedance-matched electric field action is applied, [27]. 

4. Conclusion 

Modulation of the glycolysis both by temperature and external field is feasible. 
The values of the reaction change depend on the temperature and field changes 
by activation energy multiplied by change of temperature, and by the polariza-
tion multiplied by the change of the field. The electric field has a similar dynam-
ic change to heating. Temperature, as the average energy of the included par-
ticles has various “waste” energy used to heat up the particles which do not par-
ticipate in the desired changes. The various molecular changes in their spati-
otemporal structure and the dynamical, geometrical, chemical changes could be 
promoted by electric field without increasing the temperature. The inaccuracy of 
the temperature effect could be high and must be corrected by the well-applied, 
electric field application.  
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Abstract 
The elucidation of the mechanism on the biological effects of weak chemical 
and physical factors on cells and organism is one of the modern problems in 
life sciences. According to the Receptor Theory of Prof. Bernard Katz the im-
pact of the biological substances on cells is realized through the activation of 
ligand-gated ion channels in the membrane. However, this theory doesn’t 
provide a satisfactory explanation on the similar biological effects of extremely 
low concentrations of different chemical substances, which are unable to acti-
vate the ionic channels in the membrane and have non-linear dose-dependent 
effect on cells. Previously we have suggested that the metabolic control of cell 
hydration serves as a universal quantum-mechanical sensor for different weak 
physical and chemical signals. For supporting this hypothesis, in this article 
the comparative study of the effects of low concentrations of both cold 
(non-radioactive) and [3H]-ouabain (specific inhibitor for Na+/K+-ATPase) on 
the hydration in different tissues of rats has been performed. The obtained 
data have shown that cold and [3H]-ouabain have different effects on cell hy-
dration and such a difference depends on the initial metabolic state of tissues. 
On the basis of our previous and present results it is suggested that such a 
quantum-mechanical sensitivity of cell hydration is realized through the cyc-
lic-nucleotides-dependent Na+/Ca2+ exchange, having a crucial role in the 
metabolic regulation of cell hydration. 
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1. Introduction 

The elucidation of the mechanism on the biological effects of weak chemical and 
physical factors on cells and organism is one of the modern problems in life 
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sciences. At present, our knowledge on signal transduction in cells is based on 
the Membrane Theory which explains this transduction by the changes of cell 
membrane permeability for inorganic ions leading to generation of transient io-
nic currents through cell membrane [1]. However, this theory based on classical 
thermodynamic approaches, cannot explain the biological effects of extremely 
low concentrations of chemical substances [2] [3] and weak physical signals [4] 
[5], which are unable to activate ionic channels in the membrane and have 
non-linear dose-dependent effect.  

The main omission of the Membrane Theory is that it does not consider the 
direct role of cell metabolism in generation of cell membrane potential. Al-
though the existence of the metabolic component of membrane potential in the 
living cells has been revealed in a number of studies [6] [7], there isn’t any relia-
ble theory explaining the sensitivity of cells to weak physical and chemical sig-
nals. 

Based on our previous research data we have developed a new approach on 
quantum-mechanical sensitivity of living cells to different weak factors, which 
are realized through the metabolic control of cell hydration [8] [9] [10]. Ac-
cording to this hypothesis a water molecule, having valence angle with quan-
tum-mechanical sensitivity to different factors, serves as a primary messenger 
for signal transduction in cells. The metabolically generated water efflux from 
the cell balances the osmotic water uptake and has inhibitory effect on inward 
going ionic currents [11] [12] serving as a gate by which the weak signals mod-
ulate cell metabolic activity. Therefore, the metabolic control of cell hydration 
has been suggested as a universal quantum-mechanical sensor through which 
the biological effects of extremely weak chemical and physical signals on cells 
and organisms are realized [9] 

It is known that the Na+/K+ pump is a key mechanism through which the me-
tabolic control of cell hydration is realized. In excitable membranes three iso-
forms (α1, α2, α3) of α catalytic subunit of Na+/K+-ATPase (working molecule for 
Na+/K+ pump) are identified [13]. They are characterized by different affinities 
to cardiac glycoside ouabain (specific inhibitor for Na+/K+-ATPase) as well as 
functional roles: α1 (with low affinity) and α2 (with middle affinity) isoforms are 
involved in transportation of Na+ and K+, while α3 (with high affinity) is not di-
rectly involved in transporting Na+ and K+ and has only signaling function [14] 
[15]. Our previous studies have shown that these isoforms are extremely sensi-
tive not only to ouabain but also to extremely low concentrations of other bio-
logically active substances [2] [3] [16] as well as to weak intensity of electro-
magnetic fields [17] [18]. From these data it is followed that the same chemical 
substances with different quantum-mechanical structures (e.g. non-radioactive 
ouabain and [3H]-ouabain) can have individual effects on cell hydration. It has 
been shown that Na+/K+ pump is a key mechanism in regulation of cell hydra-
tion and its age-dependent dysfunction brings to tissue dehydration, which is 
accompanied by the decrease of α3 isoform’s affinity to ouabain [19]. Therefore, 
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in the presented article the age-dependent comparative study of the effects of pM 
(agonist for α3) and nM (agonist for α2) concentrations of cold (non-radioactive) 
ouabain and [3H]-ouabain on the hydration of different tissues was performed.  

2. Materials and Methods 
2.1. Animals 

All procedures performed on animals were carried out following the protocols 
approved by Animal Care and Use Committee of Life Sciences International 
Postgraduate Educational Centre (LSIPEC, Yerevan, Armenia).  

The experiments were performed on young (6 weeks old) and old (18 months 
old) Wistar rats. They were regularly examined, kept under control of the vete-
rinarians in LSIPEC and reserved in a specific pathogen-free animal room under 
optimum conditions of 12 h light/dark cycles, at temperature of 22˚C ± 2˚C, 
with a relative humidity of 50% and were fed ad libitum on a standard lab chow 
and water.  

2.2. Chemicals 

Tyrode’s Physiological solution (PS) containing (in mM) 137 NaCl, 5.4 KCl, 1.8 
CaCl2, 1.05 MgCl2, 5 C6H12O6, 11.9 NaHCO3, and 0.42 NaH2PO4 and adjusted to 
pH 7.4 with NaOH was used. All chemicals were obtained from “Medisar” In-
dustrial Chemical Importation Company (Yerevan, Armenia). The [3H]-ouabain 
with specific activity (25.34 Ci/mM) (PerkinElmer, Massachusetts, USA) and 
cold (non-radioactive) ouabain at pM (10−11 M) and nM (10−9 M) concentrations 
dissolved in PS were used for tissue injection and incubation. All ouabain solu-
tions were also adjusted to pH 7.4. 

2.3. Experimental Design  

It is well known that the anesthetics with different chemical and pharmacologi-
cal profiles significantly affect metabolic processes, which play an important role 
in regulation of cell volume [20] [21]. Therefore, in the present experiments 
animals were sharply immobilized by freezing method (dipping their noses into 
liquid nitrogen for 3 - 5 sec) and decapitated [22]. After such a procedure the full 
absence of somatic reflexes on extra stimuli was recorded.  

For in vivo experiments 15 young and 15 old animals were taken. Each animal 
group was divided into five subgroups (n = 3). The animals of the control group 
were injected with PS (according to the animal weight) and the animals of the 
next four subgroups were injected with 10−11 M and 10−9 M concentrations of 
cold and 10−11 M and 10−9 M concentrations of [3H]-ouabain. After the 15th min 
the animals were decapitated. Brain cortex, heart muscle and liver tissues were 
isolated. From each animal 5 samples of each tissue were taken, washed in PS 
three times and then weighed (15 samples from each tissue). The protocol of ex-
periments was the same for both young and old animals. All data were received 
from three independent experiments.  
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For investigation of the water content variations and ouabain effect in in vitro 
conditions 15 young and 15 old animals were taken. After their decapitation 5 
samples of the above mentioned tissues were taken from each animal (similar to 
in vivo experiments). These samples (n = 15) were incubated in PS (as sham), 
cold ouabain solution (10−11 M, 10−9 M) and [3H]-ouabain solution (10−11 M, 10−9 
M) for 15 min, then washed in PS three times and weighed.  

2.4. Definition of Water Content of Brain Tissues 

The water content of brain cortex, heart muscle and liver tissues was determined 
by traditional “tissue drying” method [23]. After measuring the wet weight 
(w.w.) of tissue samples they were dried in oven (Factory of Medical Equipment, 
Odessa, Ukraine) for 24 h at 105˚C for determination of dry weight (d.w.). The 
quantity of water in 1 g of d.w. tissue was counted by the following equation: 
(w.w. − d.w.)/d.w. 

2.5. Counting of [3H]-Ouabain Receptors in the Membrane 

The tissue samples from in vivo experiments, which were subjected to 
[3H]-ouabain, were homogenized in 50 µl of 68% HNO3 solution after determi-
nation of wet and dry weights. Then 2 ml of Bray’s scintillation fluid was added 
and chemoluminescence of samples was quantified with 1450-MicroBeta liquid 
scintillation counter (Wallac, Turku, Finland). The number of [3H]-ouabain 
molecules’ binding with cell membranes was defined per mg of dry weight of 
samples. 

The same procedure (the definition of the number of [3H]-ouabain molecules) 
was performed on the tissue samples from in vitro experiments after removing 
them from the oven and determining wet and dry weights. 

2.6. Statistical Analysis 

Microsoft Excel and Sigma-Plot (Version 8.02A, NY, USA) were used for data 
analyses. The statistical significance in comparison with the sham group was 
calculated with Student’s t-test with the following symbols (*p < 0.05; **p < 0.01; 
***p < 0.001). 

3. Results 
3.1. Investigation of Brain Cortex Tissue Hydration 

The comparative study of the hydration sensitivity of excitable (brain cortex, 
heart muscle) and non-excitable (liver) tissues to pM and nM concentrations of 
cold and [3H]-ouabain in in vivo and in in vitro experimental conditions was 
performed. In in vivo experiments the animals were preliminarily i/p injected 
with ouabain-free PS and 10−11 M and 10−9 M concentrations of cold and 
[3H]-ouabain, while in in vitro experiments the tissue samples were incubated in 
the same solutions for 15 min. 

As can be seen from Figure 1(a), after i/p injection with 10−11 M cold ouabain  
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Figure 1. The water contents in cortex tissue of young rats in in vivo (a) and in in vitro 
(b) experiments upon the effect of pM and nM concentrations of cold and [3H]-ouabain. 
The black and gray bars on (a) and (b) indicate the mean value of water contents in the 
tissues upon the effect of pM and nM ouabain, respectively. The continuous line shows 
the control value of tissue hydration after PS injection (a) and PS incubation (b). The 
black and gray bars on (c) show the number of ouabain molecules binding with cell 
membrane in in vivo and in in vitro conditions, respectively. Each bar represents the 
±SEM (n = 45). The symbols (*) and (***) indicate p < 0.05 and p < 0.001, respectively. 
All data were obtained from three independent experiments. 
 
insignificant dehydration in brain cortex tissues of young animals was observed 
compared with the control (injected with ouabain-free PS), while 10−9 M cold 
ouabain brought to significant hydration. The data on [3H]-ouabain i/p injection 
(Figure 1(a)) revealed the opposite effect on brain tissue hydration, i.e. signifi-
cant hydration at 10−11 M and expressed dehydration at 10−9 M [3H]-ouabain. 

In in vitro experiments (Figure 1(b)), where the metabolic activity of tissues 
was impaired, brain tissue hydration sensitivity to ouabain had a reverse charac-
ter compared with those in vivo studies (Figure 1(a)): pM cold ouabain had hy-
dration effect, while pM [3H]-ouabain had dehydration effect. In case of nM cold 
ouabain there was no effect but nM [3H]-ouabain had hydration effect on the 
tissues. Figure 1(c) illustrated that at each concentration of [3H]-ouabain the 
number of ouabain molecules was higher in in vivo experiment compared with 
in vitro one. 

According to the fact that aging leads to the depression of the metabolic activ-
ity, in the next series of experiments we repeated the above-mentioned protocol 
on old animals. As can be seen on Figure 2(a), the hydration level in brain cor-
tex tissue of old animals in in vivo experiments upon the impact of 10−11 M cold 
ouabain was significantly higher compared with the control, while the same 
concentration of [3H]-ouabain sharply dehydrated the tissues. In case of 10−9 M 
cold ouabain the dehydration effect was observed, while the same concentration 
of [3H]-ouabain had slight hydration effect on the tissues compared with the 
control. 

In in vitro experiments (Figure 2(b)) the hydration levels of brain cortex 
samples at all concentrations of ouabain were nearly the same. Compared with 
the control data at both concentrations of cold and [3H]-ouabain the dehydra-
tion effect was observed. As indicated on the data presented on Figure 2(c) the 
number of ouabain molecules at 10−11 M concentration of [3H]-ouabain in in vi-
vo as well as in in vitro experiments was the same, while the number of ouabain  
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Figure 2. The water contents in cortex tissue of old rats in in vivo (a) and in in vitro (b) 
experiments upon the effect of pM and nM concentrations of cold and [3H]-ouabain. The 
black and gray bars on (a) and (b) indicate the mean value of water contents in tissues 
upon the effect of pM and nM ouabain, respectively. The continuous line shows the con-
trol value of tissue hydration after PS injection (a) and PS incubation (b). The black and 
gray bars on (c) show the number of ouabain molecules binding with cell membrane in in 
vivo and in in vitro conditions, respectively. Each bar represents the ±SEM (n = 45). The 
symbols (**) and (***) indicate p < 0.01 and p < 0.001, respectively. All data were ob-
tained from three independent experiments. 
 
molecules at 10−9 M concentration of [3H]-ouabain was much higher in in vivo 
experiment than in in vitro one.  

3.2. Investigation of Heart Muscle Tissue 

Considering the fact that unlike brain tissue hydration heart muscle hydration 
significantly depends on myosin contraction, in the next series of experiments 
the above mentioned protocol was performed on heart muscle tissues. The data 
of in vivo experiments presented on Figure 3(a) showed that the pM cold oua-
bain had significant dehydration effect on heart muscle tissue of young rats, 
while the same concentration of [3H]-ouabain had hydration effect. 

The effects of both nM cold ouabain and [3H]-ouabain were similar to the ef-
fects of pM ouabain, but nM ouabain effect was less pronounced. In in vitro ex-
periments the pM cold ouabain had slight hydration effect, while the same con-
centration of [3H]-ouabain had expressed hydration effect on heart muscle tis-
sue. The nM cold ouabain had more pronounced hydration effect than pM oua-
bain, while nM [3H]-ouabain had less expressed hydration effect than pM 
[3H]-ouabain (Figure 3(b)). As can be seen from Figure 3(c), the number of 
ouabain molecules binding with cell membrane in in vivo and in in vitro expe-
riments was the same.  

The investigation of heart muscle tissues in old rats in in vivo condition 
(Figure 4(a)) showed significant over hydration at both concentrations (10−11 M 
and 10−9 M) and types of ouabain. However at 10−9 M [3H]-ouabain the hydra-
tion level was higher. 

As can be seen from Figure 4(b), 10−11 M cold ouabain in in vitro experiments 
led to significant dehydration in old animals, while 10−11 M [3H]-ouabain to hy-
dration. As for the effects of 10−9 M ouabain the hydration reached to the level 
recorded at control, but 10−9 M [3H]-ouabain brought to significant dehydration.  
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Figure 3. The water contents in heart muscle tissue of young rats in in vivo (a) and in vi-
tro (b) experiments upon the effect of pM and nM concentrations of cold and [3H]-ouabain. 
The black and gray bars on (a) and (b) indicate the mean value of water contents in tis-
sues upon the effect of pM and nM ouabain, respectively. The continuous line shows the 
control value of tissue hydration after PS injection (a) and PS incubation (b). The black 
and gray bars on (c) show the number of ouabain molecules binding with cell membrane 
in in vivo and in in vitro conditions, respectively. Each bar represents the ±SEM (n = 45). 
The symbols (*) and (**) indicate p < 0.05 and p < 0.01, respectively. All data were ob-
tained from three independent experiments. 
 

 
Figure 4. The water contents in heart muscle tissue of old rats in in vivo (a) and in in vi-
tro (b) experiments upon the effect of pM and nM concentrations of cold and 
[3H]-ouabain. The black and gray bars on (a) and (b) indicate the mean value of water 
contents in tissues upon the effect of pM and nM ouabain, respectively. The continuous 
line shows the control value of tissue hydration after PS injection (a) and PS incubation 
(b). The black and gray bars on (c) show the number of ouabain molecules binding with 
cell membrane in in vivo and in in vitro conditions, respectively. Each bar represents the 
±SEM (n = 45). The symbols (*) and (***) indicate p < 0.05 and p < 0.001, respectively. 
All data were obtained from three independent experiments. 
 
However, in spite of different effects on tissue hydration in in vivo and in in vi-
tro conditions the number of ouabain molecules at [3H]-ouabain was approx-
imately the same at two different ouabain concentrations (Figure 4(c)). 

3.3. Investigation of Liver Tissue 

It is known that in soft tissues of healthy animals only a1 isoform of 
Na+/K+-ATPase with low affinity to ouabain is expressed [24]. At the same time 
our previous study has shown that nM and pM ouabain concentrations activate 
cyclic nucleotides-dependent Na+/Ca2+ exchange without any effect on Na+/K+ 
pump activity [25] [26]. Therefore, it was interesting to perform the same pro-
tocol used for the previous series of experiments on non-excitable tissues, such 
as liver.  
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Although in liver cell membrane a2/a3 isoforms of Na+/K+-ATPase were not 
expressed the data presented on Figure 5 indicated the modulation effect of pM 
and nM ouabain on its tissue hydration. Moreover, the modulation effects of low 
concentrations of cold and [3H]-ouabain on liver tissue hydration were different 
compared with the effects on brain cortex and heart muscle tissues. 

In in vivo experiments (Figure 5(a)) cold ouabain led to dose-dependent hy-
dration, while [3H]-ouabain brought to dehydration. The significant hydration at 
10−9 M cold ouabain turned to dehydration at 10−9 M [3H]-ouabain. In in vitro 
experiments (Figure 5(b)) the incubation of liver samples at 10−11 M cold oua-
bain brought to more pronounced dehydration, while 10−11 M [3H]-ouabain had 
weak dehydration effect on it. Cold ouabain at 10−9 M had no effect on tissue 
hydration, while [3H]-ouabain at the same concentration had dehydration effect 
on it. It is worth to note that the ouabain binding with cell membrane at both 
concentrations was higher in in vivo state than in in vitro one. In old animals the 
effects of both cold and [3H]-ouabain i/p injections on liver tissue hydration 
were more pronounced than in young animals (Figure 6(a)). It is interesting to 
note that there was no difference between cold and isotope ouabain effects on 
cell hydration, while 10−9 M cold ouabain-induced hydration was more ex-
pressed than 10−9 M [3H]-ouabain-induced effect. 

The incubation of the samples in cold ouabain solutions led to significant de-
hydration at 10−11 M, while at the same concentration of [3H]-ouabain had hy-
dration effect (Figure 6(b)). Both cold and [3H]-ouabain at 10−9 M concentra-
tion had hydration effect on tissue but [3H]-ouabain effect was less pronounced 
than the effect of the cold ouabain. It is interesting to note that the ouabain 
binding with cell membrane in in vivo experiment had dose-dependent increas-
ing character, while in in vitro experiment it had dose-dependent weakening 
character (Figure 6(c)). 
 

 
Figure 5. The water contents in liver tissue of young rats in in vivo (a) and in in vitro (b) 
experiments upon the effect of pM and nM concentrations of cold and [3H]-ouabain. The 
black and gray bars on (a) and (b) indicate the mean value of water contents in tissues 
upon the effect of pM and nM ouabain, respectively. The continuous line shows the con-
trol value of tissue hydration after PS injection (a) and PS incubation (b). The black and 
gray bars on (c) show the number of ouabain molecules binding with cell membrane in in 
vivo and in in vitro conditions, respectively. Each bar represents the ±SEM (n = 45). The 
symbols (*), (**) and (***) indicate p < 0.05, p < 0.01 and p < 0.001, respectively. All data 
were obtained from three independent experiments. 
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Figure 6. The water contents in liver tissue of old rats in in vivo (a) and in in vitro (b) 
experiments upon the effect of pM and nM concentrations of cold and [3H]-ouabain. The 
black and gray bars on (a) and (b) indicate the mean value of water contents in tissues 
upon the effect of pM and nM ouabain, respectively. The continuous line shows the con-
trol value of tissue hydration after PS injection (a) and PS incubation (b). The black and 
gray bars on (c) show the number of ouabain molecules binding with cell membrane in in 
vivo and in in vitro conditions, respectively. Each bar represents the ±SEM (n = 45). The 
symbols (*) and (***) indicate p < 0.05 and p < 0.001, respectively. All data were obtained 
from three independent experiments. 

4. Discussion 

Previously it was shown that in brain and heart tissues of rats the pM 
[3H]-ouabain stimulated the cGMP-dependent Na+/Ca2+ exchange in forward (F) 
mode [27] which was accompanied by cell dehydration in young and hydration 
in old animals [26]. The pM [3H]-ouabain-induced cell dehydration in young 
animals was explained by the activation of Na+/K+ pump as a result of Na+/Ca2+ 
exchange-induced decrease of intracellular contents of [Ca2+]i, while its hydra-
tion effect on the tissues of old animal was explained by the direct effect of F 
Na+/Ca2+ exchange because of high [Ca2+]i [10]. The nM [3H]-ouabain activated 
the cAMP-dependent Na+/Ca2+ exchange in reverse mode (R) [28], having 
age-dependent weakening character which was reversed in old animals [18]. It is 
worth to note that though [3H]-ouabain has been used in biological experi-
ments for 5 decades [29] [30] the comparative studies of cold and [3H]-ouabain 
effects on cell metabolism have not been considered. As the metabolic control 
of cell hydration has quantum-mechanical sensitivity [10] it becomes possible 
to estimate the different effects of ouabain molecules with different quan-
tum-mechanical structure, such as cold and [3H]-ouabain, on cell hydration. The 
data presented in this article clearly indicate that the biological effects of cold 
and [3H]-ouabain are not identical.  

The data presented on Figure 1(a) showed that the 10−11 M and 10−9 M cold 
ouabain, as was noted above (Figure 1(a)), had dehydration and hydration ef-
fects on brain tissues in in vivo experiments, respectively, while their effects were 
reversed in in vitro experiments (Figure 1(b)), where the metabolic state of the 
slices was depressed. The pM and nM concentrations of [3H]-ouabain injection 
had opposite effects on brain tissue hydration compared with cold ouabain in-
jection. Moreover, the reverse of dose-dependent effect of [3H]-ouabain on tis-
sue hydration in in vitro experiments indicated that the modulation effect of the 
same doses of cold and [3H]-ouabain had different metabolic nature.  
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Previously it has been shown that [3H]-ouabain binding with cell membrane 
depends on both the number of ouabain receptors and their affinity: the number 
of receptors increases with cell swelling [30], while ouabain receptors affinity in-
creases with the decrease of [Ca2+]i [19]. The data obtained in in vivo experiment 
indicating that the number of ouabain molecules at pM concentration was high-
er than at nM ouabain (Figure 1(c)) can be explained by the pM ouabain-induced 
activation of F Na+/Ca2+ exchange leading to the decrease of [Ca2+]i and increase 
of receptors affinity to ouabain, while the decrease of ouabain binding with cell 
membrane in in vitro experiments can be a result of [Ca2+]i increase. 

The received data allow us to suggest that different effects of pM and nM ou-
abain as well as the difference in the effects of radioactive and cold ouabain is 
due to the initial level of [Ca2+]i. This suggestion is consistent with the data of the 
same protocol of experiments performed on old rats, when the initial level of 
[Ca2+]i in brain tissues was higher than in young animals [31].  

The data obtained in old animals showed that in vivo experiment the pM cold 
ouabain led to hydration, while [3H]-ouabain had strong dehydration effect on 
brain cortex tissues (Figure 2(a)). In case of the nM ouabain i/p injection we 
recorded opposite data: cold and [3H]-ouabain had dehydration and slight hy-
dration effect on tissue, respectively. Moreover, in in vitro experiments, in which 
the tissue samples had high Ca2+ contents compared with that in in vivo experi-
ments, both concentrations of cold and [3H]-ouabain ouabain had dehydration 
effect on tissues. The differences between the effects of pM and nM as well as 
between cold and isotope ouabain were inconsistent (Figure 2(b)). 

The data on dose-dependent binding with membrane in the cortex tissue of 
old animals indicated that there was dose-dependent increase of ouabain binding 
(Figure 2(c)). These age-dependent differences can be explained by the fact that 
in old animals [Ca2+]i is higher. As a result of this, the activation of 
cGMP-dependent F Na+/Ca2+ exchange had its direct hydration effect on cells [18].  

Thus, the obtained data indicating that the same concentrations of cold and 
[3H]-ouabain had different effects on cortex tissue hydration. The fact that the 
effect of pM [3H]-ouabain was approximately the same as in case of cold nM 
ouabain clearly indicates that the existence of [3H] in ouabain molecules in-
creases its effect on cell hydration. This suggestion is supported by the obtained 
data of the similar study on heart muscle tissues. 

It is known that approximately 50% of cardiomyocyte volume consists of 
myofibrils [32] and [Ca2+]i-dependent contractility of the latter has a determin-
ing role in muscle tissues hydration. The data presented on Figure 3 and Figure 
4 indicate that as in case of cortex tissue (Figure 1 and Figure 2) the cold and 
[3H]-ouabain at the same concentrations had different effects on heart tissue hy-
dration. The i/p injection of cold ouabain in young animals had dose-dependent 
dehydration effects on muscle compared with control, while [3H]-ouabain had 
dose-dependent weakening effect on hydration in heart muscle tissue (Figure 
3(a)). The data that in heart muscle tissues of old animals (containing higher 
[Ca2+]i than in young animals) when the cold and [3H]-ouabain injection led to 
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the same dose-dependent hydration effect on muscle (Figure 4(a)) indicate that 
their effects on cell hydration is realized by different mechanisms controlling 
[Ca2+]i. The data on the difference between cold and [3H]-ouabain effects ap-
peared in heart muscle samples incubated in in vitro experiments seem ex-
tremely interesting. The facts that in in vitro experiments where [Ca2+]i is con-
sidered to be higher than in in vivo experiments and the increase of [Ca2+]i ac-
tivates cGMP-dependent F Na+/Ca2+ exchange through the activation of 
Ca2+-calmodulin-induced NO production, which in its turn stimulates cGMP 
formation, allow us to suggest that the modulation effect of [3H]-ouabain on cell 
hydration is realized through this chain. However, to prove this suggestion more 
detailed investigation is needed. 

It is known that all three isoforms of Na+/K+-ATPase are expressed in excita-
ble tissues (nerve and muscle membrane), while in soft tissues of healthy animals 
only a1 isoform is expressed [24]. At the same time by our previous experiments 
performed on snail neurons [28] [30], heart muscles and brain tissues of rats 
[18] it was shown that pM and nM ouabain-induced modulation of Na+/Ca2+ 
exchange did not depend on Na+/K+ pump and it was realized through the 
changes of intracellular nucleotides [17] [18].  

The data presented on Figure 5(a) indicate that after pM and nM cold oua-
bain injections of young animals the liver tissue hydration increased by 
dose-dependent manner, while the same concentrations of [3H]-ouabain injec-
tions led to dehydration effect. These data support the above suggestion that 
cold and isotope had different biological effects on cells. It is worth to note that 
as in case of excitable tissues, the sensitivity of liver tissue hydration to low con-
centrations of both cold and [3H]-ouabain was higher in old animals as well as in 
the samples incubated in in vitro experiment, when the metabolic activity of tis-
sues was depressed. Therefore, the data that such low concentrations of 
non-radioactive and radioactive ouabain effects depend on [Ca2+]i and the data 
that [3H]-ouabain binding with cell membrane is depressed in in vitro experi-
ments allow us to suggest that the modulation of tissue hydration at both con-
centrations of cold and [3H]-ouabain takes place through the changes of [Ca2+]i. 

Thus, the obtained data bring us to the following conclusions: 
1) Cold and [3H]-ouabain at pM and nM concentrations have different effects 

on cell hydration; 
2) The different effects of cold and [3H]-ouabain on cell hydration is due to their 

different activities on cGMP-dependent Na+/Ca2+ exchange controlling intracellular 
Ca2+ concentration. Therefore, these data allow us to conclude that in biological ex-
periments cold ouabain and radioactive ouabain effects cannot be considered as 
equivalent. These data indicate that Na+/Ca2+ exchange is Na+/K+ pump-independent 
mechanism in the membrane having quantum-mechanical sensitivity. 
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Abstract 
The current geometric and thermodynamic approaches in protein folding 
studies do not provide a definite solution to understanding mechanisms of 
folding of biological proteins. A major problem is that the protein is first syn-
thesized as a linear molecule that subsequently must reach its native configu-
ration in an extremely short time. Hydrophobicity-hydrophilicity models and 
random search mechanism cannot explain folding to the 3-D functional form 
in less than 1 second, as it occurs in the intact cell. We propose an integral 
approach, based on the embedding of proteins in the whole cellular context 
under the postulate: a life protein is never alone. In this concept the protein 
molecule is influenced by various long and short distance force fields of na-
ture such as coherent electromagnetic waves and zero-point energy. In partic-
ular, the role of solitons is reviewed in relation to a novel GM-scale biophysi-
cal principle, revealed by us. This recent finding of a set of discrete EM fre-
quency bands, that either promote or endanger life conditions, could be a key 
in further studies directed at the morphogenetic aspects of protein folding in a 
biological evolutionary context. In addition, an alternative hypothesis is pre-
sented in which each individual cell may store integral 3-D information holo-
graphically at the virtual border of a 4-D hypersphere that surrounds each 
living cell, providing a field receptive memory structure that is instrumental in 
guiding the folding process towards coherently oscillating protein networks 
that are crucial for cell survival.  
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1. Introduction 

The issue of protein folding is often considered using two different approaches 
that can be called “biophysical” and “geometrical” [1]. The “biophysical” ap-
proach uses concepts such as Gibbs free energy, entropy, and temperature to 
study protein folding. Simulations of folding are based on statistical physics. In 
the “geometrical” approach, folding is considered geometrically, as a part of the 
broader context of the folding of figures of different topologies. A major prob-
lem (the so called Levinthal’s paradox) is that the protein is first synthesized as a 
linear molecule that subsequently must reach its native configuration in a short 
time (on the order of seconds or less, Figure 1). Importantly, the protein can 
only perform its functions in this (often single) configuration. The problem, 
however, is that the number of possible conformational states is exponentially 
large for a long protein molecule. Despite the almost 30 years of attempts to re-
solve this paradox, a definite solution has not yet been found. In particular, 
computational biology has shown that the problem of folding based on H-P  

 

 
Figure 1. Protein folding in the cell; (A): Ribosomal protein synthesis; (B): Native state; (C): Folded functional conformation; (D): 
Functional complex; (E): Misfolded form; (F): Toxic aggregate; (G): Degradation products; (modified from Munoz and Cermina-
ra, 2016). 
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(hydrophobic-hydrophilic) model, is extremely complex (i.e., generally requires 
an enormous number of steps [2]. Levinthal concluded rightfully that a random 
search can only be performed in an unrealistic timeframe of billions of years [1]. 
Thus two major questions remain: what are the actual folding mechanisms and 
how can this ultra-rapid process be realized in the whole, intact, cell structure? 

Martinez noted that the current folding models had weak predictive ability 
[3]. Natural proteins consist of 100 to 500 building blocks (alpha-amino-acids), 
but a random search mechanism cannot provide real-time folding on the order 
of 1 sec. for these proteins. In the framework of a funnel-like energy landscape, 
the author considers a simple kinetic model of protein folding. However, this 
kinetic model assumes that once a domain reaches the correct state, it stays 
there. However, it remains unclear how the domain “knows” that it reached 
the correct state. After all, an intermediate state is not the minimum energy a 
state—the minimum is only expected for the whole structure. In the current 
geometric and thermodynamic approaches in protein folding mechanisms, im-
pressive progress was made, as for instance exemplified by recent papers [4] [5], 
yet such bottom up approaches fail to provide a satisfactory and generally pre-
dictive solution. 

Munoz and Cerminara recently reviewed current generation of thermody-
namic methods to map ultrafast folding landscapes, interaction networks and 
various mechanisms at nearly atomic resolution and concluded that folding is 
tightly coupled to a large number of processes in what they call the protein life 
cycle (see Figure 1), but also stated that there is a deep divide between what 
theory and simulations predicted and what experiments showed [6]. Bédard et 
al. earlier pointed out that folding should be seen as a heterogeneous process 
with a spectrum of intermediates that is not so much based on independent and 
unrelated pathways [2]. Rather, it seems governed by the same step-wise path-
way that depends on the cooperative interaction with, so called, foldon units of 
the target native protein, that is, in a predetermined pathway sequence that 
however is subject to misfolding errors. All this may be taken as an illustration 
of the complexity of the folding process in vitro, not to speak of the mul-
ti-factorial situation in the intact cell. 

2. Alternatives for Classical Approaches 

The present study aims at creating a systematic overview of a wide spectrum of 
EM frequencies that may influence protein folding, in order to unravel the me-
chanisms by which proteins obtain their functional conformation as parts of 
integral vibratory networks for inter- and intra-cellular communication. 

In order to present a complimentary view to existing theories, a versatile ap-
proach to the problem is presented, based on the embedding of proteins in an 
integral cellular context. This includes, apart from the known genome and 
proteome modalities, a well defined “electrome” aspect [7]. We consider the 
protein molecule as being influenced by the various long and short distance 
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force fields of nature such as gravity, electromagnetism, and zero-point energy, 
in addition to intrinsic vibratory states of macromolecules that generate cohe-
rent excitations in the cell. By defining the condition in which the protein is fi-
nally shaped in its 3-D functional configuration in more detail, first of all the in-
teraction of the polypeptide structure with interfacial, potentially structured wa-
ter dipole molecules and inorganic ions should be taken into account (Figure 2). 
In addition the (partly)-folded polypeptide chain may undergo functional quan-
tum entanglement with (nearly)-identical proteins, specific substrate molecules 
and chaperones [8] [9]. Special reference should also be given to the permanent 
influence of magneto-reception, due to the exposure to external and internal 
electromagnetic fields, that exhibit discrete radiation frequencies and have been 
shown by us to influence life conditions [10] [11] [12]. These morphogenetic 
mechanisms can be mediated by phonon/soliton excitations that, according to 
abundant literature, lead to coherent vibrational domains in cells that also can 
take the form of wave/particle condensates and non-local multi-boson fields  

 

 
Figure 2. (A): Protein folding from primary to quaternary structure; (B): Influence of phonons on wave coherence, leading to 
long-lived oscillations through energy dissipation (b) and protection to environmental noise (modified from Zhang and Wang, 
2016) (C): Energy landscape with intramolecular (left) and intermolecular aspects (right), producing various endproducts. 
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(reviewed by Belyaev [13], Brizhik [14], Cifra [15], Cosic et al. [16], Hammerschlag 
et al. [17], Levin [18], Muehsam [19], Pokorny [20], Rakovic [21], Tuszynski et 
al. [22]). 

In this framework an alternative hypothesis is presented in which we envision 
a fractal toroidal operator structure to collect and integrate the abovementioned 
wave information of cells, including their proteins and stores it in a holographic 
manner on a 3-D virtual screen at the border of a 4-D hypersphere that sur-
rounds each individual cell. This nested torus geometry is fractal at the various 
organizational levels of the living cell and also provides aspects of er-
ror-correction and quality control of the protein folding process. The torus 
geometry also potentially opens a fourth spatial dimension with a symmetric 
time aspect, in which the particular protein can be directed to a final functional 
configuration in the context of the integral cell and whole cell context. This 
theory finds support in the earlier used computational neural network models, 
in which integral forward processing of information in a neuronal network, 
leads to a growing addressable holographic memory space [23]. The global and 
local excitation mechanisms and the presence of various cytoplasmic factors 
within the cell, clearly imply that “a life protein molecule is never alone”, as de-
picted in Table 1. 

3. Long Range Coherence of Vibrational Mechanisms in  
Protein Folding 

Biomolecular systems exhibit broad vibrational spectral features in the terahertz 
regime, corresponding to functionally relevant, global, and sub global collective 
modes [24]. This idea is supported by terahertz absorption spectroscopy, mole-
cular dynamics simulations and normal mode analysis (NMA) that demonstrat-
ed the broad terahertz absorption of various proteins in partially solvated  
 
Table 1. A protein molecule in the organism is never alone. 

 Proteins bind to transport proteins facilitating nucleus to cytoplasm transport. 
 Proteins can be associated with cytoplasmic receptor and chaperone proteins. 
 Protein molecules are imbedded in dipole water molecules that can take a clustered form. 
 Protein molecules undergo high-frequency spatial changes inducing vibratory conditions. 
 Unfolded (parts of) proteins adsorb (hydrated) cytoplasmic alkali cations like K+ and anions. 
 Cytoplasmic proteins bind organic compounds such as ATP and fatty acids. 
 Proteins are exposed to various force fields: electromagnetism, gravity, dark energy  

and zero-point energy. 
 Influence of force fields on protein structure is collected and integrated by 4D  

toroidal geometry. 
 Formation of functional 3-D proteins requires a combined genomic/electromic machinery. 
 Protein molecules undergo conformational changes that induce vibratory states. 
 Different protein molecules can show mutual specific coherent resonance patterns. 
 Proteins can communicate in functional networks through their resonant states. 
 Protein morphology is influenced by external electromagnetic and geo-magnetic fields. 
 Protein molecule folding is influenced by coherent macromolecular vibration  

domains in the cell. 
 Protein geometry can be modeled using space-time with 4 spatial dimensions.  
 Protein structure can, in principle, be modified by quantum entanglement  

as a long-distant aspect. 
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conditions, as well as in aqueous environments (Figure 2) Terahertz vibrational 
properties of biomolecules resulted in the accessibility of the so-called “terahertz 
gap” in a water environment. Fröhlich pointed out that energy provided to tera-
hertz modes of a protein may not be completely thermalized but can be redi-
stributed via the nonlinear processes towards specific low-frequency modes of 
vibration of the biomolecular structure. Fröhlich’s description was based upon 
on a quantum Hamiltonian, also taking into account the dynamics of phonons 
of each normal mode of vibration, ruled by linear and nonlinear interactions 
with a thermal environment (e.g., the cell cytoplasm) as well as an external 
source of energy (biochemical reactions, ATP hydrolysis, endogenous electro-
magnetic fields). It can be shown that the system of normal modes will rapidly 
achieve a steady state, characterized by a non-thermal energy distribution, where 
most of the phonons will adopt modes of lowest frequencies. Applied to biologi-
cal systems, this effect is equivalent to having the subsystems of a biomolecular 
structure oscillate cooperatively over long distances at specific frequencies. As 
emphasized by Reimers et al., if a coherent effect similar to Fröhlich’s effect 
would be experimentally validated, this could lead to numerous applications in 
physics, biology, and medicine [25]. 

Similar collective properties of a system such as lasing, superconductivity, and 
Bose-Einstein condensation have been suggested. Nowadays, several authors 
have reported the existence of long-lived excited low-frequency modes in pro-
tein structures. For example, Lundholm et al. used combined terahertz tech-
niques with a highly sensitive X-ray crystallographic method to visualize the 
low-frequency vibrational modes in the crystal structure of hen-egg white lyso-
zyme [26]. This study was later substantiated in near-field THz absorption spec-
troscopic studies on in proteins in watery solution [27]. Such studies indicate 
that 0.4 THz electromagnetic radiation induces non-thermal changes in electron 
density. In particular, a local increase of electron density in a long alpha-helix 
motif was observed consistent with a subtle longitudinal compression of the he-
lix at a micro- to milli-second lifetime.  

Also, microtubules and cell membranes—for which the hydrolysis of adeno-
sine triphosphate (ATP) or guanosine triphosphate (GTP) provides sources of 
energy supply—would also be good candidates for Fröhlich’s effect. Pokorny, 
experimentally observed a strong excitation in the spectrum of vibration of mi-
crotubules localized in the 10 MHz range that could also be a further evidence of 
Fröhlich condensation at lower frequencies [20]. Such interactions are thought 
to play an important role in biomolecular organization, since unlike electrostatic 
forces, their range could extend far beyond the Debye length. Such interactions 
occur only when specific modes of the coupled system are strongly excited. De-
vices such as the Fluorescent Correlation Spectroscopy enable the detection of 
long-distance interactions between biomolecules in solution by measuring their 
diffusion coefficient as a function of their concentration [28]. 

Goushcha explained the idea behind the Davydov’s soliton as follows: solitons 
can be stabilized through the hydrolysis of adenosine triphosphate (ATP) that 
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creates excited vibrational states in the peptide group, allowing vibrational exci-
tation to propagate to the neighboring groups due to dipole interaction between 
groups [29]. 

The excitation interacts also with the hydrogen bond, creating a local defor-
mation that is coupled (self-trapped) to the vibrational excitation through a 
feedback mechanism. If the feedback is strong enough, a new, non-dissipative 
state associated with vibrational excitation and hydrogen bond distortion will be 
created and will propagate coherently along the peptide chain.  

Conventional theories cannot explain how the folding protein chooses a single 
stable structure among billions of others, nor how freely movable ion channel 
proteins organize themselves into metastable periodic patterns. Rather, such 
structures may finally evolve into functional clusters, through steering mechan-
isms of non-thermal biological effects of weak electromagnetic fields with a 
quantum energy far below the average energy of thermal fluctuations etc. The 
currently most successful models consider the protein folding as a two-state 
first-order phase transition triggered by a spontaneous nucleation and progress-
ing along the energy funnel-type landscape by choosing thermodynamically 
most favorable barrier-crossing steps, facilitated by favorable conformational 
states. The funnel landscape in the proposed models emerges only for those 
amino acid sequences for which there is a structure in which nearly all the vari-
ous interactions are simultaneously minimized; i.e., native proteins are only mi-
nimally frustrated (see later). 

The self-organization of the protein folding process is supposed to augment 
itself by enhancing the stability of the core against large-scale motions that 
would unfold the protein and stabilizing the native state through hydrophobic 
interaction that drives the overall collapse of the chain robustness of the native 
structure against mutations, etc. Yet, a unifying concept that combines the basic 
features governing self-organization of proteins into complex three-dimensional 
structures both in vitro and in vivo is still lacking. This may be attributed to a 
complexity of the folding process that involves a very large number of interac-
tions (with structural feedback), allowing calculation of only relatively small na-
tive structures and other critical limitations. Current studies are focused on nu-
merous as yet unresolved questions, such as unfolding-refolding reactions and 
the role of hidden intermediates such as water dynamics in guiding the chain 
movements.  

Importantly, it should be mentioned here that, very likely, proteins do not 
adopt their native structure in-vitro conditions, but rather require a complete 
cellular machinery to correctly fold in vivo (see Rost, 2003, for many relevant 
references [30]). 

An interesting evolutionary concept on protein folding was put forward by 
Wolynes in which the folding process is modeled in a energy landscape funnel, 
and related to the, so called, minimal frustration theory [5]. The author pictures 
the becoming process of a single functional life protein as an interplay between 
funnel-shaped information spaces of sequence versus configuration entropies 
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and thus of an ongoing superposition of information states with regard to pro-
tein composition and its final functional 3-D form. In these processes the pro-
tein passes several energy barriers that, to various degrees, can frustrate the 
temporal aspect of the folding. We argue in the following sections, that such fru-
stration modalities, that in fact represent “conflicts” in choice of favorable inte-
ractions in the folding process, could be “helped” by local coherent vibrational 
solitonic states. 

4. The Cellular Protein Electrome as Influenced by Discrete  
EM Frequency Bands 

As mentioned above, living cells contain an oscillating macromolecular appara-
tus, tentatively called the cellular electrome [7] that can be excited by internal as 
well as by external electromagnetic fields. Through a process of resonance, the 
various geometry features can become expressed in life systems as coherent vi-
bratory patterns that somehow influence the functional structure and metabo-
lism of the exposed cell systems. The particular internal oscillations may mirror 
typical mathematical eigenfrequencies of the various external fields over a broad 
range of frequencies. This resonant coherency is analogue to the principles of 
Fröhlich-Bose-Einstein condensates as initially postulated by Fröhlich (1975) 
[31] and later elaborated in a soliton model by Davydov (1977) [32] [33] and 
Pang et al. (2006) [34] and, as mentioned above, more recently identified in cells 
by spectrometric experimentation [26].  

The Fröhlich/Davydov concept has been elaborated and further improved by 
Pang taking into account that solitons can be largely stabilized, and their 
life-time increased due to mutual interaction of the particles with lattice vibra-
tions [35]. Consequently the total state of the system has been expressed in three 
different Hamiltonians. Due to these extensions, the solitons obtain life-times 
that are more compatible with the ruling biological conditions. This was expressed 
in Hamiltonians on quasi-coherent two-quantum state wave functions [34]. 

It is of interest that, for example, coherent longitudinal vibration of micro-tubular 
proteins may induce electromagnetic fields in the cell [15]. Thus externally ap-
plied electromagnetic fields with discrete frequencies may, through resonant 
mechanisms, interact with endogenous cellular fields that are produced by co-
herently oscillating macromolecules of the cell, that in concert provide the elec-
trome aspect of the cell [7]. 

5. Potential Influence of Electromagnetic Fields in Life  
Systems  

An extensive meta-analysis of 500 published biological/medical studies was ear-
lier performed [10] [11], in which living material (tissues, cells, and whole ani-
mals) were exposed to external electromagnetic fields, employing a wide spec-
trum of frequencies. In these studies the various discrete electromagnetic fre-
quency bands were studied as to their life-sustaining, as opposed to detrimental 
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actions. After collecting and scrutinizing these data, a striking pattern of fre-
quency bands was revealed. The particular bands, representing soliton frequency 
zones, showed a discrete distribution pattern, plotted on an acoustic scale, in 
which the separation of the bands was complete and statistically highly signifi-
cant. The life stabilizing electromagnetic frequency patterns of this “Life algo-
rithm principle” could be modelled as spiral information trajectories using a 
toroidal geometry, as earlier shown in music theory [11]. The potential EM ex-
citation/resonance of cell components via the detected discrete EM frequency 
bands were in line with almost identical eigenvalues, calculated by Ritz [36], of 
the sound-induced geometric/fractal patterns produced by sound excitation of 
vibrating membranes/plates as reported by Chladny, already in 1817 [37] and 
three subsequent follow-up studies of others from 1950 up to the present [11]. 

The actual nature of living cells and potential life supporting effects due to 
endogenous and exogenous EM field exposition can encompass the following 
mechanisms:  

1) Electromagnetic fields directly influence trans-membrane ion gradients 
such as for Ca2+, that are pivotal in cellular signalling [11] [38] [39] or perturb 
collective movements of extracellular (interstitial) ions that can be seen as an ac-
tive plasma-like workspace [40]. 

2) Specific EM frequencies can cause vibrational resonance with macromole-
cules in the cell such as DNA/RNA, ion-channel proteins, microtubular proteins 
and/or cytosolic proteins, that apart from their chemical signalling may com-
municate through their vibrational character [16] [26] [41]. 

3) Cyclic polarized EM fields that can penetrate life tissue promote coherent 
vibration of various cell components [31] [42]. 

4) Extended fields of coherent molecules were assumed to be formed by a 
process called Bose-Einstein condensation that was proposed to occur also at life 
temperatures [26] [31]. 

5) EM photon, phonon and electron wave packages can be converted to mixed 
forms (quasi-particles) such as polarons (phonon/electron modalities, also called 
solitons), polaritons (photon/electron wave package [38]. 

6) Solitons in the cells may be able to constitute local quantum fields that both 
can be involved in intracellular morphogenetic ordering, as well as intercellular 
communication. For example, solitons have suggested to be instrumental in 3-D 
folding of proteins and DNA [10] [11] [39]. 

We found that the different measured typical frequencies in protein systems 
agree with calculated algorithmic soliton frequencies: oscillations of cal-
cium-binding proteins in the cerebellar cortex of mice [43] and with spectral re-
sonances of signaling proteins alpha-amino acids in the ERK-MAP Pathway 
[44]. The vibrational features detected by us also are fully in line with the fre-
quencies related to tubulin protein self-assembly [41] [45] [46] [47], the micro-
wave radiation frequencies of green fluorescent proteins [48], the frequencies 
present during synthesis and protein folding [49] and even to the resonances of 
aberrant methylation sequences in DNA [50]. 
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Making use of the obtained algorithm of soliton frequencies, the discrete EM 
frequency bands and corresponding geometries, insight may be given in the pat-
terns of folded proteins by down scaling the soliton patterns of acoustic waves to 
a (sub) micron level at a Terahertz frequency scale, as once made visible by 
Chladni (1787) [37] and Ritz (1909) [36], see Figure 3. According to the GM 
scale model of Meijer and Geesink, octave hierarchy of frequency patterns exists, 
and the revealed geometries are embedded in each other, as made visible by the 
nested fractal torus model. By selecting the right soliton basic frequencies align-
ment of patterns, in principle the folding of “proteins” can be made visible. In 
addition, rotations of structures have been measured [49]. We have recently de-
fined the mathematical basis for the GM-scale [11] and found that the discrete 
distribution pattern of electromagnetic frequencies perfectly fit literature data 
for EPR-entanglement promoting EM fields as well as known mass/energies of 
all of the elementary particles of the Standard model [51] [52]. 

6. Potential Roles of Electromagnetic Force Fields in  
Biological Evolution and First Life 

The highly reproducible and mathematically defined EMF (electromagnetic 
field) frequency bands (eigenvalues) that result in life sustainment of living cells, 
are envisioned as a permanently operating wave pattern phenomenon, [10] [11], 
and turned out to be strikingly similar to discrete EM (electromagnetic) radia-
tion frequencies of typical clay minerals that have been shown to display 
semi-conductive properties and act as quantum wave replicators [10] [38]. Such 
mineral substances may have been instrumental in the creation of first life in re-
lation to the steering influences on overall cell morphology, structure of macro-
molecules such as proteins, as well as directed synthesis of poly-nucleotides [53].  
 

 
Figure 3. Analogy of phonon-guided protein folding and acoustically induced complex 
geometric patterns. The latter are evoked on particle covered thin plates, as earlier sepa-
rately demonstrated by Chladny and Jenny (see also reference: “an amazing resonance 
experiment” found on internet, see https://www.youtube.com/watch?v=wvJAgrUBF4w). 
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Of note, this type of minerals, apart from being present in soil, is also abundant-
ly suspended in the earth ionosphere (so called atmospheric dust) and have been 
suggested to provide a semi-conductive medium that produces selective EM 
wave patterns following excitation by external energy sources. It is of interest 
that such silicates have been reported to be candidates for the facilitation of oli-
go-nucleotide synthesis in the creation of first life in biological evolution [54]. 
Elements in the universe have seemingly assembled themselves in such a way 
that the organization of matter resulted into the ability to acquire sufficient 
life-sustaining information from the environment. Over time, highly complex 
neg-entropic structures arose that could collect, store, retrieve and communicate 
essential information to maintain stability and survivability. Such pattern recog-
nition ability may have been directed by combinations of EM radiation frequen-
cies through inducing morphic resonance with coherent vibrational elements 
(structured water, proteins, oligonucleotides) of proto-cells. 

According to Wolynes [5] the integral folding process includes random muta-
tions, potential misfoldings/unfoldings, recombinations and selection by suc-
cessful competition with less optimal protein species, in which the protein finally 
obtains sufficient stability in subsequent generations of cells. As such the proteins 
were seen by the author as non-linear elements in cellular networks that arise from 
a sort of information spaces that unfortunately, were not further defined. One 
could also question the supposed random character of this self-organizing process. 
In other words, how can selection of non-functional precursors of the particular 
protein be envisioned? And by what physical mechanism is a specific function 
assigned to the particular protein? As argued by Grandpierre [55] life functions 
of proteins cannot arise by chance, they can only be assigned by their host cell, 
but such a cell cannot arise without these functions being already assigned. We 
propose therefore that a primordial biological principle (register of rules) was 
operating, that acts as a “recipe for life” [56]. This type of a-priory information 
must have preceded the development of first life and all known force fields that 
were present from the birth of the universe should be taken into account (see 
later). Also quantum processes have probably played an essential role in facili-
tating the various steps that gave rise to first life and initiation of the first repli-
cating cells [57], see Figure 4. 

A part of the EM frequencies at stake, were shown by others to be involved in 
phonon and soliton- (and thus sound-like) mediated steering of cellular func-
tions [32] [33] [34] [58]. It was inferred that the discrete frequency bands (also 
called eigenfrequency values), as identified in the meta-analysis of the life stu-
dies, likely reflect a cellular regulation and communication system that may have 
an evolutionary origin, realizing that due to the composition of our planet, EM 
radiation is a basic property of the planetary environment. Life on earth was 
formed during billions of years, exposed to, and shaped by the original physical 
forces such as gravitation, cosmic irradiation, atmospheric electric fields and the 
terrestrial magnetism. The Schumann resonances at 7.8 Hz and a series of other  
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Figure 4. Potential role for quantum processes in biological evolution (listed left above) and the initiation of first life, showing 
various essential processes. Inset Right above depicts a Ca2+ channel protein with Ca2+-ion in a decoherence protected vibratory 
quantum information state. Inset right below indicate the process of parallel processing of pre-biotic life information as enabled 
through environmental search of various quantum states. 

 
related frequencies, are an example of oscillation that are potentially important 
for life. We conclude that the existing organisms are created to function in har-
mony with the above-mentioned fields and forces which existed when life was 
born 3 billion years ago.  

This collective picture indicated that a distinct biological/physical/mathematical 
principle may operate in both non-animated and animated systems and that 
these discrete EM frequencies may have bridged information processing re-
quired for the creation of first life at pre-biotic conditions [1] [57] [59] [60].  

7. Soliton-Mediated Mechanisms of Protein Folding 

The relevant mechanism of electromagnetic wave interaction has been suggested 
to be spontaneous breakdown of symmetry in the biological, well ordered struc-
tures. Such interaction occurs with the dipole moments of the molecules in the 
cell microtubules [15] [45] [46] [61] [62] [63]. The biophysical aspects of soli-
tons were adequately reviewed by Foletti and Brizhik [64] showing that in cells 
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the quasi-particle is produced from an electron and a self-induced local lattice 
deformation of the molecular chain, propagating at constant velocity without 
energy dissipation, and emits radiative harmonic EM waves that facilitate the 
creation of coherent states of interfacial water molecules. Interestingly, the en-
ergy released under hydrolysis of an ATP molecule, the oscillation energy of the 
C=O of the peptide groups and the different bending modes of interfacial water 
molecules fit precisely with the calculated soliton frequencies of the acoustic 
wave-function, respectively: 0.415 eV, 0.2073 eV and 1660-1693 cm−1. Also the 
1.1 THz, mentioned by Brizhik, [14], fits exactly with the calculated algorithm of 
solitons related to a stabilizing coherent frequency. 

Solitons are seen as localized, non-dispersive excitations, which exist in many 
nonlinear systems [65] [66] and have been proposed to act as an organizing 
principle in the process of protein folding [67], including membrane proteins 
[68]. They are very stable, and therefore can propagate without much energy loss 
or dispersion to much larger distances than wave-packets of linear waves. In 
proteins, the dipole-dipole interaction between neighboring amide-I (the C=O 
double bond) quantum modes of vibration gives rise to linear collective modes 
known as excitons. The dipole-dipole interaction is influenced, however, by lat-
tice vibrations, so the excitons and topological solitons [68] interact with acous-
tical phonons in the protein and/or provided by quasi-particles. The energy that 
is carried by the soliton is transferred into the conformation field, and this al-
lows it to overcome energy barrier and reach the desired ground state. It might 
be that solitons are generated in locations of preferable alpha-amino-acids se-
quences, while their propagation might be blocked on different sequences. 
Therefore, the sequence may not only dictate the final conformation, but also 
the dynamics of the conformational transitions (Figure 5). 

Among these, collective excitations driven by metabolic activity were hy-
pothesized by H. Fröhlich to account for the huge speed of enzyme reactions and 
for the fast encounters of the cognate partners of biochemical reactions. In fact, 
according to this hypothesis, collective oscillations of biomolecules, by bringing 
about giant oscillating dipole moments, would result in resonant (thus selective) 
electrodynamic forces acting at a long distance. The particular model assumes 
that the activation mechanism of collective oscillations сan be seen as a Bose-like 
condensation of the normal vibrational modes of a bio-molecule. In this model a 
bio-molecule is considered as an open system through which energy flows under 
the simultaneous action of an external supply and of dissipation due to radiative, 
dielectric, and viscous energy losses. Such Bose-like condensation, in the lowest 
vibrational mode, is predicted to occur when the energy input rate exceeds some 
threshold value. 

Recently, Nardecchia [28] highlighted the process of far distance oscillation 
phenomena in proteins. The authors stipulate that the condensation phenome-
non originally proposed by Fröhlich as a quantum process, should be discussed, 
because the supposed quantum conditions can probably be hardly maintained 
for biomolecules. In fact, the frequency of collective oscillations is expected in  
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Figure 5. Soliton/phonon guided protein folding, depicting protein synthesis from 
DNA/RNA (left) to linear amino-acid chain (middle) and final folding to 3-D conforma-
tion (right). Inset in the middle shows: EMF-mediated structuring of water in hexagonal 
geometry, and on top, (A): Protein folding from linear AA chain; (B): electromagnetic 
field spectrum with visual and far-infrared parts; (C): phonon induced coherent vibration 
domain (BE-condensation) and (D): soliton/polaron travelling along a protein backbone. 
 
the sub THz domain, around 1011 Hz, so that at room temperature kT/hv >> 1, 
which may rule out a quantum description. An additional, more classical ap-
proach on the macromolecular vibratory communication should be considered 
even though experimental evidence of the existence of collective modes of vibra-
tion of biomolecules has been provided at thermal equilibrium by means of Ra-
man spectroscopy already years ago by Lundholm [26]. Yet, this was measured 
in a quite artificial setting: crystallized proteins. Accordingly, Nardecchia 
worked out a classical version of the original Fröhlich model, finding that, re-
markably, also in a classical context a Fröhlich-like phonon condensation phe-
nomenon is possible. This was illustrated by the authors, for an idealized ma-
cromolecule, displaying the deviation from energy equipartition among the 
normal vibrational modes. Secondly including collective modes of resonances of 
biomolecules at infrared/light induced electronic transitions may balance kT 
[11]. 

Though still representing a biomolecule in a very idealized way, this model 
predicts a classical condensation phenomenon, that seems worth to be experi-
mentally investigated. Of note, the same group earlier demonstrated long range 
resonant communication of biomolecules, by measuring their diffusion beha-
vior, indicating an elegant experimental method to probe the activation of reso-
nant electrodynamic interactions among biomolecules [28]. 
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8. The Essential Role of Cell Water in the Protein Folding  
Processes 

Cellular plasma water is generally supposed to act as a transfer medium for ex-
ternal electromagnetic waves to biomolecules for adequate introductions in this 
field see [69] [70] [71] (Figure 6). The cellular plasma was proposed to exhibit a 
highly arranged 3-D geometric structure as a liquid crystal that exhibits surface 
interactions with macromolecular structures. The absorption spectrum between 
1 THz and 10 THz of solvated biomolecules is sensitive to changes in such fast 
fluctuations of the water network. There is a long range influence on the hydra-
tion bond dynamics of the water around binding sites of proteins, and water is 
shown to assist molecular recognition processes [72]-[81]. “Biological water” 
supports itself by coherent dipolar excitations and terahertz/femtosecond infra-
red interactions and these dynamics extends well beyond the first hydration shell 
of water molecules. The latter publication makes clear that water molecules in  

 

 
Figure 6. Various aspects of electromagnetically structured water complexes and protein folding. (A): Molecular conformation 
and 3-D hexagonal organization of water molecules; (B): Dynamical hydration layers in hydrophilic and hydrophobic portions of 
a protein; (C): The influence of protein hydration in polar and non-polar domains of the protein chain affects folding; (D): For-
mation of water exclusion zone at the surface of macromolecules (E): The crowded cytoplasm space with adjacent proteins cov-
ered with layers of water molecules and hydrated ions (F): EM field guided protein folding (after Mentré, 2012, and Brown, 2016). 
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the interfacial setting with their dipole character, in combination with cytoplasm 
inorganic ions, interact with charged groups on the protein backbone, by which 
surface charges become masked and relatively hydrophobic domains are created 
that can lead to deformations (see Figure 2(C)) and creation of local pockets or 
cavities, that even may exclude acqueous solvent molecules. This adds up to the 
natural influence of both hydrophilic and hydrophobic portions of the particular 
protein chain that are involved in the initial folding process as well as protein 
stability [82]. 

Water molecules have typical resonances at Hertz frequencies, and a typical 
frequency can be expressed in 3-prime-limit tuning. A calculated typical fre-
quency of a water molecule, with a molecular weight M=18 g∙mol−1, is 54 Hz (21, 
33) according to Henry [49]. This typical frequency of a water molecule, in the 
centre of our GM-scale, can be derived by using the mass-energy equivalence 
coupled to the Planck-Einstein relationship: M∙c2 = h∙f ⟹ f (Hz) = 2.981 × M 
(g∙mol−1) (M is molecular weight of water molecule, c = 299,792,458 m/s, h = 
6.62606959 × 10−34 J∙s, f is the frequency of a water molecule). In two papers of 
Sbitnev [79] [80], a relation between Bohmian pilot wave guiding to toroidal 
vortex topologies and zero-point energy was discussed in the framework of cell 
water hydrodynamics. 

In this respect, some innovative papers with designed and properly controlled 
experiments, suggested that electromagnetic fields may reflect macromolecular 
features of enzymes like DNA-polymerase in water, and that this provides 
structure specific information storage in aqueous solutions [82] [83] [84]. The 
electromagnetic radiative properties of DNA and enzyme macromolecules likely 
depend on the characterization of their electric dipoles. The molecular structure 
of DNA base pairs and enzyme amino acids, as well as many other bio-molecules, 
presents aromatic rings containing conjugate planar systems with p electrons 
delocalized across the structure. It has been argued that London force dipoles in 
such intra-protein hydrophobic pockets could couple together and oscillate co-
herently, thus generating a radiative field. Montagnier recently described the 
fundamental role of water dipole dynamics bridging the interaction between 
DNA and enzymatic proteins (see Figure 7) so as to allow polymerase chain 
reaction (PCR) processes to occur [84]. They describe the dynamic origin of the 
high efficiency and precise targeting of Taq activity in PCR.  

The spatiotemporal distribution of interaction couplings, frequencies, ampli-
tudes, and phase modulations comprise a pattern of fields which constitutes the 
electromagnetic image of DNA in the surrounding water, which is how the po-
lymerase enzyme actually recognizes in the DNA water environment. The DNA 
and the enzyme “see” each other’s EM images by exchanging quanta of the ra-
diative dipole waves induced by their presence in the water molecular matrix, 
which thus acts effectively as a bridge between the two, until they are sufficiently 
close for water exclusion and direct binding to occur (Figure 7). This standpoint 
is consistent with previous experimental work that has shown that some DNAs 
in water dilutions have electromagnetic waves of low frequency (from hundreds 
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to 3 kHz) which also could be triggered, as in a resonance phenomenon, by an 
outside excitation, such as Schumann waves. It is a great interest that macromo-
lecular and drug molecule vibrations can be imprinted and informational en-
coded in stable ordered coherent water domains by photon EM irradiation, as 
experimentally demonstrated in various studies with a spectrum of different 
therapeutic agents (reviewed by Lawrence [85], for potential nontoxic treatment. 

We propose in this respect that the cytoplasmic macromolecular aqueous so-
lution is ordered via the the discrete wave frequencies that have been described 
by us [11], and that this exhibits a fractal self-similar pattern around the central 
12-tone octave frequency bands. It is of interest that a fractal-like self-similar 
structure induces the manifestation of coherent dynamics active at a microscopic 
level. These (fractal-like) self-similarity properties of the EMS in turn likely in-
duce self-similar organization in the irradiated water. This first step can be fol-
lowed by a second step consisting of transformation of the signal into an analog 
form and sending its electric vector to a solenoid which than will generate a 
magnetic field in the surrounding water. The action of reciprocal “seeing” is de-
scribed by the exchange of the dipole wave quanta of the collective dynamics 
induced by DNA and enzyme in the surrounding water dipole field, as derived 
above. The general process is described by the analysis of two interaction “ver-
tices”: the interaction vertex DNA-{water dipole wave}, on the one hand, and the 
interaction vertex {water dipole wave}-Taq, on the other. What this study pro-
vides is the dynamical description of the long-range EM correlation modes or-
chestrating the PCR process, thus accounting for its remarkable efficiency, 
space-time ordering, and diverse time scales that would be unattainable by oth-
erwise fully stochastic molecular activities. 

Of note, divalent cations such as Mg2+ and Ca2+, in particular, may enhance or 
maintain or critically deform the long-range dipole wave fields in water solution. 
This is supported by recent experimental work that shows that ions can influ-
ence up to 100.000 water molecules, which extend roughly 5 nm from the ion 
radially. This would add another modality of form information regulation. Mc 
Dermott [86] reported their discovery of a chiral water superstructure sur-
rounding DNA under ambient conditions. They confirmed the existence of a 
DNA minor groove spine of hydration at room temperature and further showed 
that the chiral structure of biomolecules can be imprinted on the surrounding 
solvation structure. The observation reported in of the robustness of the DNA’s 
chiral spine of hydration, and the fact that “a change in the hydration state can 
lead to dramatic changes to the DNA structure” also indicate that such a water 
superstructure actually constitutes a detailed mold or “electromagnetic image”. 

All this highlights the crucial role of water as a connecting modality in the EM 
vibrational steering of 3-D macromolecules and also in the realization of holo-
graphic memory of the cell and entangled information transfer in the universe as 
a whole [76]. In the latter study it was emphasized that in the interfacial water 
layer of proteins both permittivity and viscosity of water is largely different from 
bulk water. Previously it was reported that long-range radiant energy excludes 
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colloidal and molecular solutes from hydrophilic zones of proteins in a wave-
length dependent manner [75]. 

It can thus be conceived that multiple bio-solitons of different discrete ener-
gies, facilitated by their quasi-particle phonon features, travel along the primary 
protein backbone (Figure 5), thereby providing essential long or short range in-
formation, that leads to the final conformational shape of the molecule (see for 
folding mechanisms later on). The various solitons could arise from external EM 
fields, preferably in the polarized form in relation to a more optimal tissue pene-
tration or being formed internally and organized in coherent domains or collec-
tive modes in the cell. The question should be raised here how the particular se-
ries of travelling solitons translate the fine-tuning forces that finally shape the 
protein in its functional 3-D configuration. If special combination of solitonic 
wave frequencies would play a role, some sort of premordial or evolutionary 
harmonic information could be responsible (see later). Alternatively, the discrete 
EM energies may be derived from an addressable memory space for geometric 
forms of life macromolecules that have been build up in biological evolution. 

The latter aspect will be treated in the following from the point of view of 
holographic memory space models. It should be mentioned here that apart from 
the coherence promoting soliton waves, also soliton frequency bands were iden-
tified by us that produce detrimental and de-coherent influences. Thus misfold-
ing or destabilization of proteins could be related to such de-coherent EM radia-
tion fields as have been suggested for cancer [87], and even in cataract and Alz-
heimer disease [88]. The general properties of solitons are solitary waves (waves 
localized in space) with the following properties: 1) they preserve their shape and 
velocities; 2) they are extremely stable to perturbations (in particular collisions 
with small amplitude linear waves); 3) they are even stable with respect to colli-
sions with other solitons. In such collusion they pass through each other and re-
cover their speed and shape after interaction. It should be noted here that pho-
non density on electrons can largely determine the harmonic versus an-harmonic 
features of such polarons and thereby their diffusebility in life tissues and ma-
cromolecules [89]. 

9. Protein Folding in the Intact Cell: Do We Need More  
Integral and Holistic Approaches? 

It has been firmly established that in vitro protein folding models do not cor-
rectly predict in vivo folding in the whole cell context (references in [30]). In fact 
the many factors depicted in Table 1, to some extent may contribute to the final 
3-D functional structure, depending on the particular protein at stake. This ad-
dresses the general item how nature makes use of neg-entropic information re-
lated to the wide variety of life systems, including the morphology of crucial 
macromolecules that were created during biological evolution. It stands to rea-
son that somehow this information is registered and re-used to prevent redun-
dancy [59] [90] [91]. This would require a addressable quantum register or a 
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dynamically build memory space that allows a versatile searching modality and 
potential parallel processing of information of very different structures in the 
various contexts that nature offers (see Figure 4). For example such a search 
procedure could integrate genomic and proteomic knowledge on the basis of 
wave interference patterns that can be stored through holographic memory 
processes probably related to a background quantum field. This not only intro-
duces a huge memory space, but also implies that a holistic framework is 
created, in which any small fraction of the hologram reflects the total informa-
tion pattern. Interestingly, such a mechanism was earlier used for the holo-
graphic storage of information in the human brain [92] [93], and is currently 
also used in physics and cosmology for the geometric description of radiating 
black holes, with the known assumption that quantum information cannot be 
lost. Such processes could play a role at any fractal scale if the universe, includ-
ing the cells that constitute life organisms and their macromolecular compo-
nents. As Schrödinger stated for living matter in general, the attempt to explain 
the high efficiency in terms of ordering generated by “statistical mechanisms” 
would be “the classical physicist’s expectation that far from being trivial, is 
wrong”, and “it needs no poetical imagination but only clear and sober scientific 
reflection to recognize that we are here obviously faced with events whose regu-
lar and lawful unfolding is guided by a mechanism entirely different from the 
probability mechanism of physics”. 

10. Steering by Holographic Memory Hypersphere of the  
Individual Cell 

Each individual cell in our body is not a “stand alone” information processing 
unit: it acts as a part of our integral organism with recurrent information ex-
change or permanent feedback coupling with the entire organism. Such an 
integral context attracts much attention in cosmology, physics and also in life 
studies and is often approached with, what is called, the holographic principle 
[94] [95]. The holographic principle states that everything that is embedded in a 
space region can be described by bits of information at its border. In view of this 
basic definition there is no reason whatsoever not to apply it to complex life cells 
that obviously can be seen as bundles of integrated neg-entropic information. 
Holographic principles may clearly provide the information channel required for 
any biological system, in order to keep track of all essential information at once, 
and creating a dedicated memory space for sustaining life [96]. 

In this respect it was postulated earlier that the intrinsic information that de-
fines the living condition of organisms may be holographically stored on a vir-
tual screen associated with the particular life system [97]. The idea of a holo-
graphic organization of memory even in single cells was earlier proposed by An-
jamroos in relation to preventing reprogramming of differentiated cells and ac-
tivation of immune responses [98] [99]. This non-genetic memorization was 
claimed to be generated in the cell both endogenously and exogenously at several 
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levels of the cell such as atoms, molecules including proteins, cellular water, mi-
crotubules and electromagnetic fields. The collective information may be pro-
jected in a holographic manner in a memory space from which every part of the 
cell is informed about the integrate hologram information of the particular tissue 
type (Figure 7). This information is considered to be non-local, a feature that in 
quantum physics is related to the phenomenon of entanglement. We have re-
cently shown that discrete EM frequency pattern precisely fit earlier EPR expe-
rimentation in which such EM radiation promotes states of quantum entangle-
ment [51]. 

Hales pointed out that the plasma membrane of the cell contains a high den-
sity of ion-channels that, in a collective action, can produce a major migration of 
charged ions, a phenomenon that may induce local magnetic forces [100].  

These take the form of toroidal organized force vectors that even may extend 
the cellular membrane surface. This process could be enhanced due to GM-like 
coherent vibrations that, as mentioned above, have been shown to increase the 
degree of quantum entanglement [51]. Such a process can especially be antic-
ipated in the quantum de-coherence protected channel interior [101]. This kind 
of external magnetic domain could provide the opportunity for wave interfe-
rence with EM fields in the environment, and could in a holographic manner  
 

 
Figure 7. Toroidal hypersphere mediated morphogenesis of the integral cell. (A): The 
nested torus structure with an outer surface of the torus (red circle and arrows) represents 
the event horizon memory space surrounding the cell; (B): Depicts the 3-D folding of life 
macromolecules as it occurs following primary synthesis in the cell; (C): Shows the fractal 
attractor structure of H2O around DNA, steered by quantum information of the toroidal 
hypersphere memory workspace; (D): Shows the dipole radiative EM field of arranged 
water molecules that bridges the DNA molecule and PCR enzyme as essential for realiza-
tion of the PCR activity. The coherency of cytoplasmic domains may be steered by exter-
nally applied EM fields in a resonance state with the various cellular vibratory elements 
(modified from Montagnier, 2017). 
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build up a dedicated memory space for each cell, containing stored and updated 
life-information for cell survival. Such a cell bound memory space could also be 
responsible for long-distance, non-local, communication between different cells, 
as reviewed by Cifra [102] and experimentally shown by Fahradi [103]. 

A bio-photon type of information transfer was suggested in the latter paper 
and Persinger and Dotta even demonstrated that cell-specific wave information 
can be spatially stored for quite some time, although the physical mechanism of 
this space-time phenomenon remained unknown [104]. 

Several studies have implied that in pre-biotic evolution various force fields 
may have been instrumental in the creation of fist life [1] [47] [59] [60]. If a cel-
lular holographic memory space would be involved it may imply that discrete 
EM wave-frequencies from the photon sea of zero-point energy can directly in-
fluence cell function by wave interference and holographic storage and thereby 
can also guide the 3-dimensional folding of life macromolecules into functional 
units of the information networks of the cell. In relation to this it was earlier 
stipulated by Gough and Shacklett that a knowledge domain beyond the Planck 
scale could provide characteristics of the well known implicate order of David 
Bohm [105]. 

There is recent evidence that such a domain outside known space-time could 
be constituted by a spin-liquid network [106], later pictured as a geometry of re-
lations coined as the amplituhedron [107] [108]. This underlying domain con-
tains information expressed in mathematical and geometric wave relations and 
can be inferred from a mathematical operation through transformation into 
twistor space. By some this is called a frequency domain that could function as a 
source of Bohmian pilot waves [12]. Such a pilot wave-frequency domain could 
contain a primordial recipe for the representation of neg-entropic information 
that may have led to the constitution of first life and also as proper information 
space for the maintenance of present life (see Figure 8). It was recently shown 
that a photon that is removed from our physical world can still become entan-
gled with another photon with similar features in the present world, in spite of 
the fact that they never co-existed [108]. 

This is strongly indicative for an information domain beyond our local 3D-space 
time in which information of the destroyed photon is somehow stored. Thus 
material particles in general should be seen as excitations of an underlying 
non-material matrix that behave as vortices or perhaps as tori in a 4-D setting, 
also producing quasi-particles such as polarons/solitons. A deeper (geometric) 
information domain was also implied in “Our Mathematical Universe” by Teg-
mark [109] (discussed by Butterfield [110]) as well as for the life world by Aze-
vedo and Filho [111] and Fleming [112], the latter postulating a fractal circular 
wave guide, involved in intra- and inter-cellular communication. 

This cellular memory aspect was coupled to the assumption that cells are em-
bedded in a 4-D toroidal structured topology (as proposed by Tozzi [113], Ha-
ramein [114]), that interacts with resonant sensitive energy structures in the 
various cell compartments, including their proteins (Figure 8). This idea of  
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Figure 8. Morphogenesis of reality seen as a fractal process of information processing (collection, compression and subsequent 
unfolding), either (bottom up) from an implicate order frequency domain (below) up to the level of the Planck scale, and at higher 
levels producing elementary particles, atoms, life molecules for the build-up of whole structure of the cells and organs such as the 
brain. All elements are equipped with a toroidal memory workspace (consciousness) that is scale invariant (see Meijer and Ges-
sink, 2017). In this manner it finally results in to black hole/white hole structure that (top-down) transmits information for the 
fabric of reality, thereby constituting a circular (rebound) type of information universe (see large arrows at the sides for bottom up 
and top-down information processing). 

 
extended spacetime was earlier agreed upon by many others in physics, and im-
plies that our reality and thus life processes are considered to be embedded in a 
4th spatial dimension that we cannot observe but through symmetry breaking 
can infer from shadow energies in our world [10] [114]. In this respect, the geo-
metry of the nested torus that also accommodates 4-D aspects, is envisioned as a 
scale invariant basic unit (operator) of spacetime, with unique collecting, coupl-
ing and integrating properties for a wide variety of wave information (Figure 8). 
These include photons, phonons and quasi-particle/waveforms such as pola-
rons/solitons and polaritons, as recently discussed in our studies on phonon- 
and soliton-guided biology [48] [115].  

Bio-photons have been widely proposed as information carriers in brain [63] 
[115] [116] [117], but also in other tissues [118] [119]. Recently it has been 
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shown that incubation of brain slices with glutamate (a major neurotransmitter 
in the brain) results in the release of red-shifted bio-photons [120] and in a re-
cent PNAS paper that the degree of bio-photon induction in brain slices of vari-
ous species is highly correlated with the relative intelligence of the species stu-
died [121]. These studies confirm the idea that bio-photons are instrumental in 
ultra-fast cellular communication, in addition to the known action potential 
mediated messaging and may even be central in building up of consciousness. 
We infer that the communication between a holographic memory space of the 
cell with its components could be bio-photon mediated, and that coherent soli-
ton/polaron activities, indicated above, can lead to guiding of protein folding 
against the background of a bio-photon equipped hologram of the entire func-
tional structure of the cell. 

The cell, within such a memory hypersphere, is conceived as a dedicated mul-
ti-cavity network that for instance can convert ZPE wave information as well as 
states of gravity, dark energy and earth-magnetism, in an attractor type of fractal 
energy fields. The hypothesized external, field-receptive memory domain, may 
store wave interference patterns as defined by the abovementioned holographic 
principles. This generalized principle also implies that every small part of the 
hologram contains all the information of the whole picture [101] [102], and thus 
a large number of holographic fractal planes or octaves [10] [122]. We have ear-
lier applied this holograhic concept to the entire brain [104] and in view of the 
known fractal character of the neuronal system [96] [122]. We consequently as-
sume this to occur also at the various brain scales (neuronal networks, individual 
neurons, membrane and cytoplasmic proteins and ions, as well as constituting 
atoms and elementary particles). 

As treated above, we therefore have postulated a self-similar, fractal, type of 
holographic information processing to be expressed in a holonomic entangled 
matrix of the whole complex neural structure including the various cell types of 
the brain [10] [122]. We assumed that a toroidal geometry that facilitates 
self-referential and spiral energy trajectories, functions as a basic operator unit 
for information integration processing and transfer 122, as was previously pro-
posed for the mathematical transition to twistor space [123]. As mentioned ear-
lier, by Persinger and Dotta showed that patterns of photon emissions can be 
stored and retrieved after some days from the same defined space and that col-
lections of cells in culture in different loci can share the same complex magnetic 
fields, suggesting a non-local geomagnetic space time connection, that was ex-
plained by involvement of optical holograms [104]. 

Although the step that we take here from the whole brain to individual cells 
seems huge, it should be realized that even single neurons have been suggested 
to be able to develop conscious states [93] [124] [125] [126]. Also in biological 
evolution the first primitive proto-cells required a dedicated and addressable 
memory space to store stimulus/reception/action type of information in a learn-
ing process to cope with problem solving in the survival in very hostile environ-
ments [57]. Since, even in pre-biotic times, all the known force fields were 
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present and the becoming cells should gather essential ecological information 
from their direct surroundings and planetary atmosphere, such an integral 
memory space would be a prerequisite for survival. We argue that such a mem-
ory workspace associated with life cells should be field-receptive and apart from 
containing the integral cellular information for life, can collect and integrate ex-
ternal information from the mentioned force fields in which all life organisms 
are permanently embedded. 

How would such a quantized memory unit, associated with the cell, commu-
nicate in a bi-directional manner (see Figure 8)? It is likely that wave resonance 
and wave interference represent viable mechanisms for this purpose, in which 
cellular energy stimulates coherent vibration states of intracellular components. 
This electrome background of the cell can in this manner undergo a holographic 
interaction with external and integrated wave information. Among others, the 
cellular architecture could be guided by discrete patterns of eigen-frequencies of 
solitonic waves directed at the cell and backwards. The latter process serves for 
updating a time-symmetric global memory space of the individual cell. Solitons 
or polarons are electrons “dressed” by phonons and are sensitive to cyclotron 
resonance [127]. It is well known that sound (noise) can largely facilitate effec-
tive transport of charged particles [93] [128]. 

If each cell would be surrounded by such a “memory space” that houses 
wave/particles with discrete wave frequencies, a toroidal coupling of phonons 
and electrons could provide soliton waves that may function as pilot waves in 
the Bohmian sense. If the cell contains coherently vibrating macromolecules, in-
fluenced by cyclotron resonance [127] and/or stochastic resonance soliton in-
formation from the proposed hypersphere memory workspace, could lead to 
guiding wave interference [129]. This can than lead to perturbation of the 
3-dimensional protein molecule structures, in this way being instrumental in the 
transfer of crucial life information that is stored in the 3-D conformation of 
proteins and poly-nucleotides. Using such a “memory mirroring”, an individual 
cell could in this way build up a holographic endo-memory of the exo-world. 
Through the evident fractal character of the cell structure this could not only 
play a role on the molecular level but even at more deeper atomistic levels up to 
elementary particles and could even provide qualia-like information at the 
Planck scale [62] [96], see Figure 7.  

At the atomic level, Ca2+ ions/waves could play a central messenger role 
since the ion is supposed to be an excellent information carrier [130], and is 
involved in a spectrum of regulatory processes in the cell. Ca2+-ions, noise 
protectively enclosed in Ca-channels and K+-ions in K-channels in the cell 
membranes, for instance, may produce quantum wave coherence states that 
endure long enough to transmit entangled information in and between cells 
[108]. Ca2+-ion trans-membrane gradients have also been shown to be very sen-
sitive to cyclotron electromagnetic radiation [131]. In the dynamic, field sensi-
tive, electrome state of the cell, directed protein folding to a functional 3-D con-
formation, would in this way be steered by an integral biophysical recipe. This 
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recipe, in principle, encompasses all the necessary in-formation of the metabolic 
networks in which the particular protein functions in the intact cell, taking into 
account all the factors as listed in Table 1. A similar memory workspace as de-
scribed here for an individual cell, was coined for the whole brain as “global 
workspace” [132], or “cloud” [93], or “event horizon”, [97]. Electromagnetic field 
aspects of brain function are extensively reviewed [133] and with regard to con-
sciousness [79] [80] [97] [134]. Sbitnev [79] [80], discussed the relation between 
Bohmian pilot wave guiding to toroidal vortex topology and zero-point energy 
in the framework of cell water hydrodynamics. The relation with photon emis-
sion of the human brain was highlighted [104] [120] [121] [135]. Interestingly, it 
follows that a “proto-conscious” state can in this manner be ascribed to each cell 
in the organism through continuous information matching with the supervening 
holographic field-receptive memory space, just like the permanent reading of 
genetic information that is intrinsically present in each cell in the organism. 
Holographic associative memory for pattern recognition and information com-
pletion in which a weighing function is included to ensure dominance profiles 
and focus, have been earlier described for neural networks [131]. 

The general concept is that this piloting process functions at any fractal scale of 
the cell-system and, more general, as an informative vortex principle that operates 
from the Planck scale to macro-scales of organisms [122]. Einstein and Min-
kowsky originally proposed a 3 + 1 dimensional space-time (3 spatial and 1 sym-
metric time dimension), in which all time is laid out, while later in physics 4 + 1 
models were adopted, including an extra spatial dimension (Kaluza-Klein theory). 
More recently, Randall (see [136]), postulated the Randall-Sundrum model (also 
called 5-dimensional warped geometry theory) imagining that the real world is 
living in a higher-dimensional universe, described by warped geometry. In this 
generally accepted space-time concept, time has a bi-directional (symmetric) cha-
racter that allows aspects of backward- or retro-causation. In the framework of 
protein folding, this implies that a primary structure of the protein can also antic-
ipate a future (final functional) structure. This aspect obviously would drastically 
speed up the folding process and may explain some of the questions raised before 
in the present paper (see evolutionary aspects). The aspect of top-down causation 
(process feed-back) by information control is extensively discussed [137]. 

If in single cells such a memory steered mechanism would operate, a crucial 
question is how the integral information with regard to single cell constitution 
would be translated in a multi-cellular context. One possibility is that discrete 
EM wave frequencies promote states of entanglement that than could explain 
long distance correlation of information in any tissue or even organisms and 
thereby would obtain a distributed character. In a recent study such non-locality 
inducing effects of discrete EM fields were revealed in a meta-analysis of so 
called EPR experiments [51]. Alternatively the EM vibratory character of cells 
may produce electromagnetic magnetic fields in which the form information is 
shared in a long distance manner [97]. The fractal or holographic property of 
cell structure cell (many copies at different sites) can in principle imply that mo-
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lecular state information is also expressed in the fine-structure of cells like the 
components of membranes and organelles. As treated before, such processes 
could also be helped by stochastic resonance and/or phonon/soliton (acoustic) 
mediated flexibility of the cellular matrix [131] [134]. In this manner a conver-
gent correlation matrix of information would become manifest that can guide 
the whole architecture of life systems. 

Our hyperspace information concept of cell memory may have some corres-
pondence with the known quantum holographic Hopfield-like biomolecular 
recognition models [138] [139]. 

This computational approach was applied in the framework of protein folding 
[30] [140], among others. Incidentally, the successful prediction of protein sec-
ondary structure was one of the first examples for applications of neural net-
works in which these significantly exceeded the performance of all other systems 
and even that of experts. This principle provides quantum computing an advan-
tage in processing huge data sets. An example of the latter is the Hopfield model 
of content-addressable memory using the concept of attractor states. This con-
tent addressable memory allows to compute even incomplete input information, 
which forms the basis for memory and learning. In the Hopfield network each 
update of a neuron minimizes the network energy if possible. Memorized firing 
patterns are thus stored as stable attractors that become holographically coupled 
at fractal layers in a process of multi-level information processing. In this man-
ner, also pattern recognition can be attained from very different biophysical and 
bio-informational aspects of proteins, so that the prediction of 3-D structure can 
be highly facilitated. The earlier mentioned work of Chen et al., for example, 
uses hybrid data of atomistic associative memory and data base memory in 
structural predictions [4]. 

Finally, we emphasize that the soliton mediated processes mentioned in our 
pa-per should be seen as a steering of the balance of folding and unfolding activ-
ities: Unfolded or disordered protein regions play a crucial role in flexibility and 
in-teraction of proteins and can largely bind inorganic ions such as K+ and Ca2+ 

as well as organic compounds such as ATP. This, in turn, can lead to polarization 
of the associated and structured water layers. The resulting fractal “cell matrix’’ 
supports coherent vibrations and harmonic resonance and may induce bio-photon 
discharge that can produce holographic properties (reviewed in [141] [142]). 

11. Final Conclusion 

It is postulated that the problem of folding of bio-molecules, theoretically, re-
quires an unrealistically large number of steps to find the correct state. Perspec-
tives for solving this paradox are associated with an explicit incorporation of to-
pology in the physical models of folding. This condition can perhaps be achieved 
through the construction of hybrid models based on the geometrical and physi-
cal approaches [1]. However, it is necessary to perform future experiments to 
identify the specific mechanisms underlying the actual forces between molecules 
(atoms). In particular, the actual problem is the possible existence of a collective 
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action at a distance between the molecules. The presence of such long-range in-
teraction can substantially change the folding model. Moreover, it could lead to 
a complete revision of our understanding not only of the folding of proteins but 
also of the work of molecular biological structures in the broadest sense. 

In our opinion, therefore, it is crucial to approach the item of protein folding 
from a more “holistic” standpoint, in which all the interacting factors and in-
trinsic conditions of the intact cell should be taken into account (as depicted in 
Table 1). These include long-range force fields and local cell biological condi-
tions such as structured water complexes, among many other factors. In partic-
ular, we show that abundant information is available in the literature on the role 
of soliton waves (phonon/electron quasi particles) that can be instrumental as 
guiding elements in the various steps in the folding process. This, by crucial 
energy transitions in their interaction with the semi-conducting protein lattices. 
Our recent finding of a set of discrete EM frequency bands that either promote 
or endanger life conditions (see Figure 9), could be a key in further studies  

 

 
Figure 9. The EM resonance aspect of the integrate cell (electrome) with oscillating constituents at various intracellular sites 
(green arrows). Bottom part: EM field frequency band pattern of coherent (green points) and non-coherent values, as revealed in a 
meta-analyses of biomedical literature (see Geesink and Meijer, ref, nr 10, 11, 12). 
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directed at the morphogenetic aspects of biological evolution. This also implies 
the requirement of a field receptive memory structure that can faithfully collect 
and store the integral history and present state of the particular cell, would be re-
quired. 

In this respect, a toroidal space-time unit (hypersphere), encompassing a 
fourth spatial dimension and time symmetry is proposed. This represents an 
integral and updated holographic endo-memory of the exo-world that is instru-
mental in guiding the required life-architecture of cell structure and conforma-
tion of macromolecules to an optimal functional state for survival. For the latter 
aspect, potential retro-causality, through probing future viable states may be ne-
cessary. In this manner crucial a-priory information for the unfolding of life 
processes can be detected and the final function of the protein in the cellular 
protein networks can be anticipated and assigned 

In conclusion: proteins in life-systems indeed are never alone: they are guest 
in a multi-layered energy landscape, yet faithfully coupled with a memory mod-
ality. This supervening information can coordinate the fine tuning through con-
stant feed-back and quality control on the basis of the representation of a versa-
tile network of force fields that interact with those of the cell. Toroidal geometry 
of discrete electromagnetic wave frequency patterns, reflecting soliton (polaron) 
energies at the fractal scales of life systems is proposed to be instrumental in this 
respect. Distinct life information can be derived from the all pervading ze-
ro-point energy field, that is seen as a stochastic electro-dynamic system, but 
partly functions as a strongly correlated information matrix with dominating 
collective effects that can drive coherence and attractor states in cell compo-
nents. Such a piloting steering system seems to provide a deterministic aspect to 
quantum mechanics [12], yet it should be realized that this kind of quantum 
transfer includes a back-reaction into the vacuum field and is a symmetric 
process [143], by which the field is continuously updated. This implies that the 
information flow cannot be fully deterministic, since the overall background is 
never the same.  

We stipulate in the present paper that the recognition of resonant frequencies 
can lead to modulation of form and function of proteins and DNA, but that, as-
sociated with each cell, an integrated information processing center is required 
for an orchestrated effort to maintain cell viability and proper intercellular 
communication. It remains to be established whether a collective cellular mem-
ory workspace of the organism contributes to epigenetic perturbations and/or 
organ- and total body-memory. In this sense such a holographic memory space, 
as described by us for the human brain [97] may, in certain special stages of tis-
sue development and regeneration, supplement known transcriptional mechan-
isms [144] and be instrumental in encoding distinct life information of 
non-neural nature.  

The semi-harmonic GM-scale, of EM fields that influence a wide spectrum of 
oscillating systems in nature (see Figure 9), as revealed by us, may therefore 
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represent a generalized biophysical principle with a “musical” signature that 
provides an interplay of electromagnetic waves, highlighting the electro-tonal 
features that underlies life and the fabric of reality in general. It is of interest that 
Niemetz [145] reviewed the recent findings of micro-musical aspects of whole 
cells, DNA and proteins by atomic force microscopy (“tactoscope”), also men-
tioning the scale invariant recorded, discrete, sounds of in-animated physical 
structures, up to black holes in the universe. All this points at a deeper layer of a 
harmonically guided evolution [146], as was also revealed by Frank Wilczek, in 
his book “A Beautiful Question, on Finding Nature’s Deep Design” [147]. 
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Abstract 
Using coherent light, we analyze the temporal diffraction at a single point 
from real-time living C. elegans locomotion in three-dimensional space. We 
describe the frequency spectrum of single swimming nematodes in an optical 
cuvette at a single sampling point in the far-field diffraction pattern. An ana-
lytical expression of the double slit is used to model the frequency spectra of 
nematodes as oscillating segments. The frequency spectrum in the diffraction 
pattern expands discretely and linearly as a multiple of the fundamental fre-
quency with increasing distance from the central maximum. The frequency 
spectrum of a worm at a single point in the frequency spectrum contains all 
the frequencies involved in the locomotion and is used to characterize and 
compare nematodes. The occurrence of resonant frequencies in the dynamic 
diffraction pattern increases with the distance from the central maximum. 
The regular spacing of the resonant frequencies is used to identify characteris-
tic swimming frequencies. 
 

Keywords 
C. elegans, Nematode, Temporal Diffraction, Live Diffraction, Locomotion 

 

1. Introduction 

Tracking the three-dimensional (3D) movement of microscopic species over 
larger distances is developing with the availability of optical components and in-
creasing computing power [1]. These techniques are highly compact, fast and 
avoid the issue of the species moving out of the focal plane by using diffraction 
and holographic methods [2]. Ozcan et al., for example use holographic sha-
dowing to track the path of sperm over a distance of about 10 μm [3]. However, 
the right and left-handed helical path could not be determined with a 
two-dimensional (2D) imaging technique where the species travels on a micro-
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scope slide.  
We have used the transparent nematode, Caenorhabditis elegans, to develop 

methodologies for examining microscopic organismal shape and locomotion in 
real-time in 3 dimensions without using microscopes [1] [4] [5]. The simple 
rhythmic motions and small size of these free-living organisms have allowed us 
to develop techniques and mathematical reconstruction processes to allow us to 
explore locomotion dynamics.  

The analysis of the locomotion of microscopic species typically involves the 
filming of the species followed by a computationally intense processing of the 
video [6]. This type of analysis has proven to be useful in characterizing the lo-
comotion of nematodes and comparing to other species by sight. Using these 
traditional microscopic methods, waveforms, oscillating movement frequencies, 
etc. can be established with the precision corresponding to the resolution of the 
microscope and the precision of the specifications associated with the optics. 
Using diffraction and shadowing methods forces [1] [4], movements on the or-
der of the wavelength are used. The frequency analysis of a live diffraction signal 
contains information about the cumulative movements of every single point on 
the microscopic object as the Fraunhofer diffraction pattern is proportional to 
the magnitude of the Fourier transform (FT) squared of the diffracting nema-
tode shape containing a superposition of the EM radiating from all points on the 
diffracting object’s outline. This point is especially well illustrated by the discrete 
FT (DFT) [7]: 

2π1
0 e

nikN N
nk n

− ⋅−

=
= ∑ x












Χ                        (1) 

where k
Χ  is the element in Fourier space denoted by k



, n  is the element in 
object space, N represents the total number of elements in a particular dimen-
sion and nx  is the element in Fourier space denoted by n . The phase sensitiv-
ity is on the order of the wavelength of the coherent radiation. 

In this paper, we present the single point temporal diffraction model explain-
ing the frequency spectra as related to the locomotion of the nematode; i.e., fre-
quency and amplitude of worm oscillations. The relationship between the worm 
thickness and thrashing amplitude is related to the number of resonance fre-
quencies as a function of the single point location, where the single point simu-
lates a photodiode (PD) placed in the dynamic diffraction pattern. 

2. One Dimensional Single Point Diffraction Model 

The C. elegans width-to-length ratio is about 1/10 [8] so that the dimensions are 
similar to a single slit typically discussed in introductory physics texts. The in-
tensity of the Fraunhofer diffraction pattern is proportional to the modulus of 
the Fourier transform squared [9]: 

( ) ( ) 2
2 sinc πI p d pd∝                      (2) 

where d is the slit width and p is the position in reciprocal space. Two segments 
of a C. elegans can then be represented by using the shift theorem [9]: 
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( ) ( ) ( ) ( )2 cos 2πF x a F x a p pa+ + − Φ                (3) 

where F is the function in object space and Φ its Fourier transform; while x 
represents position in object space, p the reciprocal variable in Fourier space and 
a is the distance by which the function F has been displaced. In the case of a dy-
namic system a is time-dependent a(t). 

C. elegans tend to move using a sinusoidal waveform [6] so that there are 
segments on the worm which move out of phase. To start with a simplified 
model, the motion of two corresponding segments out of phase can be modeled 
using a double slit in one dimension (1D), similar to the well-known Young’s 
experiment. Two slits oscillating out of phase produce an oscillating diffraction 
pattern with an oscillating intensity (Figure 1): 

( ) ( ) ( )( )( )2

0, 2 sinc π cos 2π sin 2πI p t d pd pa ft∝             (4) 

where a0 is the amplitude of oscillation and f the frequency at which the oscilla-
tions of the segments occur.  

Placing a photodiode (PD) in the diffraction pattern fixes the position p in the 
diffraction pattern. The time-dependent signal at p = 0 will not vary as the fre-
quency inside the cosine term (Equation (4)) equals zero. Holding the oscillation 
amplitude steady as the distance of the PD from the central maximum increases 
the frequency range increases matching the increments of the fundamental fre-
quency; i.e., integer multiples of the frequency at which the slits are oscillating. 
The amplitude can also increase the frequency of in the diffraction pattern since 
larger amplitudes will span a larger number of wave-fronts. 

Placing a photodiode (PD) in the diffraction pattern fixes the position p in the 
diffraction pattern. The time dependent signal at the central maximum, p = 0, 
will not vary as the frequency inside the cosine term (Equation (4)) equals zero. 
Holding the oscillation amplitude steady as the distance of the PD from the cen-
tral maximum increases the frequency range increases matching the increments 
of the fundamental frequency; i.e., integer multiples of the frequency at which 
the slits are oscillating since the sine term inside the cosine term (Equation (4)) 
in the diffraction pattern dominates. The oscillation amplitude of the worm can 
also increase the frequency of in the diffraction pattern since a larger amplitude 
will span a larger number of wave-fronts. 

The expected number of higher dominant frequencies is indicated by n in the 
spectrum can then be determined using the location of the PD at point p is then 
a factor of the worm thickness, sinusoidal locomotion amplitude and the value 
of p: 

( )0 πn a p d≥                          (5) 

The number of frequencies is indicated by n if n is an integer; otherwise the 
next larger integer indicates the number of fundamental frequencies included in 
the signal from the PD. The remaining fraction in n indicates the amplitude of 
the highest frequency contributing to the cosine while the sine function (Equa-
tion (4)) provides the envelope, which can be attributed to the nematode’s width.  
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Figure 1. (a) The diffraction pattern due to two single slits oscillating out of phase at a 
frequency of 1 Hz. The slit width is a third of the slit separation. The outside envelope 
corresponds to the starting position of overlapping single slits drifting apart at t = 0 s with 
the spatial frequency of the diffraction pattern increasing as evident in the inner pattern 
at t = 0.15 s; (b) A PD placed at a phase angle of π/3 produces a 2 Hz signal. The frequen-
cy doubles for a PD placed at 2π/3 doubles the frequency. The relative intensities are 
larger at smaller frequencies for π/3; (c) The frequency spectrum stretches out as the PD 
is further away from the central maximum. 
 
Overall, the number of frequency components increase with the phase angle as 
indicated in Figure 2. The resonant frequencies are spaced uniformly as dictated 
by the fundamental frequency. Note that the amplitude corresponds to the 
maximum worm oscillation (slit separation in our simplified model). 
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Figure 2. Intensity of PD shown as a function of phase and time. As the sensor moves 
away from the central maximum, intensity decreases with more frequency components. 

3. Experimental Setup and Results 

The optical setup was constructed to collect data at one point of the diffraction 
pattern (Figure 3). The Helium-Neon (HeNe) laser at 632.8 nm avoids the blue 
frequencies, which are known to influence the behavior of the nematodes [10]. 
The NDF prevents the PD from saturating. An adult (L4) C. elegans is placed in 
a water-filled cuvette. The cuvette is centered between Mirror 1 and Mirror 2 so 
that the nematode is within the laser beam’s path. Mirror 2 and the translational 
stage control the distance of the PD from the central maximum. Measurements 
were taken at the 0.18 cm, 0.30 cm, and 0.42 cm away from the central maxi-
mum.  

The distance from the nematode to Mirror 2 is 3.65 ± 0.05 cm. Mirror 2 is lo-
cated 18.75 ± 0.05 cm from the photodiode so that the total distance from the 
diffracting worm to the photodiode is 22.4 ± 0.1 cm. The experimental data sets 
in Figure 4 demonstrate that the frequency spectrum spreads out as the distance 
from the PD from the central maximum increases as indicated by the increasing 
mean frequency. The mean frequency is estimated using: 

n n

n

f PSD
f

PSD
⋅

= ∑
∑

                      (6) 

where f is the frequency, PSD represents the Power Spectral Density and n indi-
cates the matrix element. The experimental spectra are not as distinct in their 
resonances as the simplified sinusoidal model; nevertheless, the resonances are 
consistent with known experimental locomotory frequencies of swimming and 
crawling C. elegans [11]. The bottom spectrum in Figure 4 at 0.42 cm near the 
third minimum from the central maximum shows a consistent spacing of 0.602 Hz 
in the major peaks while finding a pattern for the spectrum closer to the central 
maximum at 0.18 cm near the first minimum is not possible because lower fre-
quencies obscure the fundamental frequency. Placing the PD past the third 
maximum allows for enough resonances to use the spacing between resonances  
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Figure 3. In the optical setup the laser beam travels through a neutral density filter (NDF) 
to prevent saturating the photodiode. Mirror 1 and Mirror 2 steer the laser beam through 
the cuvette containing the worm towards the PD. The C. elegans diffract the laser beam. 
Part of the diffraction pattern forms on the PD off center in the diffraction pattern. 
 

 
Figure 4. Frequency of intensity at 0.18 cm and 0.42 cm from the central maximum of a 
single wild type C. elegans. The mean frequency was calculated using Equation (6) and 
increases with distance from the central maximum and the resonance frequencies become 
more pronounced. The regular spacing of the resonance frequencies becomes apparent, 
as the PD is placed further away from the central maximum. 
 
to determine the fundamental frequency. Destructive interference can eliminate 
resonance peaks so that placing the PD strategically allows for a maximum sig-
nal. Various worm movements such as head movement and the changing in di-
rection or speed of the nematode can create frequencies. Some of these move-
ments tend to show up in the slower frequencies, diffusing the dominant swim-
ming or crawling frequency.  
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4. Conclusions 

In this case study, we have demonstrated an efficient method for measuring do-
minant frequencies by strategically placing the PD in a dynamic diffraction pat-
tern. Using this method, the locomotion of various phenotypes and in various 
environments can be characterized by frequency. A point in the diffraction pat-
tern is used to record the superposition of all locomotory oscillations of the ne-
matode allowing for the analysis of all frequencies embedded in the worm mo-
tion through a single time series. The intensities are sensitive to motion on the 
order of the wavelength of light used in the experiment so that subtle move-
ments that might be missed in a microscopic analysis are detected and meas-
ured. Even the newest work in locomotion of C. elegans involves traditional mi-
croscopy rather than diffraction so that the work published by this group is the 
only work involving live diffraction of C. elegans [12] [13]. 

Collecting the signal at a distance from the central maximum allows for 
enough resonant peaks in the FT spectrum to use the spacing to measure the 
fundamental frequency. The regular spacing of the resonant peaks in the FT 
helps to identify dominant frequencies in the locomotion precisely. Further stu-
dies on separating movements of various worm parts are promising future 
projects. Dynamic diffraction using power spectral analysis complements tradi-
tional microscopic methods. Frequency filters can be employed to isolate various 
movements and switching mechanisms. 
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Abstract 
We studied the quantum dot-liposome complex (QLC), which is the giant un-
ilamellar vesicle with quantum dots (QDs) incorporated in its lipid bilayer. A 
spin coating method in conjunction with the electroformation technique 
yielded vesicles with highly homogeneous unilamellar structure. We observed 
QD size dependence of the QLC formation: QLCs form with blue, green and 
yellow-emission QD (core radius ~1.05 nm, 1.25 nm and 1.65 nm) but not 
with red-emission QD (core radius ~2.5 nm). In order to explain this size de-
pendence, we made a simple model explaining the QD size effect on QLC 
formation in terms of the molecular packing parameter and the lipid confor-
mational change. This model predicts that QDs below a certain critical size 
(radius ≈ 1.8 nm) can stably reside in a lipid bilayer of 4 - 5 nm in thickness 
for Egg-PC lipids. This is consistent with our previous experimental results. In 
the case of red-emission QD, QD-aggregations are only observed on the fluo-
rescent microscopy instead of QLC. We expected that the reduction of pack-
ing parameter (P) would lead to the change of specific QD radius. This pre-
diction could be verified by our experimental observation of the shift of the 
specific QD size by mixing DOPG. 
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Quantum Dot-Liposome Complexes (QLCs), The Interface Energy at Optical 
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1. Introduction 

Labeling biomolecules and cells with organic fluorophores are representative 
tools for studying the underlying complex interactions and the dynamics in me-
tabolic processes in various time and length scales. Recently, these organic fluo-
rophores have been gradually replaced by nano-size semiconductor nanocrystals 
[1] such as quantum dots (QDs). 

This preference for QDs results from several remarkable optical properties of 
QDs. In contrast to organic fluorophores, QDs have a higher quantum yield, and 
a narrower and more symmetric emission spectrum which can be controlled by 
tuning the core size of the QDs during synthesis procedures. Furthermore, the 
photo-bleaching effect of QDs is much weaker compared to organic fluoro-
phores. However, before introduction into biological environments, the surface 
of QDs should be transformed to hydrophilic with the help of amphiphilic mo-
lecules or other surface-capping materials due to the hydrophobic surface prop-
erty of QDs. In recent years, several groups reported passivation of QDs by 
phospholipid, which is a building unit of the cell membrane [2]-[11]. One good 
example is QLC (Quantum dot-Liposome Complex) which is a giant unilamellar 
vesicle with QDs incorporated in the lipid bilayer [12] [13] [14] [15]. 

QLC is good candidate for biomedical imaging in site of specific drug deli-
very. For instance, biological fusion area between QLCs and biological targets 
can be fluorescent by conjugating with QDs and macromolecules such as cell 
membrane [12]. In addition, if QDs coexist with organic fluorophores in the li-
pid bilayer of QLCs, fluorescence resonance energy transfer (FRET) signal can 
be observed in a nano-scale confined system of a lipid bilayer [16].  

In spite of the various potential applications of QLCs, we still lack detailed 
knowledge and quantitative approaches regarding the interactions and dynamics 
between QDs and lipids during QLC formation. And there is still no reliable ex-
perimental data regarding the exact position of QDs in the lipid bilayer. In this 
work, we assume that QDs are approximated as hydrophobic hard spherical par-
ticles, and there are no specific interactions other than hydrophobic interactions. 
Therefore, QDs are spontaneously incorporated into the lipid bilayer of lipsomes 
during the self-assembly process due to strong hydrophobic interactions be-
tween QDs and phospholipids in hydrophilic environment and are positional at 
the center of the lipid bilayer.  

In our previous work, we proposed a theoretical model by interfacial energy 
for a quantum dot (QD)-lipid mixed system based on a simple geometrical as-
sumption for a single-component lipid (DOPC) monolayer deformation profile 
[13] [14]. And we studied the stability problem of QDs inside the lipid bilayer 
depending on the size of QD as shown Figure 1 and experimentally proposed 
QLCs, which are GUVs (Giant Unilamellar Vesicles) with QDs below critical 
QD size loaded into the DOPC lipid bilayer. But, in our previous study, we did 
not observe any QLCs for the orange-emission QDs (2 - 2.15 nm) and red-emission 
ones (~2.5 nm) above specific QD size [15].  
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Figure 1. QD is embedded in the thin lipid bilayer depending on the size of QD. Box 
dotted line shows TEM image of CdSe-QD: left QD size D: 2.45 nm and right QD size D: 
4.58 nm. This scale bar is about 10 (nm). 
 

In the present work, however, we do detect a fluorescent signals from 
orange-emission QDs (~2 - 2.15 nm) and red-emission QDs (~2.5 nm) above 
critical QD size in the mixture of DOPC and DOPG. To interpret these experi-
mental results, we propose a simple theoretical model based on geometric con-
siderations of deformed lipid monolayer surrounding a QD in terms of the mo-
lecular packing parameter and the conformational change of the lipid chain in-
stead of complicated elastic free energy calculations. This model explains our 
experimental observation of shift of the specific QD size.  

2. Background and Model  

According to Israelachvili’s work [17], given the packing parameter P of a given 
lipid, the minimum radius minR  of the special liposome is determined as fol-
low. Figure 2 shows a uni-bilayer liposome with the in-outer layer ( 0R ) and the 
outer layer thickness ( 0t ) in a single liposome. For liposome of the outer layer 
volume 0V  and the outer surface area 0S  with 0N  molecules, there are fol-
lowing relations between them [18].  

( )33
0 0 0 0 0

4 π
3

V N v R R t = = − −                   (1) 

2
0 0 04πS R N a= = , ( )33

0 0 0 0
4 π
3

N R R t
v

 = − −              (2) 

Here, v is the volume of simple hydrocarbon molecule. The area per head 
group (a) is 
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Figure 2. Uni-bilayer liposome and inner and outer monolayer structures. 
 

( )32 2 3
0 0 0 0 0 04π 3a R N vR R R t = = − −                   (3) 

Here, ( 0a a≠ ) is the actual area per head group. If Equation (3) is divided by 
a0, the ratio of the actual area a to the optimal area a0 is given by 

( )

2
0

33
0 0 0 0 0

3 c
c

Ra v l
a a l R R t

 
=  

 − −   

                   (4) 

Here, a0 is referred to as the optimal surface area per molecule, defined at the 
hydrocarbon-water interface.  

Equation (4) gives the area ratio as a function of the packing parameter 
( 0 cP v a l= ), the critical chain length ( cl ), the out radius ( 0R ), and the thickness 
of the outer layer ( 0t ). If the packing parameter and critical chain length are 
fixed, the ratio of the area to the optima head area ( 0a a ) will approaches 1 with 
a decrease of the out radius ( 0R ). This condition approaches to the lower possi-
bility for liposome formation. When the minimum value of 0R  is reached, the 
smallest liposome can be formed. The out radius ( 0R ) replace the value of minR , 
we refers to 0 ct l= . Substituting 0 1a a = , and 0 ct l= , expressed as a formula 
according to minR , 

2
2
min min

0

1 0
3
c

c
c

lv R l R
a l

 
− − + = 

 
                    (5) 

From Equation (5), the minimum radius is 

( )
( )min

3 3 1
6 1 c

P
R

P l
+ −

=
−

                        (6) 
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Here, the packing parameter is 0 cP v a l= . 
For truly fluid hydrocarbon chains, meanwhile, the optimal head area should 

not depend strongly on the chain length or on the number of chains. We can de-
fine the critical chain cl  as the maximum effective length of the hydrocarbon 
chain in the liquid state. The semi-empirical definition of the hydrocarbon chain 
length was theoretically interpreted by Israelachvili [17] Tanford [19] and 
Lindman [20]. cl  for the saturated hydrocarbon chains is 

( )max 0.154 0.1265 nmcl l n≤ = +                  (7) 

Here, maxl  stands for the length of the fully extended hydrocarbon chain, and 
n is number of carbon atom for each hydrocarbon tail. However, as may be ex-
pected, cl  is of the same order as, though somewhat less than, the fully ex-
tended molecular length of the chain maxl . It can be seen that the minimum size 
of a liposome ( minR ) depends on the packing parameter ( 0 cP v a l= ) and on the 
critical chain length ( cl ). Since v and cl  are fixed, the only way to reduce the 
packing parameter ( o cv a l ) is increasing the optimal head area ( 0a ).  

Modeling 

The key point of this model would define the critical QD radius by limiting the

maxl  to cover part of the void around the QD maxS  at graph. For the definition 
of maxS  in this model, we considered only the size of QD core excluding ligand 
(hexadecylamine). 

Equation (6) shows the minimum possible radius minR  of the spherical lipo-
some, which is composed of the lipids with the packing parameter P. We first 
assumed that the maximum possible curvature of the lipid monolayer with 
thickness d around the QD of radius r has its limit at the value min1 R  to evade 
any unfavorable surface energy penalties. In other words, minR  is the critical 
radius below which a bilayer cannot curve without introducing unfavourable 
packing strains such as QD inside the lipids. Therefore, when the size of each 
QD is smaller than minR , as in our experiment, the curvature of the monolayer 
around the QD is approximated as min1 R , and the deformed monolayer profile 
is a circular arc of radius as minR  shown in Figure 4. In the case of Egg-PC li-
pid liposome, the packing parameter value is known to be 0.85 ( 0 cv a l ;  

2
0 0.717 nma ≈ , 31.063 nmv ≈  and 1.75 nmcl ≈ ) [17]. Therefore, we know 

that minR  of Egg-PC liposome can get the value of 10.8 nm from Equation (6). 
We can also introduce two parameters related to the conformational variation 

of the hydrocarbon chain around the QD: the compressing extent h of the hy-
drocarbon chain and the maximum stretching extent S of the hydrocarbon chain 
in order to remove void formation around the QD. In the case of Egg-PC lipid, a 
saturated hydrocarbon chain is approximately composed of n = 18 of carbon 
number about 70%. When the number of carbon is n = 18, we defined 

max 2.43 nml =  form Equation (7). If S has only to contact with ligand, as shown 
in Figure 3(a), we can also assume that the most stretched (longest) chain is  
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Figure 3. (a) A model representing the deformed monolayer due to the incorporation of 
a QD inside the lipid bilayer (b) A plot of chain length of the most stretched lipid, Smax as 
a function of the QD radius, r; The dotted line corresponds to the minimum radius Rmin 
of deformed lipid monolayer around QD. 
 
located in a corner of the QD direction (point B in Figure 3(a)) to remove the 
void formation between lipid and QD. Here, we approximately considered the 
distance between point B and C as ligand length (~1 nm). For the maximum ex-
tent, we can define maxS  as 3.43 nm (the ligand length plus maxl ). And we as-
sumed that the compression of the chain occurs at the top of the QD, as shown 
in Figure 3(a). In the case of maximum compression, the lipid monolayer 
thickness at point A is represented by min 1.22 nmh =  from the Egg-liposome 
thickness due to max 2.43 nml =  [21].  

The distance S from the corner of the QD to the point on the circular arc of 
radius minR  for a given θ  can be expressed as 

( ) ( )2 2
min min min minsin cos 1S R r R R h rθ θ= − + − + + +            (8) 

Equation (8) is differentiated with respect to θ  to obtain the minimum maxS  
that is required to be equal to the chain length of the most stretched lipid among 
the lipids around the QD of radius r. Figure 3(b) shows a plot of maxS  as a 
function of the QD radius r. maxS  can’t exceed the maximally stretched chain 
length, ligand length (~1 nm) plus maxl , which is 3.43 nm in this case [17]. Oth-
erwise, there would be a void formation at the ligand portion that is connected 
with corner of the QD. Therefore, the critical QD size is 1.8 nmcrr ≈ , where the 
chain is maximally stretched to maxS  (corresponding to the horizontal dashed 
line in Figure 3(b)). 

In Figure 3(a), at point S, the curvature is divided by positive and negative. In 
the case of this model, we took only positive curvature into account. The part of 
negative curvature does not fully need to stretch because one of the principal 
curvatures is close to the monolayer spontaneous curvature of the DOPC. In 
other words, the regions of positive curvature require the highly curved lipids to 
cover the rapid increase of the area above critical, while the parts of negative 
curvature which have non-charged head-group can be decreasing the mechani-
cal stress generated by a packing constraint between ligands and the head-group 
above critical size. 
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3. Experimental Methods and Materials  
3.1. Materials 

In this experiment, we used four different kinds of lipid molecules:  
L-α-phosphatidylcholine (Egg-Pc), 1,2-dioleoyl-sn-glycero-3-phosphocholine 
(DOPC), 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (DOPG), and  
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), which were purchased 
from Avanti Polar Lipids. In the case of DOPC and DOPG, number of carbon 
atom for each hydrocarbon tail is n = 18 and DPPC is n = 16.   

Before sample preparation, they were dissolved into chloroform at a deter-
mined concentration. Deionized water was obtained from a Milli-Q plus 185 
(Millipore, Molsheim, France) ultra-pure water system with a resistivity of ≥18 
MΩ/cm. Five different sizes of hexadecylamine (~1 nm)-coated CdSe QDs dis-
persed in toluene were purchased from Sigma-Aldrich. Each of them has a dif-
ferent core radius; blue (~1.05 nm), green (~1.25 nm), yellow (~1.65 nm), 
orange (2.0 - 2.15 nm) and red-emission (~2.5 nm).  

3.2. Preparation of QLC 

QLCs were synthesized by using the mixed solutions of QDs and phospholipids 
via the electroformation method [22] in conjunction with spin-coating tech-
nique [23], as shown in Figure 4. Egg-PC (10 mg/1ml) and a mixture of DOPC 
lipid: DOPG lipid = 1: 1 (5 mg/1ml, molecular weight) and QD (5 mg/1ml) was 
prepared with the volume ratio of mixed DOPC and DOPG lipid solution:QD 
solution = 700 μl:25 μl. This well-mixed solution was deposited onto the ITO 
substrate, then spin-coated at 600 rpm for 100 s under a stream of nitrogen gas. 
This QD/lipid thin film was immediately dried out in a vacuum oven for 2 h to 
remove excess organic solvents. A home-made chamber for electroformation 
was built by combining two transparent conducting indium tin oxide (ITO) 
substrates (4 × 4 cm2, <50 Ω); one is clean and the other has a dried thin film  
 

 
Figure 4. Preparation of QLCs in the order of spin-coating, drying-out 
QD/lipid thin film, and electro-swelling under an AC field. (a) Spin coating 
procedure (b) Schematic diagram of the electroformation setup. 
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with a spacer (~1 mm), then sealed with a vacuum grease (Dow Corning, High 
vacuum Grease). The chamber for was then filled with 2 ml of room-temperature 
deionized water. An AC signal of 10 Hz and 1.2 V (peak-to-peak) using a func-
tion generator (model 33250 A, Agilent, USA) was applied to the chamber for 2 
h. During this process, lipiosomes grew on the substrate. Then, the AC signal 
was set to 4 Hz and 2.0 V (peak-to-peak) for 10min to detach the liposomes 
from the substrate in order to make an easy observation on a confocal micro-
scope (Axiovert 100 M, Zeiss, German). 

4. Experimental Results and Discussions 
4.1. Egg-PC QLC  

In order to checking this model, we checked over the QD size dependence for 
QD stabilization inside the lipid bilayer of liposome. The QLC is expected to be 
observed only for the QD size smaller than a certain specific size. We successful-
ly obtained the blue-, green-and yellow-emission Egg-PC QLCs with clear and 
sharp fluorescent signals, as shown in Figure 5(a). However, when red-emission 
QDs were used with the same concentration as the blue-, green- and yel-
low-emission QDs during the QLC preparation, we did not obtain the 
red-emission DOPC QLCs. Instead, we observed some aggregation kind of im-
age, as shown in Figure 5(b). The results are similar to those of previous DOPC 
experiments [15].   

It means that the aggregated several QDs prefer to be surrounded by lipid in-
stead of QLC. In other words, red-emission QDs were not incorporated into the 
bilayer of liposome. The experimental results are supporting the predictions of 
our theoretical model. 

We believe that, if the QD radius is larger than crr , the QLC structure is no 
longer stable due to the high energy cost in the formation of either the lipid vo-
ids or increase of hydrophobic interface contacting with water, as shown in Fig-
ure 6. It means that the mono-layer curvature of surrounding the QD is highly 
required to form the QLC. In other words, we consider that hydrocarbon chain 

maxl  of Egg-PC lipids is not long enough, wetting a void formation at the ligand  
 

 
Figure 5. (a) Confocal microscope image of the blue-, green-and yellow-emission QLC 
with core radius ~1.05 (nm), 1.25, 1.65 (nm) (b) Aggregated QD with core radius ~2.5 
(nm) surrounding lipids is observed on the fluorescent microscopy. This scale bar is 
about 20 (μm). 
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Figure 6. The mono-layer deformation of positive curvature area in-
duced CdSe surrounding by PC-type lipid. 

 
portion that is connected with corner of the QD and the geometric shape of 
them don’t pack fully hydrophobic area deformed above crr . As a result, the 
QDs only below a certain specific size (core radius ≈ 1.8 nm) can stably reside in 
the lipid bilayer.  

If lipids of large mono-layer curvature surrounding QD exist, they will reduce 
the deformation area and cover the void by highly curvature lipid. According to 
this model, crr , the specific radius of QD, is affected by a change in the mini-
mum radius minR . In the case of Egg-PC lipid, the minimum of radius 
( min :10.8 nmR ) is given by Equation (6) and thus the maximum of radius cur-
vature is min1 R . For forming the QLC above crr , it is necessary to use lipid 
having large monolayer curvature more than min1 R . It is theoretically difficult 
to reduce the curvature value of min1 R  more than 1/10.8 nm−1 for a single lipid 
molecule of the PC type.   

According to the experimental result by Israelachvili [17], they have experi-
mentally seen that it reduced the 0.37P ≈  (non-spherical micelle) to the 

0.33P ≈  (spherical micelle) for sodium dodecyl sulphate surfactant (SDS) in 
water. Since ν  and cl  are fixed, the only way to reduce is to raise a0 by raising 
the pH of the solution. In practice, this could be achieved by increasing the pH 
of the solution. This would increase the degree of ionization of the negatively 
charged head-groups which increases the repulsion between them, resulting in 
an increase in a0. It means that the spherical micelle is more high curvature than 
non-spherical micelle. By Israelachvili’s experiment, in this study, we think that 
charged lipids (DOPG) with large optimal head area (a0) is able to from a highly 
mono-layer curvature more than min1 R  by mixing the DOPC and DOPG.  

4.2. DOPC/DOPG QLC 

Figure 7 shows that crr  is changed by the reduction of P value. Figure 7 is not 
a measured value but a calculated value by Figure 3(b), which the decrease of P 
resulted in the decrease of minR  from Equation (6). The graph of Figure 3(b) 
shifted to the right due to the decrease of minR . This caused crr  to shift to the  

https://doi.org/10.4236/ojbiphy.2018.83012


S. K. Sung et al. 
 

 

DOI: 10.4236/ojbiphy.2018.83012 172 Open Journal of Biophysics 
 

 
Figure 7. The change of critical point rcr according to changing P. 

 
right. In other words, the reduction of minR  can cause high curvature. It means 
that an increase in optimal head area (a0) results in highly curvature. 

We seek to increase the large optimal head area (a0) to form a highly 
mono-layer curvature for checking the change of crr . In this study, if v and cl  
are fixed, the only way to reduce 0 cP v a l=  is to raise optimal head area (a0) by 
using the DOPG. We have the following experiment to confirm the increase of 

crr  such as Figure 7.  
As we mentioned earlier, QLC above crr  will be formed by mixing DOPG 

with a charged heap-group and DOPC a neutral head-group for charge effect 
[17] [24]. 

We expected that this mixing would will be larger curvature than min1 R  be-
cause of the increase of effective head-group area ( 0ea ), which arises from the 
repulsive interaction between the like-charged head-groups. It causes the geo-
metry shape such as Figure 8(a). The phenomenon of effect head-group area 
explains as follows. For example, the micelle-forming lysolecithin ( 0 0.5cv a l < ) 
and non-aggregate forming cholesterol ( 0 1.0cv a l > ) will mix in certain propor-
tions to form liposome ( 00.5 1cv a l< < ). If we mix DOPC and DOPG, we will 
expect that the mono-layer of the mixture of DOPC/DOPG lipids can form more 
a highly curvature mono-layer than Egg-PC mono-layer. 

In this experiment, we observed the orange (radius; 2.0 - 2.15 nm) and 
red-emission QDs (radius ~2.5 nm) were successfully incorporated in the bilayer 
of the mixture of DOPC/DOPG lipids, as shown in Figure 8(b). This experi-
ment result shows that the radius of curvature is increased by DOPG.  

As we have anticipated the change of a specific point crr , this experimental 
result explains the increase in crr  by the increase of 0ea  by charge effect.  

4.3. DOPC/DPPC QLC 

In order to confirm charge effect of lipid head-group, experiments were con-
ducted by mixing DPPC, a neutral lipid molecule, as a control experiment in the 
same manner as the above experiment. Figure 9 shows only the QLC below a 
specific QD size similar to the DOPC QLC experiment results. 
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Figure 8. (a) Geometric shapes of DOPG (truncated shape) and DOPC (truncated shape 
close to cylindrical shape) at a0; (b) Confocal microscopy image of the QLCs prepared 
with the same ratio of two lipids DOPC/DOPG (1:1) by using the orange and 
red-emission QDs (2 - 2.15 (nm) and ~2.5 (nm)). This scale bar is about 10 (μm). 
 

 
Figure 9. QLC structure using DOPC/DPPC mixed lipid molecules in fluorescence mi-
croscopy. This scale bar is about 50 (μm). 
 

In conclusion, it can be expected that the role of charge effect at the head-group 
is an important factor to form QLC structure above the specific QD size. In this 
study, unlike previous experimental results, we can observe the orange and 
red-emission QLC due to highly curvature mono-layer.  

5. Conclusion 

We proposed a simple model to describe the stability of QDs embedded in lipid 
bilayer in terms of molecular packing parameter and the conformational change 
of the lipid chain. The existence of QDs in the lipid bilayer was confirmed using 
confocal microscopy. QLC formation was found to be dependent on the size of 
QDs: Egg-QLCs formed with blue, green and yellow-emission QDs (core radius 
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~1.05 nm, 1.25 nm and 1.65 nm) but not with red-emission QDs (core radius 
~2.5 nm). When DOPG lipids, which have a larger head group area, were mixed 
with DOPC lipids, QLCs were formed with orange-emission QDs as well as with 
red-emission QDs. The model predicts that 1) QDs below a certain critical size 
can stably reside in the lipid bilayer, and 2) the specific QD size increases as the 
head group area of the lipids increases. These predictions agree well with our 
experimental results in spite of a lack of exact information about the change of 
effect optimal head area and the conformational changes of the hydrocarbon 
chain around the QD. 
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Abstract 
This study is aimed at identifying gamma irradiated response of bovine blood, 
liver and kidney tissues at radiofrequency. For this purpose, impedence meter 
(Booton 7200) working in conjunction with signal generators (Loadster, 
SG416013 and Harris G857993) and improvised parallel plate dielectric cells 
constructed in line with the method of Laogun et al., (2005) were used to ob-
tain the dielectric spread parameter gamma radiation α, of blood, liver and 
kidney tissues exposed to gamma irradiation dose range of 1.0 - 85.0 Gy. The 
dielectric spread parameter α gives the extent of damage induced in an irra-
diated tissue. Results of this work revealed that at 0 - 50 MHz frequency range, 
Kidney tissues displayed higher sensitive, followed Liver tissues and lasted the 
bovine blood between 0 - 60 Gy but reversed for blood and liver at 85 Gy. At 
0 - 100 kHz frequency range liver tissue is more venerable to radiation injuries 
between gamma irradiation dose range of 0 - 20 Gy while between 43 - 85 Gy 
the Kidney’s sensitivity is the highest followed by blood and liver tissues. This 
implies that the liver tissues are less liable to radiation injuries at radiofre-
quency. A comparison of the linear, exponential and polynomial models using 
Akaike Information Criteria (AIC) revealed that linear models were the most 
suitable models for describing the effect of gamma radiation on the dielectric 
dispersion properties of bovine tissues at low and high radiofrequencies. This 
implies that the response of the investigated tissues increases linearly with 
gamma irradiation dose. 
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1. Introduction 

The effect of gamma radiation on human tissues has been extensively studied 
and findings revealed that its beneficial effects are employed in the diagnosis and 
treatment of various ailments like cancers. Its non-beneficial effects include the 
induction of cancers, genetic disorder (mutation), and other numerous stochas-
tic and non-stochastic effects [1]. These effects arise from the excitation, ioniza-
tion and breakage of some chemical bonds in the molecules of the exposed tissue 
[2]. This leads to the production of complex ions (radicals) which reacts to pro-
duce toxins. These toxins are circulated throughout the body via lymphatic cir-
culation and bloodstream causing radiation sicknesses [3]. 

The level of damage induced in an organ (tissue) depends on the quantity of 
radiation absorbed by the tissues, its composition and morphology. This implies 
that some tissues are more prone to radiation than others. The interaction of 
complex ions produced as a result of ionization event in the molecules of the ir-
radiated tissues leads to the generation of toxins. These toxins are circulated 
throughout the body via lymphatic circulation and bloodstream [3]. Syndromes 
of Acute Radiation Sickness (ARS) are expressed depending on the type of in-
duced toxin.  

Previous studies [4] [5] [6] [7] [8] have focused attention on the dielectric 
characterization of tissues whereas virtually little or no information exists on 
development of models that explains the difference in radio sensitivity between 
non-lymphoid tissues (liver and kidney) and moving mammalian lymphoid tis-
sues (blood) based on dielectric relaxation spread [9]. Hence, the need to direct 
efforts towards development of and comparison of response models of lymphoid 
and non-lymphoid tissues via mathematical models. 

2. Materials and Methods 

The liver and kidney tissue samples were excise from an adult white Fulani cow 
which was duly certified healthy by veterinary doctor attached to Gwagwalada 
Central Abattoir in Gwagwalada Area Council, Abuja, Nigeria. The excised tis-
sue samples were thoroughly washed with double distilled water and preserved 
in laboratory oven maintained at a temperature of 37.0˚C ± 0.5˚C for six hours 
to remove water from their surfaces. The blood samples were collected from the 
certified cow by vein puncture using a 10 ml hypodermic needle attached to a 
disposable plastic syringe. The blood samples were immediately introduced into 
heparinized tubes to prevent coagulation. Percentage water content of blood, 
kidney and liver samples were 86.0%, 72.2% and 71.6% respectively.  

Eight portions of each of the three tissue samples were irradiated at the fol-
lowing irradiation doses; 1.0 Gy, 4.0 Gy, 11.0 Gy, 20.0 Gy, 43.0 Gy, 60.0 Gy and 
85.0 Gy respectively using the Gamma Irradiator (GS 1000) located at the Gam-
ma Irradiation Facility (GIF) Unit of the National Nuclear Technology Centre, 
Abuja at a dose rate of 0.36 kGy/hr after which the various sample were intro-
duced into their respective dielectric cells. The dielectric sample cells used in this 
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research were constructed and calibrated in line with the method of Laogun [6] 
and Agba et al. [7]. The dielectric constant, k and residual capacitance of the di-
electric cells constructed for blood dielectric measurements was 0.0021 nF and 
0.00118 nF while the dielectric cell for kidney and liver tissue measurements was 
0.016 nF and 0.00912 nF respectively. Booton 7200 impedance meter in con-
junction with signal generators (Loadstar, SG416013 and Harris G857993) were 
used to measure capacitance and dissipation factor of the samples. The dielectric 
spread parameters (α) of each sample were evaluated from the cole-cole plots.  

3. Results and Analysis 
3.1. Analysis and Results for Dielectric Spread Parameter α, at  

Low and High Radiofrequency Ranges for Bovine Kidney 

For low Radiofrequency  
1) Linear model: 

527.0 122.0D α= −                        (1) 

2) Exponential model: 
1 2

0.034 0.0340.0016e 0.0016e 1.6D
α α

= + +                 (2) 

3) Polynomial model:  
211226.0 5683.0 712.0D α α= + +                  (3) 

For high Radiofrequency  
1) Linear model:  

264.0 25.0D α= −                        (4) 

2) Exponential model: 

0.18414.0e 20.1D
α−

= +                       (5) 

3) Polynomial model:  
2665.0 31.0 0.2D α α= + −                    (6) 

where D and α represents γ-irradiation dose and spread parameter α, respec-
tively. The Akaike Information Criterion (AIC) which is a tool for comparing 
the performance of two or more model is found to be 56.46, 131.93 and 56.40 for 
the linear, exponential and polynomial model respectively at low radiofrequency 
while that of the high radiofrequency was 47.73, 56.93 and 56.03 for linear, ex-
ponential and polynomial models respectively. This suggest that Equations 1 and 
3 (linear model and polynomial model respectively) are best for low frequency 
range while and Equation 4 (linear model) is the most appropriate for high radi-
ofrequency response modeling of kidney tissues. 

3.2. Analysis of Bovine Liver Tissue 

For low Radiofrequency  
1) Linear model: 
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363.2 42.1D α= −                            (7) 

2) Exponential model: 
1

0.170190.4e 92.8D
α

= − +                         (8) 

3) Polynomial model:  
21474.8 941.8 93.8D α α= − + −                     (9) 

For high Radiofrequency  
1) Linear model:  

554.5 121.3D α= −                        (10) 

2) Exponential model: 

0.0550.202e 7.0D
α−

= +                       (11) 

3) Polynomial model: 
26597.7 2964.26 338.7D α α= + −                 (12) 

where the D and α represent the γ-irradiation dose and dielectric spread para-
meter respectively. The AIC for low radiofrequency models was found to be 
60.33, 69.44 and 69.37 for linear, exponential and polynomial models respec-
tively while that of the high radiofrequency models was 60.71, 69.15 and 68.95 
for linear, exponential and polynomial models respectively. Equations (7) and 
(8) (linear models); and Equation (10) (linear model) are preferred to other 
models for low and high frequency ranges. 

3.3. Analysis for Bovine Blood Samples 

For low Radiofrequency  
1) Linear model: 

531.6 50.3D α= −                       (13) 

2) Exponential model: 

0.264269.8e 126.0D
α

= − +                    (14) 

3) Polynomial model:  
21060.3 905.4 79.3D α α= − + −                (15) 

For high Radiofrequency  
1) Linear model:  

565.0 54.6D α= −                      (16) 

2) Exponential model: 

0.507267.9e 284.9D
α−

= − +                   (17) 

3) Polynomial model: 
21314.0 997.0 86.4D α α= − + −                  (18) 

where D and α represents the γ-irradiation dose and dielectric spread parameter 
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respectively. The AIC was found to be 40.82, 48.15 and 48.00 respectively for the 
linear, exponential and polynomial models at low radiofrequency, while the AIC 
for linear, exponential and polynomial models was 40.80, 48.15 and 48.00 re-
spectively for higher radiofrequency. The AIC of Equation (3) (linear model) 
and Equation (16) (linear model) suggest that linear model is the preferred 
model to exponential and polynomial models for bovine blood.  

The plot of dielectric spread parameter against gamma (γ) irradiation dose 
shown in Figure 1 revealed that Bovine kidney was more prone to damage (sen-
sitive) at low radiofrequencies followed by the liver tissues and lastly the blood 
tissue at 0 - 60 Gy; at 85 Gy, the kidney’s sensitivity is higher and closely fol-
lowed by that of blood (see Table 1) while at higher frequency (Figure 2), the 
sensitivity of liver tissues is higher than that of blood and the kidney tissues  
 

 
Figure 1. Variation of dielectric spread parameter with Gamma irradiation dose at 0.5 - 
100.0 kHz. 
 

 
Figure 2. Variation of dielectric spread parameter with Gamma irradiation dose at 0.5 - 
50.0 MHz. 
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Table 1. Dielectric spread parameters α, of gamma irradiation and non-irradiated bovine 
kidney, liver and blood at 0.5 kHz - 100.0 kHz. 

Dose (Gy) 
Kidney Liver Blood 

α α α 

0 0.224 0.107 0.102 

4 0.226 0.148 0.100 

4 0.226 0.149 0.104 

11 0.305 0.153 0.108 

20 0.311 0.239 0.149 

43 0.307 0.253 0.162 

60 0.326 0.283 0.189 

85 0.345 0.212 0.265 

 
especially between the gamma irradiation dose of 0 - 20 Gy (see Table 2). The 
dose range between 45 - 85 Gy the sensitivity of kidney was observed to be more 
than that of the liver tissue and lastly the blood. This result at low frequencies is 
in good agreement to some extent with the findings of [8] which showed se-
quential order of the response of gamma irradiated chick embryo as follows; 
Heart, Kidney, Brain, Lungs, Blood and Liver tissues. The difference in the di-
electric response of the bovine kidney, blood and liver tissues at the different 
frequency ranges may be attributed to the differences in their cellular and tissue 
morphology resulting in different characteristic polarization of the cell mem-
brane and the relaxation of tissue protein [7] [10] [11]. The difference in water 
content and ionic conductivity of the three tissues may also account for the dif-
ference in dielectric response [12] [13]. 

The interchange in sensitivity of liver samples and kidney tissue at higher 
frequencies (Figure 2) may be due to changes in polarization of counter ions 
near charged surfaces in tissue and possibly, the polarization of the large mem-
brane bound structures and electrolytes [5]. 

The information derived from this work has application in radiation oncology 
and dosimetry; mathematical models developed in this work can be used to gen-
erate more dielectric data for clinical applications. 

4. Conclusions  

We proposed mathematical response models of gamma irradiated bovine tissues 
at lower and higher radiofrequencies within gamma irradiation dose regime of 
1 - 85 Gy. Using Akaike’s Information Criterion, we show that at lower frequen-
cies, linear mathematical models are the most preferred models for describing 
the response of bovine blood and liver tissues to gamma radiation; both linear 
and polynomial models are suitable for kidney tissues at lower radiofrequencies 
while linear models perform better for all the tissues at higher radiofrequencies. 
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Table 2. Dielectric spread parameter α, of gamma irradiated and non-irradiated bovine 
kidney, liver and blood at 0.5 MHz - 50.0 MHz. 

Dose (Gy) 
Kidney Liver Blood 

α α α 

0 0.100 0.213 0.100 

1 0.106 0.242 0.105 

4 0.104 0.272 0.106 

11 0.114 0.296 0.106 

20 0.193 0.224 0.143 

43 0.305 0.278 0.157 

60 0.352 0.324 0.229 

85 0.341 0.306 0.223 

 
The plot of spread parameters versus gamma irradiation doses shows that at 

lower radiofrequencies (0 - 100 kHz) kidney is more sensitive to gamma radia-
tion at dose regime considered, followed by liver tissue except at 85 Gy. While at 
higher radiofrequencies (0 - 50 MHz), liver between 0 - 20 Gy, while between 43 
and 85 Gy the kidney displayed higher sensitivity followed by liver tissues and 
lastly the blood. 
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