
9 772164 538002 10





Open Journal of Biophysics, 2020, 10, 1-45 
https://www.scirp.org/journal/ojbiphy 

ISSN Online: 2164-5396 
ISSN Print: 2164-5388 

 

 

 
 

Table of Contents 
Volume 10   Number 1                                  January 2020 
 
Noises and Signal-to-Noise Ratio of Nanosize EIS and ISFET Biosensors 

L. Gasparyan, I. Mazo, V. Simonyan, F. Gasparyan……………………………………………………………………1 

The Radioactive 45Ca Cannot Be Used for Adequate Estimation of  
the Functional Activity of 40Ca Ions in Cells and Organisms 

A. Nikoghosyan, L. Narinyan, A. Heqimyan, S. Ayrapetyan…………………………………………………………13 

Electrostatic Contributions to Carcinogenesis 

L. J. Gagliardi, D. H. Shain……………………………………………………………………………………………27 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

https://www.scirp.org/journal/ojbiphy
https://www.scirp.org/


Open Journal of Biophysics (OJBIPHY) 
Journal Information  
 
SUBSCRIPTIONS  
 
The Open Journal of Biophysics (Online at Scientific Research Publishing, https://www.scirp.org/) is published quarterly by 
Scientific Research Publishing, Inc., USA.  
 
Subscription rates:  
Print: $79 per issue. 
To subscribe, please contact Journals Subscriptions Department, E-mail: sub@scirp.org 
 

SERVICES  
 
Advertisements  
Advertisement Sales Department, E-mail: service@scirp.org 

Reprints (minimum quantity 100 copies)  
Reprints Co-ordinator, Scientific Research Publishing, Inc., USA. 
E-mail: sub@scirp.org 
 

COPYRIGHT  
 
Copyright and reuse rights for the front matter of the journal: 
Copyright © 2020 by Scientific Research Publishing Inc. 
This work is licensed under the Creative Commons Attribution International License (CC BY). 
http://creativecommons.org/licenses/by/4.0/ 

Copyright for individual papers of the journal: 
Copyright © 2020 by author(s) and Scientific Research Publishing Inc. 

Reuse rights for individual papers: 
Note: At SCIRP authors can choose between CC BY and CC BY-NC. Please consult each paper for its reuse rights. 

Disclaimer of liability 
Statements and opinions expressed in the articles and communications are those of the individual contributors and not the 
statements and opinion of Scientific Research Publishing, Inc. We assume no responsibility or liability for any damage or injury to 
persons or property arising out of the use of any materials, instructions, methods or ideas contained herein. We expressly disclaim 
any implied warranties of merchantability or fitness for a particular purpose. If expert assistance is required, the services of a 
competent professional person should be sought. 
 

PRODUCTION INFORMATION  
 
For manuscripts that have been accepted for publication, please contact:  
E-mail: ojbiphy@scirp.org 

https://www.scirp.org/
mailto:sub@scirp.org
mailto:service@scirp.org
mailto:sub@scirp.org
http://creativecommons.org/licenses/by/4.0/
mailto:ojbiphy@scirp.org


Open Journal of Biophysics, 2020, 10, 1-12 
https://www.scirp.org/journal/ojbiphy 

ISSN Online: 2164-5396 
ISSN Print: 2164-5388 

 

DOI: 10.4236/ojbiphy.2020.101001  Dec. 20, 2019 1 Open Journal of Biophysics 
 

 
 
 

Noises and Signal-to-Noise Ratio of Nanosize 
EIS and ISFET Biosensors 

Lusine Gasparyan1,2, Ilya Mazo3, Vahan Simonyan1, Ferdinand Gasparyan2* 

1DNA-HIVE LLC 15313 Diamond Cove Terrace, Rockville, USA 
2Yerevan State University, Yerevan, Armenia 
3Argentis LLC, Gaithersburg, USA 

 
 
 

Abstract 
The results of comparative theoretical analyzes of the behavior of internal 
low-frequency noises, signal-to-noise ratio and sensitivity to DNA molecules 
for EIS and ISFET based nanosize biosensors are presented. It is shown that 
EIS biosensor is more sensitive to the presence of DNA molecules in aqueous 
solution than ISFET sensor. Internal electrical noises level decreases with the 
increase of concentration of DNA molecules in aqueous solution. In the fre-
quency range 10−3 - 103 Hz noises level for EIS sensor about in three orders is 
higher than for ISFET sensor. In the other hand, signal-to-noise ratio for ca-
pacitive EIS biosensor is much higher than for ISFET sensor. 
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1. Introduction 

Biosensors based on the field-effect transistors (BioFETs) are potential candi-
dates for future bioassay applications due to its fast response, high sensitivity, 
high signal-to-noise ratio, small sensing size and low cost. The ion-sensitive 
field-effect transistors (ISFET) and electrolyte-insulator-semiconductor (EIS) 
pH-sensitive structures are very important sensors for in vivo continuous moni-
toring application of physiological and environmental mediums and systems. 
Main types of semiconductor based BioFET sensors operated using peculiarities 
of field-effect, especially modulation of depletion layer conductance on the sem-
iconductor-other media (metal, dielectric) interface. It is obvious, that sensitivi-
ty, selectivity and detectivity of electronic devices, including BioFET sensors, 
determined in general by the internal electrical noises types, its level and fre-
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quency behavior, and consequently by the signal-to-noise ratio (SNR). 
Fluctuations in environmental parameters, such as, for example, the concentration 

and velocity of ions and DNA molecules in an aqueous solution, lead to 
important random scattering processes that can affect the viability of sequencing. 
A simple model that captures the role of complex environment in electronic 
de-phasing and its ability to remove charge carriers from current-carrying states 
is analyzed in [1]. The environment is composed of ionic, DNA and aqueous 
solution fluctuations and other random excitations that may drastically affect the 
electron dynamics, and thus the ionic (or tunnel) current and noise at the DNA 
detection and sequencing processes [2]. 

Note that the excess noise level at the DNA sequencing using the solid-state 
nanopores (which a few tens of pA to 100 pA, 10 times larger than that of pro-
tein counterparts [3] [4] [5] [6]) has been one of the key issues responsible for 
the degraded SNR and temporal and spatial resolution. 

Previous theoretical works showed the four DNA nucleotides possess 
statistically distinguishable electronic signatures in the form of ionic blockade or 
tunnel current distributions when accounting for structural distortions and 
partial control of the DNA dynamics [7] [8] [9] [10] [11]. These results indicate 
DNA sequencing is, in principle, possible via transverse current measurements. 
However, such studies have neglected scattering processes, such as fluctuations 
of the environment, which introduce current noise, and may thus affect the abil-
ity to distinguish the DNA bases. A solid-state nanopore platform with a low 
noise level and sufficient sensitivity to discriminate single-strand DNA (ssDNA) 
homopolymers of poly-A40 and poly-T40 using ionic current blockade sensing is 
proposed and demonstrated in [12]. 

In Ref. [13] the low-frequency pH-dependent electrochemical noise that ori-
ginates from the ionic conductance of the electrode-electrolyte-FET structure of 
the device and that the noise depends on the concentration of the electrolyte and 
1 f  in nature are investigated. The statistical and frequency analysis of this 
electrochemical noise of a commercial ISFET sensor, under room temperature 
has been performed for different pH values. It is also proposed a concentration 
dependent a f  and 2b f  model of the noise with different values of the 
coefficients a and b (here f is the frequency). 

The numerical and analytical theory of signal and noise of double-gated 
pH-sensors was provided in [14]. The transport and noise properties of an array 
of silicon nanowire FET sensors are investigated in [15]. It is shown that drain 
current substantially depends on pH value and SNR reaches the high value of 
105. The noise characteristic index decreases from 1.1 to 0.7 with the growth of 
the liquid gate voltage. Noise behavior is successfully explained in the framework 
of the correlated number-mobility unified fluctuation model. 

To explain the nature and behavior of 1 f -noise in devices based on FET, 
the following basic theories and models are proposed: the carrier density or 
number fluctuation model introduced by McWhorter [16], the carriers mobil-
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ity fluctuation model proposed by Hooge empirical relation [17], the 
electron-phonon interaction model [18] [19] [20] [21] and the charge fluctua-
tion model [22] [23] proposed by us. 

The accuracy of ISFET output measurement is greatly affected by the 
presences of internal noises, drift, diffusion and slow response of the device. Al-
though the noise analysis of ISFETs so far performed in different literature re-
lates only to sources originated from FET structure which is almost constant for 
a particular device, the pH, or charged DNA molecules concentration dependent 
electrochemical noise has not been substantially explored and analyzed in detail. 

As usually the time constants involved in the detection of biological and 
chemical species in electrolyte medium via field effect are relatively large, it 
would be expected that low-frequency noise is more critical than other types of 
noises in BioFET sensors. Therefore, further we will analyze just low-frequency 
1 f -noise behavior. 

In this paper the results of theoretical simulation of the behavior and peculiar-
ities of low-frequency 1 f -noise and signal-to-noise ratio for nanosize BioFET 
sensors are presented. Numerical simulation of the noise spectral density and 
signal-to-noise ratio we do for EIS and ISFET sensors based on the silicon (as 
semiconductor) and silicon dioxide (as insulator). 

2. Low-Frequency Noises in BioFET Sensors 

The detailed analysis shows that main types of electrical noises in BioFET sen-
sors can be classified as follows [24]-[29]: 

1) Noise generated in solid state part of the sensor 
• Thermal noise; 
• Generation-recombination (g-r) noise in the space charge region at the sub-

strate-channel interface; 
• 1 f -and g-r noises generated due to trapping and detrapping on the semi-

conductor-insulator interface; 
• Hooge’s bulk 1 f -noise in semiconductor; 
• Current channel 1 f -noise. 

2) Electrochemical noise associated with the ion/charged molecules-insulator 
interactions 
• Thermal noise; 
• 1 f -noise in corrosive interfaces; 
• Shot or Schottky noise; 
• Spurious noise. 

3) Noise generated in the aqueous solution and at the reference electrode 
as well as noise resulting from the fluctuations of the biasing elements 
• Bulk thermal noise; 
• Diffusion layer thermal noise; 
• 1 f -noise in corrosive interfaces; 
• Biological noise. 

https://doi.org/10.4236/ojbiphy.2020.101001
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Low-frequency noise conditioned by the random fluctuations of concentra-
tion or mobility of current carriers, ions and charged DNA molecules in aqueous 
solution, by the trapping-detrapping processes on the surface and interface 
states, by the electron-phonon interactions, as well as by the fluctuation of elec-
tron’s and phonon’s distribution functions in the bulk of semiconductor. As al-
ready noted, for BioFET sensors low-frequency noise is of greater interest, 
which, as a rule, can be determined and explained using the Hooge’s model [21] 
[30] [31] [32], McWhorter or correlated number-mobility fluctuation model 
[16] [33] [34] and charge fluctuation model [22]. 

For the linear regime of operation of BioFETs signal-to-noise ratio can be 
calculated using expressions: 

S S

N I

I I
SNR

I S f
= =

∆
,                     (1a) 

or 

S S

N V

V V
V S f

= =
∆

.                       (1b) 

Here SI  ( SV ) and NI  ( NV ) are useful signal current (voltage) and noise 
equivalent current (voltage), correspondingly, IS  ( VS ) are current (voltage) 
noise spectral densities, f∆  is the frequency bandwidth. In numerical calcula-
tions we take 1 Hzf∆ = . 

2.1. EIS Biosensor 

It is clear that for EIS biosensors main physical effects that influence on the 
low-frequency noise behavior is carried out in the interface electrolyte-insulator 
(see Figure 8b in [35]). As EIS is the capacitive device the main type of electrical 
noise must be connected with capacitance (or charge) random fluctuation. At 
such situation dominant noise type will be noise conditioned by the oxide (insu-
lator) surface charge fluctuation. We will take accounts that the oxide surface 
charge is changed during the DNA sensing processes. This is occurring by the 
capture of negatively charged DNA molecules on the proton acceptor 2OH+  
bonds and the capture of H+ ions (protons) of the solution on the proton donor 
free OH− bonds on the interface solution-insulator (see Figure 2 in [7], and 
[36]). These are molecules and ions located at a distance of Debye length from 
the oxide surface. Thus, to calculate noise spectral density, we can use an expres-
sion that takes into account charge fluctuations [37]: 

( ) ( ) 2

2 2

1Q t
V

ef ef

S f e N
S f

fC wlC
= = .                   (2) 

Here ( )QS f  is the noise spectral density conditioned by charge fluctuation, 

tN  is the equivalent total density of traps per unit area at the SiO2/electrolyte  
interface, w  and l  are width and length of the sensitive oxide layer, corres-

pondingly, f  is the frequency, ox d
ef

ox d

C C
C

C C
=

+
, oxC  and dC  are the capaci-
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tances per unit area of the insulator layer and the semiconductor depletion layer, 
correspondingly: 

0 ox
ox

ox

C
t
ε ε

= , 0 Si
d

d

C
t

ε ε
= . 

Here 0ε , oxε  and Siε  are dielectric permittivity of free space, insulator and 
semiconductor, oxt  and dt  are thicknesses of insulator and semiconductor 
depletion layers, correspondingly. For simplicity assume that before fill the 
aqueous solution by the DNA molecules, the proton donor OH− bonds in 
SiO2/electrolyte interface was fully compensated (passivized) by the protons of 
the solution and in further do not participate on the surface charge changing 
process. Therefore the oxide surface charge per unit area conditioned only by 
proton acceptor 2OH+  bonds ( ox tQ qN += ) will be changed only at the capture of 
negatively charged DNA molecules. So it becomes (see [7] [36]): 

( )1ox tQ qN δ+′ = − , DNA

t

N
N

δ +≡ .                   (3) 

Here tN +  is the concentration of the proton acceptor traps on the unit area 
of oxide surface, DNAN  is the DNA surface concentration in solution near the 
oxide at a distance of the Debye length (see also [7]). Thus Equation (2) will be 
changed as follows: 

( ) ( )2

2

1 1t
V

ef

e N
S f

fwlC
δ+ −

= .                    (4) 

For numerical simulation we used following parameters: 62 10 cmdt
−= × , 

610 cmoxt −= , 11.7Siε = , 3.9oxε = , 14
0 8.85 1 c0 F mε −= × , 61.5 1 cm0w −= × ; 

62 10 cml −= × . For the value of tN +  we can do following estimation. Assume 
that traps concentration on the interface SiO2-electrolyte same than SiO2-Si in-
terface. According data [7] [37] traps concentration in Si-SiO2 interface is about 
(1010 - 1011) cm−2. In the numerical calculations we will use 11 210 cmtN + −≈ . For 

efC  we have 5 22.1 1 F cm0efC −≈ × . 
As we can see from expression (4) increase of the sensitive surface area (wl) 

brings to decrease of the noise level. On the other hand it is well known that 
increase of sensitive surface brings to increase of sensitivity of the BioFET to 
DNA molecules (see also [7]). At the same time, for low noise and high sensitiv-
ity, sensors with a relatively large surface area should be used. 

In Figure 1 spectral dependency of low-frequency noise for EIS biosensor is 
presented for different values of DNA concentration (or δ ) in logarithmic 
scale. Noises level decrease with increasing of the DNA concentration. Such be-
havior can be explained as follows. Increasing of the DNA molecules number 
near oxide surface brings to partially compensation of surface positive charge. 
As a result charge fluctuation level and consequently noise spectral density of 
this charge is decrease. 

As it is follow from Equation (4) at the completely compensation (passivation) 
of oxide surface charge ( 1δ = ) noise density of charge fluctuation becomes to 
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zero. Now total noise will be determined by the other types of noises (thermal, 
1 f -noise in corrosive interfaces, spurious noise). Dependencies of noise level 
from DNA molecules concentration (or δ ) presented in Figure 2. Noise spec-
tral density decreases when DNA concentration is increase. As it is shown in 

 

 
Figure 1. Low-frequency noise spectral dependency for EIS biosensor. The graphs are 
built according Equation (4). 

 

 

Figure 2. Dependency of noise spectral density for EIS biosensor vs. concentration of 
DNA molecules. 
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Figure 3 for the parameters (sizes) of the EIS biosensor selected above SNR can 
reach high values up to 105 - 106. Note that SNR is calculated according to formula 
(1b). 

2.2. ISFET Biosensor 

The main physical processes that occur in ISFET sensors and affect the response 
of the device to the presence of DNA molecules in an aqueous solution and to 
the source of generated noise in the channel occur mainly in the current channel 
between sources and drain electrodes (see Figure 1a in [7]). Fluctuation of the 
source-drain current besides carrier’s concentration and mobility fluctuation is 
conditioned also by the fluctuation (change) of the semiconductor surface 
potential that depends on concentration of DNA molecules in aqueous solution 
via charge fluctuation in SiO2/electrolyte interface [7] [36]. According to 
Hooge’s empirical mobility fluctuation model low-frequency noise for ISFET 
sensor can be presented by the following expression: 

( ) ( )
1H sd

i
ox g th

e I
S f

fwlC V V
α

=
−

.                   (7) 

Here gV  and thV  are gate1 and threshold voltages, sdI  is the source-drain 
current of field-effect transistor, Hα  is the Hooge’s parameter. For ISFET bio-
sensor in [7] we obtain an expression for the source-drain current, which, in ad-
dition to the electrical and structural parameters of the semiconductor, also de-
pends on the surface potential of current channel (semiconductor depletion 
layer) (see Equation (3) in [7]). After some modifications, source-drain current 
can be represented by the following form: 

0
0   2

1 ln 2
2

d ds Si ox ox
sd g F dl

T ox

Si ox ox
T g F dl

ox

et wn V Q
I V

l q C

QB V
q C

µ θ ϕ φ
ϕ

ϕ ϕ φ

  Φ −Φ
≈ − + + − +  

   
 Φ −Φ × + + + + − +  

  

.       (8) 

 

 

Figure 3. Frequency dependency of SNR for EIS biosensor at the gate voltage 2 V. 

 

 

1Under gate voltage we mean voltage applied between reference electrode and source electrode. 
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Here 

2 ln A
F T

i

N
n

ϕ ϕ= , B
T

k T
q

ϕ = , 2 w sol
dl T

r AK s

N
K H

ε
φ ϕ

ε + +

 
=  

+ 
; t

ox
ox

qN
C

φ = ,  

0 ox
ox

ox

C
t
ε ε

= ; 0
2 2

T ox A

ox i

N
B

qt n
ϕ ε ε

≡ . 

Here oxφ  and dlφ  are potentials of the oxide layer and double layer, corres-
pondingly, SiΦ  and oxΦ  are the work functions of silicon and silicon dioxide 
(SiO2), correspondingly; dsV  is the source-drain voltage, oxQ  is the oxide layer 
charge per unit area, oxC  is the capacitance of the oxide layer per unit area; wε  
and rε  are the dielectric permittivity of water and electrolyte, respectively; 

AN  is the doping acceptor concentration in p-Si substrate; in  is the intrinsic 
carrier concentration in bulk silicon, 0n  and 0p  ( 0 Ap N≈ ) are the equili-
brium electron and hole concentrations in semiconductor, AKK +  is the molar 
concentration of the cations in the solution, sH +  is the molar concentration of 
the hydrogen ions (protons) at the oxide surface, Bk  is the Boltzmann constant, 
T is the absolute temperature, 0µ  is the low-field magnitude of the mobility of 
carriers, θ  is the some constant. 

For numerical simulation besides of parameters presented above for EIS sen-
sor we use also following additional parameters: ( )2

0 cm60 V2 sµ = ⋅  [38], 

( )2 2cm8 s2 Vθ = ⋅  [39] [40] [41], 0.026 VTϕ = , 0.015 mol lsolN =  [41], 
0.001 mol lAKK + =  [41], 80wε ≈ , 78rε ≈ , 4.85 eVSiΦ =  [37], 5 eVoxΦ =  

[37], 15 310 cmAN −= , 19 32.5 10 cmVN −= ×  ( * * 31
0 9.1 kg10n pm m m −= ≡ = × , *

nm  
and *

pm  are effective mass of electrons and holes, 0m  is the free electron mass). 
In Figure 4 spectral dependency of low-frequency noise for ISFET biosensor 

 

 
Figure 4. Spectral dependency of noise spectral density for ISFET biosensor according 
Equation (7). 
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Figure 5. Frequency dependency of signal-to-noise ratio for ISFET biosensor. 

 
are presented in logarithmic scale. Increasing both source-drain voltage and con-
centration of DNA molecules brings to weak grow of the noise level. Magnitude of 
the signal-to-noise ratio for ISFET sensor in several orders is smaller than for EIS 
sensor (see Figure 3 and Figure 5). 

3. Conclusion 

EIS biosensor is more sensitive to DNA molecules than ISFET sensor. It is con-
ditioned by the more strong modulation of the oxide charge (EIS capacitance) in 
comparison with weak modulation of the source-drain current of ISFET under 
influence of DNA molecules. Low-frequency noises level decreases with increas-
ing of concentration of DNA molecules in solution. Such behavior conditioned 
by the growing dependency of source-drain current with increase of concentra-
tion of DNA molecules2. High sensitivity of the EIS biosensor conditioned by the 
“deep modulation” of the charge of oxide layer and consequently by the deep 
modulation of the EIS totals capacitance under influence of charged DNA mo-
lecules in aqueous solution. 
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Abstract 
Previously we have shown that nM ouabain-induced activation of 
cAMP-dependent Na/Ca exchange in reverse (R) mode in cell membrane has 
age-dependent weakening hydration effect on heart muscle and brain tissues 
and such Na/Ca exchange is characterized by quantum mechanical sensitivity. 
As in biological experiments radioactive 45Ca is used for the study of cold 40Ca 
exchange in cells and organisms, in the present work, the age-dependent effect 
of physiological solution (PS) containing either 40Ca or 45Ca on tissue hydration 
in different experimental conditions was studied in order to evaluate the bioe-
quivalence of these two forms of Ca. The obtained data indicate that the intra-
peritoneal injections of 40Ca PS and 45Ca PS leading to activation of RNa/40Ca 
and RNa/45Ca exchanges, respectively, have different age-dependent effects on 
heart muscle and brain tissue hydration. As in myocyte membrane, the 
Na/Ca exchange is more expressed than in neuronal membrane, the 
age-dependent heart muscle hydration is more sensitive to quantum proper-
ties of Ca than brain tissue hydration. The [45Ca]i, in contrary to [40Ca]i, has 
age-dependent weakening and stabilizing effect on tissue hydration and 
makes the latter insensitive to ouabain. The obtained data bring us to a strong 
conclusion that RNa/Ca exchange has quantum mechanical properties and in 
biological experiments radioactive 45Ca cannot be used for adequate estima-
tion of the functional activity of 40Ca ions in cells and organisms. 
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1. Introduction 

Metabolic control of cell hydration is a fundamental parameter determining its 
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functional activity. Our previous study has shown that the metabolically driven 
water efflux from the cell is a key mechanism controlling low membrane per-
meability for Na ions and membrane excitability [1]. Traditionally, the 
age-dependent increase of intracellular Ca ([Ca]i) contents is considered as a re-
sult of activation of Na/Ca exchange in reverse (R) mode in response to Na/K 
pump dysfunction-induced increase of intracellular Na ([Na]i) [2] [3]. However, 
we have shown that the activation of RNa/Ca exchange, occurring also upon the 
impact of extremely weak chemical and physical factors, is unable to change the 
Na/K pump and ionic channel activities in membrane, which are due to the in-
crease of intracellular cAMP contents [4] [5] [6] [7] [8]. It is notable that, in 
spite of the fact that RNa/Ca exchange functions in stoichiometry of 3Na:1Ca, its 
activation, as a result of Na gradient decrease, only leads to cell dehydration, 
while in case of activation of cAMP-dependent decrease of intracellular Ca 
([Ca]i) contents, it has age-dependent weakening hydration effect on heart and 
brain tissues [9] [10]. 

Thus, on the basis of the above presented and literature data on the key role of 
intracellular messengers in regulation of [Ca]i, the cGMP/cAMP-dependent 
Na/Ca exchange has been suggested as a universal membrane sensor through 
which the biological effects of weak signals on excitable cells are realized [8] [11] 
[12]. 

Our recent studies show that cAMP-dependent RNa/Ca exchange-induced 
cell hydration has quantum mechanical sensitivity: pM and nM radioactive 
[3H]-ouabain modulate brain tissue hydration more effectively than the same 
doses of non-labeled (cold) ouabain [13]. Considering the fact that radioactive 
45Ca is widely used for the study of cold 40Ca exchange in cells and organisms, it 
seems extremely important to evaluate the diversity of their functional activities. 
It is suggested that the comparative study of age-dependent effects of RNa/Ca 
exchange on heart muscle hydration (contraction) and brain tissue hydration 
after intraperitoneal (i/p) injections of physiological solution (PS) containing 
cold 40Ca and radioactive 45Ca could help to reveal the mechanism(s) through 
which the 45Ca modulates heart muscle and brain tissue hydration. For this pur-
pose, in the present work, the comparative study of age-dependent effects of 
RNa/40Ca and RNa/45Ca exchange on heart muscle and brain tissue hydration 
and 45Ca uptake in different experimental conditions were 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) mail albino rats. They were regularly examined, kept under control of the 
veterinarians in LSIPEC and reserved in a specific pathogen-free animal room 
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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 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 was used. PS 
with radioactive 45Ca (PerkinElmer, Massachusetts, USA) was received by subs-
tituting 0.0115 mM of CaCl2 from 1.8 mMCaCl2 with the radioactive one (with 
11.2 mCi/l activity). The animals were i/p injected with PS containing 40Ca 
(named as 40Ca PS) and 45Ca (named as 45Ca PS). The volume of injected solu-
tions was adjusted according to the weight of animals (0.02 ml/g). The ouabain 
solutions at 10−9 M and 10−4 M were used for incubation of tissue samples. PS 
with 50% of NaCl was received by replacing 68.5 mM of NaCl from 137 mM 
NaCl with 2 M mannitol dissolved in PS for maintaining the osmolarity of the 
solution. These two types of PS in corresponding figures are named as 100% Na 
PS and 50% Na PS. All chemicals were obtained from “Medisar” Industrial 
Chemical Importation Company (Yerevan, Armenia). 

2.3. Tissue Preparation 

The experimental data were received in in vivo and in in vitro conditions. The 
tissue samples from each experiment were investigated after decapitation. Since 
anesthetics with different chemical and pharmacological profiles have 
significantly effects on the metabolic processes in tissues [14] [15], in our expe-
riments the animals were sharply immobilized by liquid nitrogen [16] and deca-
pitated. After this procedure full absence of somatic reflexes was recorded. The 
heart muscle, brain cortex, subcortex and cerebellum tissues were isolated and 
dissected according to the corresponding experiments. 

2.4. Experimental Design 

The determination of tissue hydration and Ca uptake was carried out in in vivo 
conditions on young and old rats of intact and i/p injected groups. In each 
young and old animal groups 3 rats were taken. The animals of intact group 
were immobilized and decapitated at once and 5 samples from each animal’s 
heart muscle, brain cortex, subcortex and cerebellum tissues were taken. The 
animals of the next groups were i/p injected with 40Ca PS or 45Ca PS, respectively. 
After 30 min they were immobilized and decapitated. From each animal, as in 
case of intact ones, the same number of tissue samples were taken. Thus, from 
each tissue 15 samples were received, where the water contents and 45Ca uptake 
were defined. All our experiments were repeated three times. 

The comparative effects on tissue hydration after their incubation in oua-
bain-free and 10−9 M, 10−4 M ouabain mediums were provided on nine young 
and old animals in control (preliminarily injected with 40Ca PS) and experimen-
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tal (preliminarily injected with 45Ca PS) groups. From each group of animals 45 
samples of heart muscle tissue and the same number of brain cortex samples 
were received. They were divided into 3 parts and incubated separately for 15 
min in ouabain free PS (15 samples), 10−9 M ouabain solution (15 samples) and 
10−4 M ouabain solution (15 samples). 

The comparative effects on tissue hydration after their incubation in 100% Na 
PS and 50% Na PS were carried out on two parallel groups of animals. The con-
trol group of animals (6 young and 6 old rats) was preliminarily i/p injected with 
40Ca PS and from each animal 5 samples of heart muscle and brain cortex tissue 
were received. After that 15 samples of heart muscle (or brain cortex) tissue were 
incubated in 100% Na PS for 15 min, while the next 15 samples in 50% Na PS. 
The identical procedure was repeated on experimental group of young and old 
animals preliminarily i/p injected with 45Ca PS. 

2.5. Definition of Water Content 

The water contents of heart muscle, brain cortex, subcortex and cerebellum tissues 
was determined by traditional “tissue drying” method [17]. 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. 

2.6. Measurement of 45Ca Uptake 

The measurement of 45Ca uptake in tissue samples was carried out after the de-
termination of their dry weights. Tissue samples were homogenized in 50 µl of 
68% HNO3 solution. Then 2 ml of Bray’s scintillation fluid was added and 
chemo luminescence of samples were quantified with 1450-MicroBeta liquid 
scintillation counter (Wallac, Turku, Finland). The quantity of 45Ca in tissue 
samples was expressed by cpm/mg d. w. 

2.7. Statistical Analysis 

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

3. Results 

Figure 1 shows the results of the experiments where the effects of i/p injections 
of 40Ca PS and 45Ca PS on tissue hydration are compared with those received 
from intact animals. 

As can be seen, 40Ca PS and 45Ca PS have different effects on heart muscle and 
brain tissues hydration. The injection of 40Ca PS leads to dehydration in all sam-
ples of heart muscle and brain tissues (except in cerebellum tissue of old animals),  
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Figure 1. The effects of 40Ca PS and 45Ca PS on hydration of heart muscle (Heart), brain cortex (C), subcortex (SC), cerebellum 
(CB) tissues of intact and i/p-injected young and old rats. Black bars indicate the mean value of water contents in tissues of intact 
young (A) and old (b) animals. Gray and white bars indicate the mean value of water contents in tissues of young (a) and old (b) 
rats injected with 40Ca PS and 45Ca PS, respectively. Each bar represents the mean ± 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. 
 

while the injection of 45Ca PS has dehydration effect on heart muscle tissue of 
young animals. Meanwhile, in brain tissues of young as well as in heart muscle 
and brain tissues of old rats the injection of 45Ca PS brings to tissue hydration. 
Thus, the differences between the effects of 40Ca PS and 45Ca PS on tissue hydra-
tion indicate the distinctive nature of hydration mechanisms in heart muscle and 
brain tissues. In addition, the differences between the effects of 40Ca PS and 45Ca 
PS in heart muscle and brain cortex tissues have age-dependent increasing cha-
racter, while in subcortex and cerebellum tissues age-dependent decreasing cha-
racter was observed (Figure 1(a), Figure 1(b)). Our previous study has shown 
that the high-affinity ouabain receptors (a3) in the membrane with RNa/Ca ex-
change function, have more pronounced age-dependent increasing character in 
brain cortex tissue than in subcortex and cerebellum tissues [9]. Therefore, in 
the following experiments, brain cortex tissue has been chosen as a subject for 
the present investigation. 

As can be seen in Figure 2, the level of 45Ca uptake in heart muscle tissue is 
much higher than in brain tissues. 

However, the age-dependent decrease of 45Ca uptake by brain tissue is more 
pronounced than in case of heart muscle tissue. 

As Ca uptake by RNa/Ca exchange leads to more effective changes of [Ca]i 
than by potential-dependent ionic channels [3], we have considered Ca uptake 
as a result of RNa/45Ca exchange. 

It is known that [Ca]i has multisided effects on intracellular metabolism [18] 
through which it can cause cell hydration, including the oxidative phosphoryla-
tion-induced endogenous water formation [19], the stimulation of 
Ca-Calmoduline-NO-cGMP pathway-induced activation of Na/Ca exchange in 
forward (F) mode [11] [20] and inhibition of Na/K-pump activity [21]. There-
fore, in the next series of experiments the individual role of each 
above-mentioned pathway in determination of differences between the effects of 
[40Ca]i and [45Ca]i on heart muscle and brain cortex tissue hydration was studied. 
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Figure 2. The age-dependent effects of 45Ca uptake in heart muscle (Heart), brain cortex 
(C), subcortex (SC), cerebellum (CB) tissues. Black and white bars indicate the mean val-
ue of 45Ca uptake in tissues of young and old animals, respectively. Each bar represents 
the mean ± 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. 

 
Considering the high expression of RNa/Ca exchange in heart muscle tissue 

compared with brain cortex one, it was predicted that in heart muscle tissue the 
differences between the effects of 40Ca and 45Ca on cell hydration would be more 
pronounced than in brain tissue. Therefore, to evaluate the nature of the me-
chanisms through which the effects of 40Ca PS and 45Ca PS on tissues hydration 
are realized, their effects on tissue hydration in various experimental conditions 
were studied. 

The effects of 40Ca PS and 45Ca PS on heart muscle tissue hydration 
The results presented in Figure 3 show that in ouabain-free PS the hydration 

of heart muscle samples of young animals injected with 40Ca PS is more pro-
nounced than that of young animals injected with 45Ca PS. 

The hydration of heart muscle samples from old animals injected with 40Ca PS 
is less than the hydration of samples from old animals injected with 45Ca PS 
(Figure 3(b)). 

As mentioned in the introduction part of the present study, 10−9 M and 10−4 M 
ouabain activate the RNa/Ca exchange by both the decrease of [Ca]i [7] [11] and 
the increase of [Na]i [22], respectively. 

The incubation of heart muscle tissue samples of young animals preliminarily 
injected with 40Ca PS (Figure 3(a)) in 10−9 M ouabain solution, having 
cAMP-dependent activation effect on RNa/40Ca exchange [7], causes pro-
nounced dehydration effect, while in heart muscle tissue samples of young ani-
mals injected with 45Ca PS, only slight dehydration effect can be recorded. The 
same study in old animals injected with 40Ca PS shows more pronounced hydra-
tion effects as compared with the injection of 45Ca PS (Figure 3(b)). 

The incubation of heart muscle tissue samples of young animals preliminarily 
injected with 40Ca PS in 10−4 M ouabain solution leads to more pronounced de-
hydration effect (Figure 3(a)) than in case of 10−9 M ouabain. However, in heart 
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muscle tissue samples of young animals injected with 45Ca PS, 10−4 M ouabain 
brings to the same level of dehydration as in the case of 10−9 M ouabain (Figure 
3(a)). 

The same procedures in old animals preliminarily injected with 40Ca PS show 
that the incubation of their heart muscle tissue samples in 10−4 M ouabain leads 
to the decrease of hydration in contrast to those incubated in 10−9 M ouabain 
(Figure 3(b)). On the other hand, in animals preliminarily injected with 45Ca PS 
the incubation of heart muscle tissue samples in 10−4M ouabain brings to sharp 
dehydration (Figure 3(b)). The age-dependent reverse character of hydration, in 
case when heart muscle tissue samples are incubated in ouabain solutions 
(сompare the continuous lines with the dotted ones in Figure 3(a), Figure 
3(b)), is also worth mentioning. 

It is known that both 10−9 M and 10−4 M ouabain-induced activations of 
RNa/Ca exchange are accompanied with the increase of intracellular cAMP 
contents [12], having an important role in muscle contractility (hydration). 
Therefore, to exclude the role of cAMP contents in determination of differences 
between the effects of activation of RNa/40Ca and RNa/45Ca exchange on heart 
muscle tissue hydration, in the next series of experiments the mentioned differ-
ences are studied by the decrease of Na gradient on the membrane. For this 
purpose, two various ages of animals were preliminarily injected with 40Na PS 
(40Ca or with 45Ca) and 30 min later their heart muscle tissue samples were sepa-
rately incubated in 100% Na PS and 50% Na PS. 

As can be seen in Figure 4, the decrease of Na ions ([Na]o) concentration by 
50% in cell bathing medium leads to more pronounced dehydration in heart  

 

 
Figure 3. The effects of ouabain-free PS, 10−9 M and 10−4 M ouabain solutions on water contents variation 
in heart muscle tissue samples of young (a) and old (b) animals preliminarily injected with 40Ca PS (conti-
nuous lines) and 45Ca PS (dotted lines). Each point in line represents the mean ± SEM (n = 45). The sym-
bols (**) and (***) indicate p < 0.01 and p < 0.001, respectively. All data were obtained from three inde-
pendent experiments. 
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muscle tissue samples than in heart muscle tissue samples incubated in normal 
100% Na PS. 

However, the dehydration effect induced by 50% Na PS is more expressed in 
heart muscle tissue samples of animals injected with 45Ca PS than in those in-
jected with 40Ca PS (Figure 4(a), Figure 4(b)). 

The effects of 40Ca PS and 45Ca PS on brain cortex tissue hydration 
The same protocols of experiments performed on heart muscle tissue were 

repeated with brain cortex tissue. The data presented in Figure 5 indicate that in 
ouabain-free PS brain cortex tissue samples of young as well as of old animals 
preliminarily injected with 40Ca in ouabain-free PS are more dehydrated than 
those animals injected with 45Ca, while the incubation of brain cortex tissue 
samples of young rats injected with 40Ca in 10−9 M ouabain shows significantly 
higher level of hydration as compared with the samples of animals injected with 
45Ca (Figure 5(a)). 

The incubation of brain cortex tissue samples of young rats injected with 40Ca 
PS in 10−4 M ouabain leads to dehydration, while the same procedure in young 
rats injected with 45Ca appears to have less pronounced hydration effect: i.e. 
there is a slight dose-dependent increase of tissue hydration at ouabain (Figure 
5(a)). 

As can be seen in Figure 5(b), the incubation of brain cortex tissue samples of 
old animals preliminarily injected with 40Ca PS in 10−9 M and 10−4 M ouabain 
medium brings to dose-dependent increase of hydration level, while in case of 
old animals injected with 45Ca PS brain cortex tissue hydration is slightly in-
creased in 10−9 M ouabain and decreased in 10−4 M ouabain medium. 

The effects of 100% Na PS and 50% Na PS on brain cortex tissue hydration are 
 

 
Figure 4. The effects of 100% Na PS (black bars) and 50% Na PS (white bars) on water con-
tents variation in heart muscle tissue samples of young (a) and old (b) rats preliminary in-
jected with 40Ca PS and 45Ca PS. The numbers in % indicate the difference between levels of 
hydration. Each bar represents the mean ± SEM (n = 45). The symbols (*) and (***) indicate p 
< 0.05 and p < 0.001, respectively. All data were obtained from three independent experiments. 
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the same as in the identical case of heart muscle tissue hydration (Figure 4). As 
is shown in Figure 6(a), Figure 6(b). 

The dehydration in brain cortex tissue samples incubated in 50% Na PS is 
more pronounced in animals of both ages, which are preliminarily injected with 
45Ca PS, than in tissue samples of animals preliminarily injected with 40Ca PS. 

4. Discussion 

It is known that Ca uptake by cells is realized by potential-dependent ionic 
channels and RNa/Ca exchange. As the threshold of RNa/Ca exchange activation  

 

 
Figure 5. The effects of ouabain-free PS, 10−9 M and 10−4 M ouabain solutions on water content variation 
in brain cortex tissue samples of young (a) and old (b) animals preliminary injected with 40Ca PS (conti-
nuous lines) and 45Ca PS (dotted lines). Each point in line represents the mean ± SEM (n = 45). The symbol 
(***) indicate p < 0.001, respectively. All data were obtained from three independent experiments. 

 

 
Figure 6. The effects of 100% Na PS (black bars) and 50% Na PS (white bars) on water 
contents variation in brain cortex tissue samples of young (a) and old (b) rats prelimina-
rily injected with 40Ca PS and 45Ca PS. The numbers in % indicate the difference between 
levels of hydration. Each bar represents the mean ± SEM (n = 45). The symbols (*) and 
(***) indicate p < 0.05 and p < 0.001, respectively. All data were obtained from three in-
dependent experiments. 
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is incomparable less than of ionic channel activity, in the present experiments, 
the PS injection-induced stimulation of Ca uptake can mainly be considered as a 
result of RNa/Ca exchange activation [3]. As the energy source for RNa/Ca ex-
change is Eca - ENa, it is predicted that E45Ca > E40Ca, because of [45Ca]i, is close to 
“0” mM. Therefore, it is predicted that the rate of RNa/45Ca exchange must be 
higher than the rate of RNa/40Ca exchange. However, it is not clear whether the 
physiological difference between the activations of RNa/40Ca and RNa/45Ca ex-
change is only due to their different rates or not. 

As was noted in introduction part, the activation of RNa/Ca exchange has 
double effects on cell hydration: passive-dehydration because of its electrogenic 
character and [Ca]i-induced metabolic effects. The obtained data showing that 
the activation of RNa/40Ca and RNa/45Ca exchanges has different effects on heart 
muscle and brain tissue hydration with age-dependent character reveals the dif-
ferent metabolic effects of intracellular [40Ca]i and [45Ca]i on cell hydration 
(Figure 1). 

By previous study it has been shown that the increase of [Ca]i leads to heart 
muscle hydration because of activation of Ca-Calmoduline-NO-cGMP-induced 
stimulation of FNa/Ca exchange [22]. The data that in young rats the activation 
of RNa/45Ca exchange has more pronounced dehydration effect than the activa-
tion of RNa/40Ca exchange, and in heart muscle tissue of old rats it leads to more 
hydration compared with the activation of RNa/40Ca exchange in ouabain-free 
medium, can support the suggestion that the rate of RNa/45Ca exchange is higher 
than the rate of RNa/40Ca exchange. The RNa/45Ca exchange-induced brain tis-
sue hydration compared with the activation of RNa/40Ca exchange (Figure 1(a) 
and Figure 1(b)) can be explained by the same mechanism. 

The data on age-dependent decrease of 45Ca uptake by tissues can be consi-
dered as a result of aging-induced increase of [Ca]i, which is in harmony with li-
terature data [2]. It is worth noting that in spite of the fact that the expression of 
RNa/Ca exchange in heart muscle tissue is much higher than in brain tissue, the 
age-dependent decrease of Ca uptake in brain tissue is more pronounced than in 
heart muscle tissues (Figure 2). Such a weak age-dependency of Ca uptake in 
heart muscle tissue probably can be explained by higher [Ca]i-buffering proper-
ties of heart muscle tissue as compared with brain tissue. Therefore, we suggest 
that discussing the comparative results of the effects of 40Ca PS and 45Ca PS on 
heart muscle and brain tissues could help to evaluate the nature of different me-
tabolic mechanisms of [40Ca]i and [45Ca]i. 

The effects of 40Ca PS and 45Ca PS on heart muscle tissue hydration 
The obtained data that in ouabain-free medium heart muscle tissue samples 

from young and old rats injected with 45Ca PS are dehydrated and hydrated, re-
spectively, compared with heart muscle hydration of animals injected with 40Ca 
PS (Figure 3(a), Figure 3(b)), can be explained by the above mentioned sugges-
tion that the rate of RNa/45Ca exchange is higher than the rate of RNa/40Ca ex-
change. The results showing that heart muscle tissue samples of 40Ca PS-injected 
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young rats are sharply dehydrated upon the impact of 10−9 M and 10−4 M oua-
bain, while in the rats injected with 45Ca PS both concentrations of ouabain have 
slight dehydration effects on muscle (Figure 3(a)), can probably be explained by 
45Ca-induced transition of cytoplasm from sol into gel state because of high 
Ca-dependent phosphorylation of myofibrils in cytosol or by compensation of 
RNa/45Ca exchange-induced dehydration by hydration of FNa/Ca exchange acti-
vation in result of high [45Ca]i-induced activation of Ca-Calmoduline-NO-cGMP 
pathway [11]. 

The obtained result that in old rats injected with 45Ca PS heart muscle tissue 
hydration becomes ouabain-sensitive is probably due to age-dependent weaken-
ing of heart muscle contractility leading to abnormal increase of [Ca]i as well as 
aging-induced dysfunction of intracellular cAMP controlling system. 

The 10−9 M ouabain-activation of RNa/Ca exchange which leads to heart mus-
cle hydration can be explained by [Ca]i-induced activation of mitochondrial func-
tion leading to stimulation of endogenous water molecules’ formation, which is 
based on our previous data [19]. The fact that the 10−9 M ouabain-induced activa-
tion of RNa/45Ca exchange has less pronounced hydration effects on heart mus-
cle of young animals than the activation of RNa/40Ca exchange (Figure 3) can 
also be explained by high [45Ca]i leading to depression of 10−9 M induced activa-
tion of RNa/Ca exchange. 

The strong dehydration effect of RNa/45Ca exchange at 10−4 M ouabain in 
heart muscle of old animals supports the previous suggestion that the dehydra-
tion effect of RNa/45Ca exchange on heart muscle becomes more effective at high 
[Na]i, when Na/K pump is in inactive state. 

The effect of 45Ca-induced stabilization of muscle hydration in young rats and 
its absence in aged ones seems extremely interesting and the elucidation of its 
exact mechanism can serve as a subject for a special investigation. 

The data revealing that 50% Na PS-induced activation of RNa/45Ca exchange 
has stronger effects on muscle hydration than RNa/40Caexchange activation 
(Figure 4) indicate that the rate of RNa/45Ca exchange is higher than that rate of 
RNa/40Ca exchange. 

The effects of R Na/40Ca and R Na/45Ca exchange on brain cortex tissue 
hydration 

As in the case of heart muscle study, the data showing that in ouabain-free PS 
brain cortex tissue samples of young as well as of old animals preliminarily in-
jected with 40Ca are more dehydrated than of those of animals injected with 45Ca 
PS (Figure 5) can be explained by high rate of RNa/45Ca exchange compared 
with rate of RNa/40Ca exchange. The RNa/45Ca exchange brings to hydration 
through elevation of [45Ca]i than by activation of FNa/Ca exchange and passive 
dehydration effect on tissue, respectively. The data that in 10−9 M ouabain brain 
cortex tissue samples of young animals injected with 40Ca PS demonstrate hydra-
tion effect through [Ca]i-induced increase of endogenous water formation by 
mitochondria [19] and in the same conditions the absence of such effect in 
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young animals injected with 45Ca PS and less sensitivity to 10−4 M ouabain 
(Figure 5(a)) allow us to suggest that [45Ca]i, besides the activation of FNa/Ca 
exchange, which can balance RNa/Ca exchange-induced tissue dehydration by 
an unknown mechanism, also causes transformation of cytoplasm from sol into 
gel state in young animals. The data that in 10−9 M and 10−4 M ouabain mediums 
the hydration level of brain cortex samples from 40Ca PS-injected old rats has 
dose-dependent increasing character, while in the case of 45CaPS-injected ani-
mals brain cortex tissue hydration is slightly increased in 10−9 M ouabain and 
decreased in 10−4 M ouabain mediums indicate that [45Ca]i-induced stabilizing 
mechanism of brain cortex hydration in young animals has age-dependent wea-
kening character. 

The data that in both ages of animals the decrease of [Na]o leads to more pro-
nounced dehydration in cortex samples of 45Ca PS-injected animals compared to 
dehydration in cortex samples from 40Ca PS-injected animals can be an addi-
tional support for the aforementioned suggestion that the rate of RNa/45Ca ex-
change is higher than the rate of RNa/40Ca exchange (6A and B). 

5. Conclusions 

Thus, the obtained data of the present work bring us to the following conclu-
sions: 
• The intraperitoneal injections of 40Ca PS and 45Ca PS which bring to 

activation of RNa/40Ca and RNa/45Ca exchange, respectively, have different 
effects on heart muscle and brain tissue hydration with different 
age-dependent characters. 

• These differences between RNa/40Ca and RNa/45Ca exchange-induced tissue 
hydrations are much more pronounced in heart muscle tissues than in brain 
tissues as RNa/Ca exchange is expressed incomparably higher in heart mus-
cle tissues than in brain tissues. 

• The rate of RNa/45Ca exchange is higher than the rate of RNa/40Ca exchange, 
because of E45Ca > E40Ca. 

• The [45Ca]i and [40Ca]i have different metabolic effects on heart muscle and 
brain cortex tissue hydration. In young animals tissue hydration in the case 
of [40Ca]i has dose-dependent ouabain sensitivity, while in the case of [45Ca]i 
tissue hydration becomes ouabain-insensitive. Upon the impact of [45Ca]i, the 
heart muscle tissue hydration of old rats becomes ouabain-sensitive, while 
brain cortex tissue hydration remains significantly less ouabain-sensitive 
than in the case of [40Ca]i. 

• The main summary of this work is that radioactive 45Ca is not bioequivalent 
to cold 40Ca. Therefore, 45Ca cannot be used in biological experiments for 
evaluation of the functional role of 40Ca. 
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Abstract 
Nanoscale electrostatics plays important roles in aster (spindle) assembly and 
motion, nuclear envelope breakdown and reassembly, and in force generation 
at kinetochores, poles, and chromosome arms for prometaphase, metaphase, 
and anaphase—A chromosome motions during mitosis. A large body of ex-
perimental evidence also suggests a role for electrostatics as the trigger for 
mitosis, which is considered here particularly in the context of cancer. Cancer 
cells are characterized by impaired intercellular electrical communication and 
adhesive contact as well as a loss of contact inhibition, conditions associated 
with increased cell surface negativity relative to their normal counterparts. 
Dividing cells have also been associated with lower transmembrane potentials 
and altered intracellular ionic concentrations. Here we propose that cancer 
cells are distinguished by abnormal trans- and intramembrane electric poten-
tials, leading to the loss of active Na+/K+ plasma membrane pumping, in-
creased intracellular concentrations of sodium and other ions, and alkaline 
nucleo-cytoplasmic pH, all of which are associated with and integral to car-
cinogenesis. 
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1. Introduction 

The electromagnetic interaction is primarily responsible for the structure of 
matter from atoms to objects. Much of physics, all of chemistry, and most of 
biology are in this size realm. Primitive eukaryotic cells had to divide prior to the 
evolution of many biological mechanisms, and it is reasonable to assume that 
electrostatics, a component of the electromagnetic interaction, played (and con-
tinues to play), an important role in the mechanics of chromosome motions 
during mitosis [1] [2] [3] [4] [5]. 
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The cancer problem is characterized by the existence of cells that divide when 
they should not. An explanation of this behavior has emerged as one of the sig-
nature problems in biology. With an abundance of proposals regarding the trig-
ger for cancerous cell division, how does one decide which approach is the most 
compelling? Regarding scientific models, the renowned physicist Paul Ehrenfest 
suggested that they should be framed in such a manner that “the essence lies in 
recognizing the connections in all directions.” Recognizing a number of connec-
tions between increased cancer cell surface negativity motivated Van Beek et al. 
[6] to suggest some time ago that increased cell surface membrane-bound nega-
tive charge is a general feature of cancer cells. 

Mammalian cells are known to have bound negative charges on their surfaces. 
This surface charge density σ C/m2 (Coulombs per square meter) is due largely 
to ionized carboxyl groups of sialic acid residues [7] [8] [9]. Net surface negativ-
ity is primarily a function of the density of these anionic groups anchored in the 
membrane at the cell surface, but it also depends on the pH and ionic strength of 
the surrounding medium [10]. Other acidic groups may reside at the cell surface 
[11], and some cells have anionic groups associated with RNA at their periphery 
[12]. 

Studies on cells transformed by oncogenic viruses suggest that the altered 
growth pattern of these cells is caused by changes at the cell surface [13]. Impor-
tantly, changes at the cell surface often involve the carbohydrate components of 
glycolipids and glycoproteins, including an increase of fucose-labeled glyco-
protein with increased sialic acid density [6] [11] [14] [15]. Quite some time ago, 
it was proposed that increased sialic acid density at the surfaces of transformed 
and malignant cells could be a general characteristic of cancer cells [6]. 

It is well established that transformed and malignant cells suffer from drasti-
cally impaired intercellular communication [16]. One of the most well known 
characteristics of cancer cells is that, unlike normal cells, they do not stop divid-
ing upon functional cellular contact (i.e., cellular contact that leads to the ex-
pression of a signal inhibitory to S-phase initiation). Studies on a variety of ma-
ture cell types in vivo have shown that the great majority are arrested in the G1 
period of the cell cycle [17], and must pass through the S period of DNA synthe-
sis before entering mitosis, although a small fraction may be arrested in the G2 
period [18]. 

A number of studies have demonstrated the importance of sialic acid [11] [19] 
[20]-[25] and other cell surface carbohydrates [11] [26] in cell contact and rec-
ognition phenomena. In principle, increased density of sialic acid could prevent 
the intimate association necessary to establish intercellular contact, either di-
rectly due to the increased charge, or indirectly by masking other carbohydrate 
residues involved in functional contact. 

Another long-standing set of observations concerns differences between the 
transmembrane electric potential of cycling (i.e., dividing) and non-cycling cells 
[27] [28] [29] [30]. These studies have shown that the former have much lower 
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transmembrane potentials and different intracellular concentrations of inorganic 
ions (henceforth simply designated “ions”). An example of a significant decrease 
in transmembrane potential ∆Vm is observed in cellular adaptation from in vivo 
non-dividing conditions to growth (dividing cells) in vitro. Thus the interphase 
(G1) ∆Vm level of −50 to −60 mV for typical mature somatic cells in vivo under-
goes a change to in vitro G1 levels in the vicinity of −10 mV. This well-known 
decrease appears to be a general phenomenon. Also noteworthy is the pro-
nounced membrane depolarization (approx. −90 mV to −10 mV) accompanying 
malignant transformation of somatic cells in vivo [31] [32] [33]. 

We propose here that electrostatics was, and currently remains, integral to the 
initiation of cell division (i.e., mitogenesis). Moreover, differences in ion con-
centrations and overall ionic strength are both important aspects of the disparity 
in measured transmembrane potentials of dividing versus non-dividing cells, as 
considered below. 

2. Mechanical Equilibrium of a Membrane 

The mechanical equilibrium of a model half-membrane is depicted schematically 
in Figure 1. The hemispherical shell, representing half of the membrane, is in 
equilibrium under the action of a uniform surface tension acting in the −x direc-
tion from the rest of the membrane, and surface forces acting perpendicularly 
outward from the surface everywhere over the hemisphere. The surface forces 
arise from both the pressure difference across the membrane and a surface elec-
trical force per unit area of the membrane (i.e., membrane electrostatic stress). 
These forces may be envisaged if one considers a charged balloon in equilibrium 
under 1) the surface tension forces due to the elastic deformation of the rubber, 
2) the pressure difference between the inside and outside of the balloon, and 3) a 
membrane electrostatic stress (ES) due to the mutual repulsion of like negative  

 

 
Figure 1. Model half-membrane in equilibrium. The spherical half-membrane is in equi-
librium under membrane surface tension forces acting to the left and electrical stress plus 
hydrostatic force components acting to the right. 
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charges fixed to the surface. The use of a spherical shell is clearly an idealization; 
however, the analysis presented here is valid for a large class of ellipsoids of rev-
olution, with the mathematics being far simpler for a spherical geometry. 

The differential electrostatic force dFe acting perpendicularly to an element of 
area dA of a charged surface can be expressed by the following equation [34]. 

( ) ( )2 2d 2 d 2 deF E A Aε σ ε= =                   (1) 

where E2 is the magnitude squared of the electric field at dA, ε is the local per-
mittivity just outside the surface at dA, and σ is the net surface charge per unit 
area. The half-membrane will be in equilibrium if the surface tension element of 
force, γdl (where γ is the membrane surface tension in N/m) integrated around 
the circumference of the membrane (2πR γ), is equal to the total force in the +x 
direction. Integrating the component in the +x direction of the total differential 
force dF, which arises from ES plus the pressure difference (p1 − p2) across the 
membranes, we find that 

22 2R pγ σ ε= ∆ +                        (2) 

where ∆p = (p1 − p2), where p1 is the pressure inside. This equation governs the 
equilibrium of the model half-membrane. 

Studies have shown that ES manifests itself in membrane equilibrium. After a 
series of experiments on cell deformability, Weiss [35] concluded that terminal 
sialic acids contribute to the mechanical properties of the cell periphery through 
electrostatic repulsion between their own and other anionic groups. Cells in this 
study became more deformable after incubation with neuraminidase, an enzyme 
which removes negatively charged sialic acid residues from the cell surface. In 
animal cells, the terminal sialic acids are attached to cell (plasma) membrane 
proteins, which are firmly anchored in the lipid bilayer. Therefore, it is reasona-
ble to assume that the repulsive interactions between these groups are primarily 
responsible for the observed decrease in the deformability of cells with more 
surface negative charge. 

If ∆p were larger than σ2/2ε, removal of a significant portion of surface charge 
by treatment with neuraminidase would not be consistent with the observed in-
crease in the deformability of these cells [35]. We may therefore assume that the 
∆p term is at most comparable in magnitude to the σ2/2ε contribution to mem-
brane stress. Accordingly, it is possible to obtain a good approximation for the 
equilibrium of a membrane from (2) written as: 

2 2 2 Rσ ε γ≈                          (3) 

It is well established in electrochemistry [36] that the permittivity of the first 
few water layers outside a charged surface is an order of magnitude smaller than 
that of the bulk phase. The effective permittivity of water as a function of dis-
tance from a charged surface has been determined by atomic force microscopy 
[37] to increase monotonically from 4 - 6 ε0 at the interface to 78 ε0 at a distance 
of 25 nm from the interface. The values of dielectric constants k(x) at distances 
of 1, 2, 3 and 4 nm from a charged surface were measured to be 9, 21, 40 and 60, 
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respectively. The value of ε at the membrane outer (cytoplasmic) surface may 
therefore be conservatively estimated as 30 ε0, where ε0 is the permittivity of free 
space, 8.85 pF/m (picoFarads/meter). The experiment was carried out with mica, 
which has a surface charge density that varies from 1 to 50 mC/m2, in the same 
range as biological surfaces [38] [39]. 

The range for γ may be taken as 0.1 to 1.0 dyne/cm (0.1 to 1 mN/m) [40]. 
These values, when substituted into (3), using R = 20 µm and ε = 30 ε0 = 270 
pF/m (picoFarads/meter), give a range of values for σ from 73 to 230 µC/m2 
(microCoulombs/square meter). Values of σ in this range are sufficient to exert 
an electrostatic stress comparable to 2γ/R in the cell membrane. Experimental 
values for the surface charge density of biological and artificial lipid membranes 
range from 0.4 to 160 mC/m2 (milliCoulombs/square meter) [38] [39] [41] [42]. 
This calculation strongly suggests that electrostatic stress is an important factor 
in the equilibrium and thermodynamics of the plasma membrane. 

Cell electrophoresis studies have identified a 12% - 18% increase in plasma 
membrane negativity just prior to cell division [43] [44], consistent with an ob-
served increase of 50% in the whole cell content of sialic acid during mitosis 
[45]. Importantly, note that 

( )2 2 2σ σ σ σ∆ ≈ ∆                       (4) 

and an increase of 15% in cell membrane negativity corresponds to a 30% in-
crease in cell surface electrostatic stress. Similar increases may be expected for 
the membranes of the nuclear envelope [2] and mitochondria. 

Increased ES on the plasma membrane could explain the well-known observa-
tion that cells typically assume a more spherical shape (i.e., “round out”) during 
cell division. As referenced above, an increased density of sialic acid in the sur-
face glycoproteins of transformed and malignant cells has been observed in a 
number of studies. This is consistent with the common observation that cancer 
cells are characteristically rounded and “puffy” in appearance, possibly from 
permanently increased ES on these cells. 

A number of experimental studies have revealed that the plasma membrane 
transport properties of transformed cells differ from their normal counterparts 
[46]. As indicated above, an increased membrane charge density, with its asso-
ciated increase in ES, is large enough to be manifested in the equilibrium of cel-
lular membranes. Increased ES, along with other factors, could therefore be re-
lated to the observed altered transport properties of the plasma membrane (see 
below). 

Elevated surface charge may also interfere with the formation of gap junc-
tions, which provide an important mechanism for coordinating the activities of 
neighboring cells. These specialized cell-cell junctions form between closely ap-
posed cell membranes to directly connect the cytosols of the joined cells with 
narrow canals through which small molecules and ions can pass. A number of 
studies have shown that embryonic cells make and break gap junction connec-
tions in definite patterns, suggesting they play a role in coordinating cell division 
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and growth [29] [47]. It therefore seems likely that the greatly increased inter-
cellular electrical resistance of abnormal cells [16] is due to defective or reduced 
numbers of gap junctions, and that increased sialyl extension [6] from the great-
er surface charge density is at least partially responsible for this condition. 

Thus abnormal cells exhibit a greatly increased intercellular electrical resis-
tance, indicative of abnormal barriers to the flow of ions between cells. The 
greater surface charge exhibited by cancer cells has been associated with defec-
tive cell-cell contacts, likely a major contributing factor to the inability of cancer 
cells to form normal gap junctions. Because intercellular communication via 
properly functioning gap junctions is necessary, maintenance of non-mitogenic 
intracellular ionic concentrations over organ-size volumes may operate as a so-
cial control over cell division that is utilized by multicellular organisms (see be-
low). This could be one possible explanation for the existence of local pockets of 
cancer cells—presumably with defective gap junctions and a resulting defective 
intercellular communication—within organs surrounded by normal cells, a 
common observation in tumor histology. 

As noted, numerous observations regarding cancer cells have revealed that 
sialic acid is involved in cell contact [19] [23] [24] [26] [48] [49] [50] and growth 
control by functional contact [51] [52] [53]. For these and other reasons, an in-
creased density of membrane-bound, negatively charged sialic acid at the cancer 
cell surface has been suggested as a general characteristic of malignant cells [6]. 
In the context of electrostatics, these experimental observations underlie the 
primary conditions that regulate mitogenesis. In particular, we propose that in-
creased cell surface charge significantly influences the intramembrane electric 
potential, with implications for the active transport of ions as well as the opera-
tion of ion channels, as detailed below. 

3. Membrane Electric Potentials and Intracellular  
Ionic Concentrations 

Membrane potentials for biological cells are usually treated using the diffusion 
potential approach [54] [55], where it is assumed that the observed transmem-
brane potential (often designated as “membrane potential”) is equal to the 
thermodynamic diffusion potential. However, an undesirable outcome of this 
approach is the emergence of negative permeability coefficients, which are un-
realistic [56]. Ohki [57] [58], and MacDonald and Bangham [59] were the first 
to include the contribution of surface potentials to the observed transmembrane 
potential of biomembranes. Ohki presented experimental observations, accom-
panied by theoretical calculations, in seeking to clarify the relation between sur-
face potentials, diffusion potential and transmembrane potential [56]. Surface 
potentials arise from the presence of charged groups at the outer (extracellular 
medium) and inner (cytoplasmic) surfaces of the plasma membrane. As de-
scribed above, the negative charge at the outer cell membrane surface is primar-
ily due to membrane-bound, ionized carboxyl groups of sialic acid residues. 
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Consistent with the above discussions, we focus our attention on the outer cell 
surface charge and its resultant electric potential. 

The characteristic Debye length of surface potentials for cells is of the order of 
1 nm [60], so there is no possibility of resolving surface potentials from diffusion 
potentials. The surface potential at the inner (cytoplasmic) surface of a mem-
brane is also primarily due to anionic groups [56] [61]. Additionally, polariza-
tion potentials Vp from polarized molecules at the inner and outer surfaces of 
the membrane arise from surface molecules possessing dipole moments. It will 
be assumed here that the polarization potentials at membrane surfaces effective-
ly cancel each other [56]. Thus, for the measured transmembrane potential, 
∆Vm, we have 

m i o dV Vϕ ϕ∆ = + +                        (5) 

where Vd is (if φi and φo are 0) the diffusion potential arising from unequal ionic 
concentrations between the inside and outside of a cell, and φi and φo are the 
surface potentials at the cytoplasmic (inner), and extracellular (outer) cell mem-
brane surfaces, respectively. Because of the surface electric potentials, the actual 
potential associated with the passive diffusion of ions is ∆Vm, not Vd. To simpli-
fy, Vd will be designated as the intramembrane potential in the presence of sur-
face potentials, and as the diffusion potential in the absence of surface potentials; 
both are intramembrane electric potentials. Due to the increased outer surface 
membrane-bound negative charge described above, a larger negative surface po-
tential (Figure 2) will exist at the outer surface of cancer cells. 

The Nernst potential VN [62] of an ion in pure passive electrodiffusive equili-
brium (no ion pumps) across a cell membrane is given by 

( ) ( )lnN i oV kT Ze C C= −                     (6) 

where Ci/Co is the ratio of the ion’s concentration inside vs. outside the cell, Z is 
the valence of the ion, e is the magnitude of the charge on an electron, k is  

 

 
Figure 2. Schematic transmembrane electric potential profile. Surface potentials φi and φo 
are shown in relation to the intramembrane potential Vd. The polarization potentials Vp 
and the measured trans-membrane potential ∆Vm are also depicted as described in the 
text. 
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Boltzmann’s constant, and T is absolute temperature. The Nernst potentials of 
each of the ions in passive electrodiffusive equilibrium must be equal. 

For a given potential difference (Ci/Co)1/Z is the same for all ions. Thus, for 
monovalent cations and anions (Z = ±1), we have 

( ) ( ) ( ) ( )i o o iC C C C+ + − −=                      (7) 

where Ci(−) and Ci(+) are the intracellular concentrations of negatively and posi-
tively charged permeant ions, respectively, with a similar notation for extracel-
lular ions. Concentrations of ions in the extracellular medium and the total con-
centration of intracellular impermeant ions Cnp, along with (7) and the bulk 
intracellular electroneutrality condition are sufficient to determine the concen-
trations of permeant ions in the cell in the absence of active transport. 

A considerable body of research identifies a relationship among intracellular 
ionic concentrations, cell membrane electric potential and mitogenesis. Mitoti-
cally active cells are often found to have low (−10 to −20 mV) transmembrane 
potentials and altered concentrations of monovalent ions such as sodium, potas-
sium and chloride [27] [63] [64]. For example, a significant rise in intracellular 
sodium in highly differentiated neurons has been associated with the initiation 
of DNA synthesis [63]. This is particularly significant since cell electric potential 
and sodium ion concentration have also been associated with contact inhibition 
in monolayer cell cultures [65]. 

Primitive cells had to divide with very few biological mechanisms in place. It 
is therefore doubtful that their membranes had the requisite carrier molecules 
needed for active transport. Thus, it will be assumed here that the earliest divid-
ing cells did not possess ion pumps. It is further assumed that a reasonable ap-
proximation for the transmembrane potential may be obtained by considering 
the monovalent ions K+, Na+ and Cl− along with experimental values for the 
intracellular concentrations of impermeant ions. This assumption is revisited 
below in light of experimental data on actual cell membrane potentials. 

It is reasonable to assume that repeated cell division was not only a necessity 
but also natural for the first successful primitive cells, and it was only later that 
systems of cells, such as those found in multicellular organisms, evolved “social 
controls” over cell division. It has been suggested that a loss of such controls is at 
least partially responsible for the neoplastic transformation. The loss of social 
control has a simple interpretation in the context of the present work regarding 
electrostatic considerations. 

Following Benedek and Villars [66], we calculate the intracellular concentra-
tions of sodium, potassium and chloride ions in pure passive electrodiffusive 
equilibrium, as it is assumed here to have been the situation for individual, iso-
lated primitive cells whose existence depended on continuing cell division with 
no social controls. Typical experimental values of extracellular concentrations of 
potassium, sodium and chloride ions are 10, 140 and 150 mM, respectively. 
These values, along with an intracellular nonpermeant ion concentration Cnp of 
125 mM [66] may be substituted into 
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( ) ( ) ( ) ( )K i K o Na i Na oC C C C=  and ( ) ( ) ( ) ( )Na i Na o Cl o Cl iC C C C=       (8) 

satisfying the requirement of overall intracellular electrical neutrality 

( ) ( ) ( ) npK i Na i Cl iC C C C+ = +                     (9) 

to obtain intracellular concentrations of potassium, sodium and chloride ions of 
15, 210 and 100 mM, respectively. The transmembrane potential is then given 
from (6) as −11 mV at T = 310 K (body temperature). Such values for the cell 
potential and ionic concentrations are typical of present-day mitotically active 
cells. 

The above calculation will be repeated with the inclusion of active pumping of 
sodium ions from the cell to the extracellular medium. Experimentally, the ac-
tive transport of sodium ions results in an intracellular sodium concentration of 
12 mM. Using this value for the intracellular sodium ion concentration, along 
with the same values for the extracellular concentrations of sodium, potassium 
and chloride ions from the previous calculation, and the same intracellular con-
centration Cnp of impermeant ions, application of the equality of the Nernst po-
tentials (6) for potassium and chloride ions, and electrical neutrality (9) to all 
three ions, yields 125 mM and 12 mM for the intracellular concentrations of po-
tassium and chloride ions, respectively. These values satisfy the condition: 

( ) ( ) ( ) ( ) 12.5K i K o Cl o Cl iC C C C= =                 (10) 

as well as intracellular electroneutrality. Since electrodiffusive equilibrium applies to 
potassium and chloride ions, the Nernst potentials of these ions are equal: 

( ) ( )K ClN NV V+ −=                       (11) 

Thus we have: 

( ) ( ) ( )( ) ( ) ( ) ( )( )ln lnK i K o Cl i Cl okT Ze C C kT Ze C C− =         (12) 

And from the equality of concentration ratios given in (10), we have VN (K+) = 
VN (Cl−) = −67 mV at T = 310 K. This transmembrane potential value compares 
favorably to experimental values for non-dividing cells [63]. 

The cytosolic and nucleoplasmic ionic strength 

( ) 21 2 n nI M Z= ∑                       (13) 

where Mn is the molal concentration, and Zn the ionic valence, will also be per-
manently different for cancer cells. This important difference will be considered 
below in the context of DNA replication. 

4. Cell Membrane Charge, Intramembrane Potential, Ion 
Concentrations and Cancer 

The calculation above reveals that a significantly smaller transmembrane poten-
tial (as observed in cancerous cells; [27] [28]) is consistent with an impaired, or 
absent, plasma membrane sodium pump in cycling cells. In accord with 
experiment [63], the calculation is in agreement with increased sodium ion 
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intracellular concentration for malignant cells. Note that the observed temporary 
drop in transmembrane potential during mitosis for many normal cell types is 
not being addressed here (but see below). 

Primitive biological cells likely lacked the intramembrane carrier molecules 
needed for active sodium export from cells (e.g., Na+/K+-ATPase pumps), thus it 
is reasonable to assume that the natural and necessary tendency for the uncon-
trolled cell division of ancient, unicellular organisms occurred within conditions 
of passive electrodiffusive equilibrium without active pumping. With the arrival 
of photosynthesis, planetary oxygen and multicellular organisms, the need for 
social controls over cell division likely required the evolution of Na+/K+ plasma 
membrane pumps consistent with the large (negative) transmembrane electric 
potentials observed in non-cycling cells, along with the above calculated, and 
experimentally confirmed, ion concentrations characteristic of such cells. In 
multicellular organisms, these ionic concentrations are shared among large 
numbers of cells due to normally functioning gap junctions. A large volume of 
cells freely sharing non-mitogenic concentrations of ions is integral to an organ-
ism’s social control over cell division, and thus increased cell surface negative 
charge likely compromises proper gap junction formation and the consequent 
maintenance of non-mitogenic ionic concentrations in multicellular organisms. 

In modern cells, the carrier molecules necessary for the active transport of so-
dium reside within the cell membrane, and therefore sense only the intramem-
brane potential portion of the transmembrane electric potential [67]. From (5), 
the transmembrane potential ∆Vm is the sum of the surface potentials at the 
outer and inner surfaces and the intramembrane voltage Vd. This equation is key 
to understanding a possible role for increased negative charge at the cell surface 
in cancer cell mitogenesis. 

Since an increased density of negatively charged sialic acid residues σ at the 
outer cell membrane of cancer cells will produce a greater negative surface elec-
tric potential φo, it follows from (5) that for a given measured ∆Vm there must be 
a corresponding decrease in the magnitude (smaller negative value) or a positive 
value for the intramembrane potential Vd, relative to normal values [67] [68]. 
Measurements of transmembrane potentials are unable to resolve the potentials 
φo and φi, and reflect only the total potential drop across the membrane, ∆Vm 
(Figure 2), which is due solely to the bulk concentrations of ions in the extra-
cellular environment and in the cytosol. This is a consequence of the Boltzmann 
energy distribution function of classical statistical mechanics, which governs the 
dependence of the total potential change (the transmembrane potential) between 
bulk medium extracellular and intracellular ion concentrations under electro-
diffusive equilibrium conditions. In addition, given that the transmembrane po-
tential is permanently lower in magnitude (less negative) for cancerous cells, it 
follows that the intramembrane potential is likely positive, zero or slightly nega-
tive. This combination of conditions give sufficient basis to assume that the car-
rier molecules responsible for active transport of sodium ions out of a cell (ex-

https://doi.org/10.4236/ojbiphy.2020.101003


L. J. Gagliardi, D. H. Shain 
 

 

DOI: 10.4236/ojbiphy.2020.101003 37 Open Journal of Biophysics 
 

port) will sense a significantly altered intramembrane potential—as well as in-
creased membrane electrical stress—likely affecting active sodium ion export as 
well as the operation of ion channels [67]. This modification of the plasma cell 
membrane ion transport properties of cancer cells likely has important conse-
quences for mitogenesis (see below). 

An increasing number of studies suggest that ion channels and pumps are 
important players in cell proliferation [69]. As demonstrated in the above calcu-
lation, the reduced transmembrane potential characteristic of cancer cells is con-
sistent with an increased intracellular sodium ion concentration resulting from 
impaired—or absent—plasma membrane sodium/potassium (Na+/K+-ATPase) 
active pumping. Note that several studies show that [Na+] is significantly ele-
vated in cancer cells [27] [70]. 

Experiments have revealed that the transient movement of sodium ions into 
cells is associated with a rise of intracellular pH (pHi) that occurs when many 
cell types leave division arrest [71], and that a large drop in transmembrane po-
tential occurs as cells enter mitosis [27]. It is therefore reasonable to assume that 
a sustained, increased intracellular sodium ion concentration, as well as a sus-
tained lower transmembrane potential (as observed in mitotically active and 
cancer cells) would cause a permanently elevated pHi due to Na+/H+ exchange 
[71] [72] [73] and the electrostatic requirement of intracellular electrical neu-
trality. Significantly, observations have revealed that cytoplasmic and nuclear pH 
are equivalent in HeLa cells [74], a well-known line of cancer cells. Alkaline pH 
appears to be a necessary preparatory condition for DNA synthesis [75], and 
studies have shown that intracellular acidification can diminish tumor growth 
and provoke cytotoxic death [76]. 

The conditions described here—1) low transmembrane potential, 2) impaired 
or absent Na+/K+ plasma membrane pumps, 3) high intracellular sodium ion 
concentration, and 4) alkaline cellular pHi—are consistent with the reversion of 
cells to a more primitive mitotically active, cancerous lifestyle. In accord with 
experiment, the calculations above directly support the first three of these 
conditions, and given a high intracellular sodium ion concentration, condition 
(4) follows due to H+/Na+ exchange [71] and overall electrical neutrality. 

As alluded to above, the commonly observed transient influx of sodium ions 
and the temporary drop in transmembrane potential during normal cell division 
is not to be confused with the permanently lowered mitogenic intramembrane 
potential—with consequent failure of sodium ion active pumping—and perma-
nently increased [Na+] discussed here. We propose that this observation is con-
sistent with the present discussion as follows. During mitosis, the mitotic appa-
ratus occupies most of the volume of the cell, and mitochondrial, as well as other 
inner membranes, disassemble into membrane fragments, likely due to increased 
electrostatic stress during mitosis. A full analysis of this process for the mem-
branes of the nuclear envelope is given elsewhere [2]. Thus it seems reasonable 
that mitochondrial functioning to provide the ATP necessary for active pumping 
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is not operative during mitosis. Consequently, the absence of Na+/K+ pumping 
leads to electrodiffusive equilibrium conditions, including observations of low 
transmembrane potential and the movement of sodium ions into cells. 

It is well-known that ionic strength is significant in the biochemical reactions 
within polyelectrolytes like the cytoplasm of biological cells. Ionic strength cal-
culations, based on ion concentrations in cancer cells as compared to normal 
counterparts, reveal that the cytosolic and nucleoplasmic ionic strengths of can-
cerous cells are considerably higher. Data from Cameron et al. [70] reveals that 
the cytoplasmic ratio of ionic strength for cancer cells relative to their normal 
counterparts is 1.6. Ionic strength relates to the degree of shielding of electros-
tatic interactions in an ionic medium. Thus it seems that the greater cytoplasmic 
and nucleoplasmic ionic strengths of cancer cells are significant for the protein 
biochemistry of these cells. 

Experiments reveal that the optimum pH for DNA synthesis is a strong func-
tion of ionic strength [77] [78], likely due to the dependence of hydrogen bond 
strength on the amount of electrostatic shielding. For a polycationic environ-
ment surrounding an enzyme, the pH optimum will be shifted toward more 
acidic values; a shift toward more basic values occurs in a polyanionic environ-
ment [78]. For example, experiments show that, in RNA systems (with similar 
results expected for DNA systems) a polycationic ionic strength ratio of 1.5 re-
sults in an optimum pH shift from 8.3 to 7.5 [78]. As noted, the cytosolic ratio of 
ionic strengths for cancer cells relative to non-cancer cells is 1.6, with an expec-
tation that nucleoplasmic ratios should be commensurate with this ratio. Thus it 
is reasonable to expect significant alterations in the DNA biochemistry of cancer 
cells, causing DNA synthesis to occur when it should not. 

It is generally thought that once DNA replication is initiated, a cell is com-
mitted to divide. However not much is offered in the biological literature to ex-
plain the link between replication and the events of mitosis (nuclear division). 
Here we propose that the sudden “explosion” in the demand for protons needed 
for DNA replication (i.e., the rapid conversion of uracil to thymidine via the 
thymidylate synthase salvage pathway during S phase [79]) soon depletes nuclear 
proton stores, causing a “proton-poor” nucleoplasm. The subsequent increased 
local pH in the extranuclear environment, and consequent increase in nuclear 
membrane electrostatic stress (ES), leads to fragmentation of the nuclear 
envelope membranes [2]. The further spread [80] of the proton-poor condition 
leads to the cytosolic alkalinization observed during early prophase [81] [82]; 
subsequently, a steadily decreasing pHi during mitosis acts as a master clock for 
the timing of chromosome motions during mitosis [83] [84]. 

5. Conclusions 

Increased cell surface negative charge—membrane-bound, ionized carboxyl 
groups of sialic acid residues—is directly correlated with a number of characte-
ristics of cancer cells. The present work relates to increased cell surface negative 
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charge to aspects of mitogenesis in cancer cells including increased membrane 
electrostatic stress (via sialic acid) and reduced intramembrane electric potential. 
Both are associated with altered cytoplasmic and nucleoplasmic ionic concentra-
tions likely integral to mitogenesis. As supported by the experiment as well as 
calculation, the loss of active Na+/K+ plasma membrane pumping is consistent 
with increased concentrations of sodium and other ions, low trans- and intra-
membrane electric potential, and alkaline cytoplasmic pH, all related to mitoge-
nesis. Increased ionic concentrations, with attendant increased ionic strength, 
may result in modifications in electrostatic interactions of proteins (e.g., cell 
cycle checkpoints) and nucleic acids through altered charge screening, leading to 
conditions favoring DNA synthesis and subsequent aberrant cell division. 

Abnormal cells exhibit greatly increased intercellular electrical resistance, a 
condition that is consistent with increased surface charge and the consequent 
observed electrical isolation of malignant cells. This negates the power of large 
cell assemblies to equalize their ionic concentrations (social control) through 
normally functioning gap junctions, thus allowing ionic concentrations with 
mitogenic potential. A failure of ionic continuity at the peripheries of abnormal, 
electrically isolated cells with mitogenic intracellular ionic concentrations would 
allow cancerous cells to grow within normal surrounding tissue (a situation not 
unlike the conditions for isolated unicellular organisms), a common observation 
in the histology of tumors. 
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