Vol.7 (2017) No. 6
ISSN: 2088-5334

The Mechanism of Erythrocytes Aggregation in EDTA-Blood of
Ovarian Cancer Patients Viewed by Coulomb’s Law
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Abstract—The objective of this research is to assess the application of Coulomb’s law in complex systems. The observed erythrocyte
interaction is erythrocytes in the EDTA-blood. The detection of the erythrocyte interaction uses a spectrophotometer with λ = 560 nm.
The EDTA-blood in the cuvette is irradiated on the lower surface of the EDTA-blood. Data were analyzed using deterministic and
stochastic approaches. Based on the data analysis, three deterministic and three stochastic parameters are obtained. The differences
in the values of both deterministic and stochastic parameters of ovarian cancer and normal subject patients were analyzed using
Mann-Whitney for non-normally distributed data, while normally distributed data were analyzed using t-test. The results of this
calculation show that the parameters in both groups are not significantly different. The mechanism of absorbance pattern in terms of
Coulomb’s law cannot distinguish the patterns of erythrocyte interactions as living cells with the complexity of EDTA-blood
composition in both normal and ovarian cancer subjects.
Keywords— erythrocyte; diffusion; spectrophotometer.

total charge density near the interface [2]. The potential
difference between the particle surface and the electroneutral
region is known as Nernst (E) potential [3][4]. Around the
colloid particle, the colloid potential on the diffused layer is
lower than the surface potential. The potential between the
sliding plane and the electro-neutral region is called zeta
potential [3][4][5].
Zeta potential is an electrochemical aspect of the particle
surface which provides information about the ability of
dispersibility, aggregability, and adhesion. If the zeta
potential values are around zero, the particles repulsive force
will be weakened, and the particles will soon aggregate [6].
The magnitude of the zeta potential is inversely proportional
to the ionic strength and influenced by different proteins. In
addition to ionic strength, preferential adsorption of ions on
the membrane also has an effect on the zeta potential [6][7].
Zeta potential as a basic parameter in controlling the stability
or the repulsion degree of particles with close interaction
(repulsive electrostatic intensity), the same electrical charge,
the dispersed between the colloidal particles both for organic
and inorganic materials [3][8]. Both the positive and
negative high values of all the particles will lead to a stable
dispersed colloidal [9]. The potential value below the
threshold results in greater tensile strength than the repulsive

I. INTRODUCTION
The change in blood composition due to the presence of
cancer cells will affect the erythrocyte cellular interaction.
The interaction pattern of erythrocytes of normal and cancer
subjects will be used to detect the cancer presence. This
study is a part of a broader research on the early detection of
the cancer malignancy. The objective of this research is to
assess the application of Coulomb’s law in complex systems
from erythrocyte interactions in EDTA-Blood.
Erythrocytes in the blood are dispersed in the blood
plasma, of which there are ions in the plasma. The
interaction of ion with ion, ion with erythrocytes, ion with
molecules seem like a mutual attraction and repulsion which
causes coulomb force. The magnitude of the electrostatic
force between the two charges is proportional to the product
of the two charge magnitude and inversely proportional to
the square of the distance between the two charges [1].
Erythrocytes are always moving in the plasma until it ends
with the occurrence of erythrocyte sedimentation. Ions
around the erythrocyte diffuse to form a dynamic balance.
The solid surface in contact with an aqueous solvent leads
the composition of the ions in the solvent to have a non-zero
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force between adjacent particles. The magnitude of the zeta
potential is affected by the surface charge and the double
layer thickness [3][8].
Blood composition changes cause changes in erythrocyte
movement and ion dynamics. The presence of proteins in the
blood that is synthesized by cancer cells cause changes in the
interactions between erythrocytes with ions and ions with
ions. Ovarian cancer cells synthesize CA-125 protein as a
biomarker into the blood [10] [11][12][13][14][15]. In
addition to CA 125, ovarian cancer also synthesizes Ca 19-9
protein [15]. The presence of this protein can decrease the
zeta potential value. The charged protein will affect the
interaction between ions and ion and also ion with
erythrocytes. The total erythrocytes are quite a lot compared
to the other main elements, so they are used as the main
center of interaction in the blood [16]. The type and
concentration of ions in solution affect the thickness of the
double layer formed around the particles [17].
A dynamic equilibrium will be formed from the ion
interaction, erythrocytes, and protein. Based on coulomb law,
ions with the same charge will repel, and opposite ions will
attract. As a result of this interaction, the positive ions are
concentrated near the erythrocytes, and negative ions stay
away from erythrocytes, thus forming an ionic double layer
(Fig. 1) [18]. Negatively charged erythrocyte surface derived
from sialic acid residues will attract the positive ions and
repel with negative ions [19].
Diffusion is a molecule or particle displacement caused
by the random motion of the molecule that mixing with other
particles. The particles move from the higher to the lesser
concentration region or to the region that occupied by other
particles. The smaller the molecule size, the faster it moves
[20][21][22][23][24]. The particles do not experience any
change in the diffusion process. The diffusion is a
spontaneous process [25].
The system's internal energy (U) includes all the kinetic
and potential energy. Internal energy can be a translational
kinetic energy of molecules, the molecular rotational and
vibrational energy, the energy stored in chemical bonds and
intermolecular attraction [1][20].

Fig. 1 Ion double layer around erythrocytes generating zeta potential
between the two [20]

The electric force and the thermal motion maintain the
balance of ions distribution in a solution. The equilibrium
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condition of the negative charged colloidal particle is
excessively positive ions near the surface particle, and the
remainder is distributed with decreasing amount away from
the surface particle [4]. The attractive force between two
ions with the opposite sign will stable the two ions. The
presence of an electrostatic force makes two ions with the
opposite sign (q1 and q2) attracting each other, and the
potential energy between them is showed by the equation (1),
i.e.:

U e (r12 ) =

q1q 2
4πε 0 r12

(1)

with Ue is the electric potential energy (J), ε0 is the vacuum
permittivity (8,854 X 10-12 C2 J-1m-1), r12 is the distance
between the center of the charges (m), q1 and q2 are the ion
charges [26].
The occurrence of inter-molecular forces is caused by the
electrically charged particles of the constituent materials
[22]. The electric force of the positive test charge (q0)
residing in the electric field is F = q0 E . The potential
energy of the interacting particles is calculated from the
amount of the force required to move the particle at a certain
distance. The test charge q0 moves in an electric field (E) as
far as d with the force and displacement are opposite then
the work done by the electric force is W = − q 0 Ed (in
joule) and the potential energy of the charge changes, i.e.:
∆U = −W = q0 Ed (in joule), whereas the potential change
(ΔV) is

W
∆U
=−
(in volt) [1] [27][24].
q0
q0

The potential energy of a pair of charged particles
depends on the distance of the two charged particles. The
magnitude of the potential energy at large distance between
the two particles is zero. The lowest potential energy value
shows the attraction force of the two particles balances the
repulsive force. The repulsive force will be more dominant
when the two particles are closer. The strong repulsion
between centers of electron clouds causes this repulsive
force when the particles get closer to each other [22].
Cells are an open and complex thermodynamic system. In
open systems, exchanges of substances and heat with the
environment occur [28][29][30][31]. Cells are open systems
that maintain their structure in low entropy condition. They
can exchange their entropy if they are far from equilibrium
condition. The system is in steady state if the input and
output are in equilibrium condition and do not show growth,
but this does not match living organisms [30][32].
Based on the first law of Thermodynamics, energy is
defined as the capacity to do work and to generate heat.
Internal energy is the result of heat changes that enters the
system and work done by the system. The direction of all
processes that occur spontaneously is explained by the
second law of Thermodynamics. The irreversible process
moves towards increasing entropy [32]. The combination of
these two laws in constant temperature (T) and pressure (p)
condition describes the relationship of thermodynamic
system state function changes, called Gibbs (∆G), enthalpy
(∆H), and entropy (∆S) free energies is showed by the
equation (2) [32][33].

dG = dH − TdS
dU + pdV − TdS ≤ 0.

B. Method
(2)

The EDTA-blood cells interaction was observed using a
spectrophotometer. Changes in the interaction of the EDTAblood cells were observed on the top of the EDTA-blood in
the cuvette. The blood sample used was 550 μl. The
wavelength used is 560 nm. The time interval from the blood
sample was taken until the examination is carried out is up to
a maximum of 2 hours, the examination was carried out at a
temperature of 24 oC. The analog data from the sample
absorbance is converted to digital data for data analysis
purposes. Absorbance value data per unit time is recorded
using a computer.

The reaction equation under equilibrium condition causes
the change in Gibbs free energy (ΔG) becomes 0. In general,
the equation of the reaction is given by

aA+ bB

cC + dD.

⇌

The change in Gibbs free energy when the reaction is to
the right is showed by the equation (3) [34].

∆G = ∆G 0 + RT ln

( aC ) c ( a D ) d
(a A ) a (a B ) b

(3)

with R is the gas constant, T is the absolute temperature, and
as an example, aC is the type C activity. The relation of
Gibbs energy change with electric work on reversible
condition is shown by the equation (4) [28].

∆G = − welec = −Q∆E = − nF∆E (reversible)

Fig. 2 The schematic of the apparatus, (a) a spectrophotometer and (b) a
computer

(4)

with welec is the electrical work (in joule), nF is n mol charge
(in coulomb), ΔE is the reversible voltage (in volt). The
combination of equation (3) with equation (4) is known as
the Nernst equation which is shown by the equation (5).

The value of the absorbance pattern from the groups of
research subjects was analyzed using deterministic and
stochastic approaches. The parameter values of the normal
and the ovarian cancer groups of subjects are tested using Ttest for normally distributed data or Mann-Whitney test for
data which are not normally distributed to determine whether
there was a difference of the parameters of the two groups.
Both groups had significant differences in parameter values
if the p-value < 0.05 as the significant level. The absorbance
pattern was analyzed using curve fitting against quadratic
function called a deterministic model. The deterministic
approach is used to simply analyze from definite variables in
special conditions [35]. The complexity of the erythrocyte
aggregation process was analyzed using a stochastic
approach [35] [36] [37].

( aC ) c ( a D ) d
− nF∆E = −nF∆E + RT ln
(a A ) a (aB ) b
0

∆E = ∆E 0 −

RT (aC ) c (a D ) d
ln
nF (a A ) a (a B ) b

(5)

II. MATERIAL AND METHOD
A. Material
The research sample used was blood (EDTA-blood). The
blood material was taken from the vein of the forearm as
much as 6 ml by experts. The blood used is derived from
normal subjects as many as 35 humans and ovarian cancer
subjects as many as 34 humans. The normal subjects were
people from the general public who do not have a history of
cancer, not experiencing serious infections that are otherwise
healthy by general practitioners. Ovarian cancer subjects
were obtained from patients with ovarian cancer at Sardjito
General Hospital Yogyakarta, aged 17-60 years, and did not
suffer from any other cancer or inflammation expressed by a
specialist physician based on PA examination and other
supporting devices. The research was conducted in
biochemistry laboratory of Medicine Faculty of Gadjah
Mada University. Blood is inserted into an EDTA vacutainer
so that the blood does not clot. Sampling for the study was
approved by the Medical and Health Research Ethics
Committee (MHREC) Faculty of Medicine Gadjah Mada
University. Each study subject has approved the informed
consent.

III. RESULTS AND DISCUSSION
A. Pattern of Erythrocyte Interaction Absorbance
Subjects of the study were 69 subjects; 35 normal subjects
and 34 ovarian cancer subjects. The graphs of erythrocyte
absorbance in blood-EDTA per time unit in the normal and
the ovarian cancer subjects were grouped based on the
similarity of the graphics. Representations of each group are
depicted in Fig. 3. Based on the graph, it is difficult to
directly distinguish the normal from the ovarian cancer
groups using the erythrocyte absorbance patterns in the
EDTA-blood. The absorbance pattern was analyzed using
curve fitting against a quadratic function called the
deterministic approach is shown in Fig. 4. The result of
curve fitting against quadratic function produces values of
parameter-1 (d3) showing curve concavity, parameter-2 (d2)
showing the approximate peak and parameter-3 (d1)
showing the intersection between the y-axis and the
quadratic equation of y = d3 x2 + d2 x + d1.
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The data in parameters d1 and s3 were normally
distributed which then t-test was used to see the difference
among parameters in normal and cancer subjects. Data on
parameters d2, d3, s1, and s2 were not normally distributed
so that Mann-Whitney test was applied to measure the
difference.

y = Normal
y = Ovarian Cancer
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Fig. 3 Five-graph representations of erythrocyte absorbance per unit of time
in each subject

0

A complex process occurs in the interaction of particles in
the EDTA-blood during aggregation and sedimentation
processes. These processes occur randomly and uncertain.
The erythrocyte aggregation kinetic process is spontaneous
and depends on its environment [38]. Some of the
complexity in the aggregation process is affected by the
conditions in the plasma, among others, due to
intermolecular forces, electrostatic forces, and dynamics
(kinetic energy) protein [39] [40]. In general, a stochastic
approach using autocorrelation function is used to analyze
complex processes. The result of the autocorrelation analysis
was then fitted to the quadratic curve (Fig. 5). The results
show that parameter-1 (s3) is curved inward; parameter-2 (s2)
indicates the peak; and parameter-3 (s1) depicts the
intersecting point of axis of the ordinate from quadratic
equation of y = s3 x2 + s2 x + s1. The graphs of the
autocorrelation and curve fitting results are shown in Fig. 5.
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Fig. 5 Autocorrelation and quadratic fitting curves for normal-subject data
TABLE I.
THE RESULT OF MEAN AND DEVIATION IN NORMALLY-DISTRIBUTED
PARAMETERS FOR NORMAL AND CANCER SUBJECTS.

Subject

Parameters

d1( SD)
Normal
subjects
Cancer
subjects

s1( SD)

1.67 (0.18)
1.70 (0.25)

s3( SD)
2.47E-4
(2.18E-4)

3.18E+2
(18.62)

DISTRIBUTED PARAMETERS IN NORMAL AND OVARIAN CANCER SUBJECTS.

Subject
1.6

Normal
1.595
absorbance (Abs)

300

TABLE II.
THE RESULT OF MINIMUM AND THE MAXIMUM VALUE OF ODDLY-

1: original
2: fit

1.605

100

d2
4.30E-5
–
1.35E-4

(Min- max) value
d3
s1
s2
-5.86E-8 208.20 -0,98
–
–
–
1.29E-07 365,70 -0.46

-7.94E-4
–
2.27E-7

-9.69E-8
–
2.20E-4

s3

1.59

Ovarian
cancer

1.585

-7.35E-1
–
-0.44

-4.18E-5
–
1.06E-3

1.58

The parameters values (d1, d2, d3, s1, s2, s3) of each data
group (normal and ovarian cancer subjects) were compared
to determine whether there was a difference of the
parameters of the two groups. The test analysis uses T-test
for normally distributed data and Mann-Whitney for data
that is not normally distributed. The result of the test
difference of d1, d2, d3, s1, s2, and s3 between two
successive groups of P-count 0.612, 0.058, 0.310, 0.036,
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Fig. 4 Example of fitting curves for normal subject data
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pattern from a to g is decreasing. This condition indicates
that erythrocytes undergo aggregation and moreover may
have settled.
The aggregation process occurs when the erythrocytes
approach each other and eventually converge. Aggregation is
influenced by plasma percentage with macromolecular
variation. Erythrocytes form rouleaux after aggregation [43].
After reaching a certain mass that is the downward force is
greater than the upward force, the erythrocytes will
experience sedimentation. This process will be repeated
again for erythrocytes that have not yet aggregated. This
repetitive process will be recorded on the absorbance data.

0.782, and 0.408 was obtained. The values of P-arithmetic
compared to the significance level value of α = 0.05 resulted
in all values of P-count > 0.05 in d1, d2, d3, s2, and s3
parameters. This means that there is no significant difference
between two groups in each parameter. The resulted in Pcount in parameter s1 is < 0.05 meaning that there is a
significant difference in parameter s1 between normal and
ovarian cancer subjects.
B. Discussion
Interactions between erythrocytes may occur under three
conditions. The conditions are: the erythrocytes from the
initial position will be closer to each other, the erythrocytes
away, or the erythrocytes overlap. The adjacent erythrocytes
will experience a repulsive force that includes the steric
force due to glycocalyx, and the electrostatic resistance force
of the negative charge on the erythrocyte surface. The
erythrocyte aggregation depends on the initial position of the
cell and the strength of the adhesive forces compared to
other forces, such as the hydrodynamic force [39]. The ionspecific interactions that occur in the particle environment
can lead to changes in particle stability [41]. The interaction
of erythrocyte cells can be illustrated in the following Fig. 6.

Abs
b
a
c

d
e

f

g
t (s)

Fig. 7 Possible erythrocyte interaction patterns.

a.

Initial condition

c. Away to each other

The blood plasma includes erythrocytes, ions, and
proteins as [44][45][46][47]. Erythrocytes interact with ions,
ions interact with ions, and ions interact with proteins in the
blood plasma. The concentration and counter-ion type have
an effect on the compression of the diffuse layer and the
adsorption in the altered stern layer. This condition can be
observed through the Zeta potential change [24]. The
electrical double layer will be compressed with increasing
ionic strength. In addition to ionic strength, preferential
adsorption of membrane ions also affects the Zeta potential
[7]. The equilibrium interaction occurs when particles are in
equilibrium with the dispersing medium. These interactions
include dispersion Van der Walls forces, electrostatic forces
of the overlapped double layer, and various steric
interactions [48]. Erythrocytes have negative charges on
their surfaces derived from sialic acid residues. After
forming an adjacent ionic double layer (E) in the
surrounding, erythrocytes will form an equilibrium with the
ion (M) in the plasma. In the equilibrium reaction, E will
bind with the ion to form EM, but EM will release M to E.
Along with this equilibrium reaction, in the plasma there is
also an equilibrium reaction between proteins P and M. P
bind to M to form PM, but PM will release M forming P.
Both of these equilibrium reactions occur at the same time as
illustrated in Fig. 8.

b. Closer to each other

d. Overlapping

Fig. 6 Position of red blood cell interactions

Changes in position due to cellular interactions of
erythrocytes may cause changes in the erythrocyte
absorbance from the initial condition. The surface area of
erythrocytes affects the number of light wavelengths being
absorbed. The erythrocyte position perpendicular to the
incoming light will maximally absorb the rays, while the
erythrocyte with a certain angle with the light will reduce the
amount of light absorbed. Erythrocyte positions which are
overlapping each other will reduce the area of absorption.
An aggregate of erythrocytes forms two or threedimensional structures when they are in a solution
containing plasma protein [42].
The spectral line pattern shows the pattern of erythrocyte
position change due to interactions between the erythrocytes
(Fig. 7). The ab line increases as time changes indicating an
increase in the absorption value. This condition is likely to
show the erythrocytes are approaching each other. The bc
line decreases with time indicating a decrease in the
absorption value. This condition is likely to show
erythrocytes are moving away from each other or in an
overlapping situation. The horizontal cd line shows a
constant absorbance value. This condition may indicate
erythrocytes are at rest. The difference in slope between ab
and ef line shows the rate of change of position between
different erythrocytes. The tendency of the absorbance

eE

eEM

first reaction

meM

pP

pPM

me
p

second reaction

Fig. 8 The equilibrium reaction between E and M, and M with P.
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The equilibrium reaction is a reversible reaction having a
constant equilibrium constant (k) [18]. In general, the
equilibrium equation can be shown in the following equation
of mass-action law [18][20][26].
k1

aA + bB

[G ]g [H ]h
[A]a [B ]b

Inserting

gG + hH

ln e

m2

(6)

2

With me = m2. The change in the value of G0 occurring on
equilibrium at the second reaction is
p
m
P ] [M ]
[
= − RT ln

2

[PM ]

p

m3

e

p
m
[
p ] [m]
=

2

[PM ]

p

(7)

,

m3

with

me
= m3 . Based on equations (6) and (7), Equation (8)
p

and (9) are generated.

[M ]

m2

[M ]

m2

=e
=e

∆G10
RT

[EMm]e [E ]−e

− ∆G20
RT

(8)

[PM ] [P]

−p

p

m3

(9)

Both equations (8) and (9) may be combined to become
∆G10
RT

 EMm 
=
p
0  PMm 
 E 
3
e −∆G2 

 P 
e

 ∆G20 ∆G10
−
−
 RT RT







−e

− ∆∆

G0
RT

− p ln rP = −e ln rE

rE = e

∆∆G 0 + p ln rP
e

The interaction pattern of erythrocytes in the EDTAblood of normal and ovarian cancer subjects was
compared based on the values of each parameter d1, d2,
d3, s1, s2, and s3. The analysis result shows that there
is no difference in both groups from each parameter.
The values of these parameters cannot distinguish
between normal and ovarian cancer subjects. The
complexity of EDTA-blood compositions of normal
and cancer subjects result in an erythrocyte interaction
pattern. The randomly distributed erythrocytes in the
blood plasma interact toward an ordered state. This
condition causes the entropy of the system to decrease
[30]. The living cells can perform a series of chemical
reactions and actively modify their behavior when
there is a change in their environment [29]. Changes in
plasma from ovarian cancer patients include increasing
lysophosphatidic acid (LPA) and human epididymis
protein 4 (HE4), which can be used as an ovarian
cancer biomarker. The amount of LPA is greater than
that of CA-125 in the diagnosis of ovarian cancer
[47][49][50].
Erythrocyte interactions in EDTA-blood have not
been able to be explained microscopically. The
macroscopic approach is conducted by measuring
macroscopic parameters such as heat, temperature,
displacement, force, and work. The relationship
between parameters is made to form a mathematical
function, and the classical thermodynamic laws barely
understand the microscopic conditions of the material
[51]. The cell is a complex system, hence to understand
it is by means of its mechanisms into subdivisions and
describing this sub-section in detail [51].
IV. CONCLUSIONS
The erythrocyte interaction in EDTA-blood is a complex
system. The application of Coulomb’s law from erythrocyte
absorbance patterns cannot distinguish between erythrocyte
interaction patterns in normal and ovarian cancer subjects.
The parameters of d1, d2, d3, s1, s2, and s3 of the two
groups were tested based on the average difference. The
calculation result obtains P values of 0.612, 0.058, 0.310,
0.036, 0.782, and 0.408. There is no significant difference in

−e

 EMm2 
=
 .
p
 E 
 PMm3 


 P 

e

E

1

[EM m ]e
[E ]e [M ]
[EM m ]e ,
=
[E ]e [M ]m

− ∆G20
RT

 PMm3 

 and
 P 

− ∆∆G 0 − p ln rP
= ln rE
−e

∆G10 = − RT ln

∆G

(rP)=

1

with k1, k2 are reaction rates to the right and left; respectively,
KC is the equilibrium constant which is the ratio of k1 and k2.
When equilibrium reaction happens, the value of Gibbs
energy change is zero. The change of G0 value occurring at
equilibrium on E and M reactions are

0
2

P

 EMm2 
 the above equation becomes
 E 

k
= 1 = KC ,
k2

e

ratios

(rE)= 

k2

− ∆G10
RT

the
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both groups in parameters d1, d2, d3, s2, and s3. On the
other hand, there is a significant difference between normal
and ovarian cancer groups for parameter s1 indicated in the
P-value of < 0.05. Complex EDTA-blood composition
affects the interaction of erythrocyte as living cells.
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