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The surface electrical charge of cells is conditioned by the ionic medium in which they are immersed. This
charge is specific for each cell type and is especially important in tumour cells because it determines their
state of aggregation and their adhesion in the different organs. This study analyses the variations in sur-
face charge of cells when pH, electrolytes, and their concentration are modified. The modification of these
factors leads to changes in the surface charge of tumour cells; therefore, their states of aggregation and
behaviour can be modified. This may even have a use in the prognosis and treatment of various tumours.
Some studies conclude that the activity associated with the glycolysis process is accompanied by a
change in the surface charge of cells. Notably, there is a high rate of glycolysis in tumours. Our results
show that surface charge of cells strongly depends on nature of ionic medium in which they are found,
with the valence of the majority ion being the most important factor. When ionic strength was high, the
charge decreased dramatically. On the other hand, charge becomes zero or positive in an acidic pH, while
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in a basic pH, the negative charge increases.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Currently, various interesting lines of research in cancer dis-
eases focus on markers that can distinguish diseased cells from
normal ones, and many research groups around the world work
on this goal in different ways [ 1-6]. We have paid particular atten-
tion to the electrical properties of the cell surface. Cell surface
charge is one of the important parameters affecting its relationship
with other cells as well as the adsorption and absorption processes
in the cell membrane [7,8,9]. This parameter depends on several
factors, including the physicochemical properties of the environ-
ment in which they are found [11]. Although cells are situated in
a very complex medium and are difficult to control within the
human body, knowing the conditions under which the surface
charge of cells can be changed may lead to the control of tumour
development and specific treatments.

Tumour processes appear to be accompanied by an increase in
the negative charge of the cell surface due to the glycolysis process
[12]. In addition, studies of the electrical surface properties of
biological cells are also providing knowledge on resulting cell

* Corresponding author.
E-mail addresses: jamoleon@ujaen.es (J.A. Moledén Baca), aontiver@ujaen.es
(A. Ontiveros Ortega).

https://doi.org/10.1016/j.bioelechem.2021.108028
1567-5394/© 2021 The Authors. Published by Elsevier B.V.

behaviour [10]. Hence, depending on the state of the cell and its
biological functions, the surface properties may change.

This study aimed to determine the surface properties (electrical
and thermodynamic) of tumour cells under strict control of the
ionic strength and pH of the medium. In parallel, the same analyses
have been carried out with normal cells to verify the analysis. This
study investigates the essential step prior to determining what
mechanisms allow us to modify or inhibit the surface charge of
the tumour cells, thus enabling intervention in the tumour process.

Clearly, the cells’ surface properties may influence tumour
growth or cancer cell aggregation; therefore, this study aimed to
determine the surface properties of both normal and tumour cells
and determine how they change.

2. Materials and methods
2.1. Cell lines

2.1.1. Tumour cell line

A positive oestrogen receptor (MCF-7) breast cancer cell line
was obtained from the American Type Culture Collection (ATCC).
Cells were grown in DMEM (Gibco) supplemented with 10% of
foetal bovine serum (ThermoScientific) and 1% of antibiotic - anti-
fungal (Gibco) at 37 °C with 5% CO,. The cell line was not tested or
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authenticated beyond the documentation provided by the ATCC,
which includes antigen expression, DNA profile, short tandem
repeat profile, and cytogenic analysis. Cell proliferation was evalu-
ated with the WST-1 method assay.

The Phosphate Buffered Saline Solution (PBS) was used as a
neutral vehicle to keep the cells alive until they were diluted to
the required ionic concentrations for measurements.

2.1.2. Sol8 and C2C12 cell lines

Sol8 is a myogenic cell line isolated by Daubas et al. from pri-
mary cultures of soleus muscle taken from the leg of a normal
C3H mouse [13]. C2C12 is a subclone from a myoblast line estab-
lished from normal adult C3H mouse leg muscle [14,15]. Sol8
and C2C12 cell lines were provided by the ATCC. Both cell lines
were cultured in growth medium (GM) consisting of DMEM sup-
plemented with 10% foetal bovine serum, 2 mM L-glutamine, and
50 U/ml penicillin-streptomycin, as previously described [16,17].

2.2. Zeta potential {

The electrokinetic properties of the studied systems were anal-
ysed with a Malver-ZetaSizer 3000 HS. For each treatment, the
tumour cells were conditioned with the solutions, at the required
ionic concentrations and pH, for 10 min before the measurements.
For electrophoretic mobility, the cells were redispersed in the ionic
solution required for the experiment at an approximate concentra-
tion of 5000 cells/cm’.

The state and concentration of the samples to be measured
were verified by optical microscopy before measurements were
taken (Fig. 1). In Fig. 1, the clear morphology of the cells can be
observed; the tumour cells have a highly spherical geometry even
when deposited on the microscope plate (Fig. 1.c). Fibroblasts
showed a certain oval shape on the plate (Fig. 1.a and 1.b); how-
ever, they regained their spherical shape in solution.

Therefore, we applied the theoretical models provided for
spherical symmetry in the double layer in both cases.

2.3. Surface free energy

To estimate the surface free energy of the samples, the advanc-
ing contact angles of three probe liquids (diiodomethane, water,
and formamide) were measured. A Ramé-Hart Instrument Co.
(New Jersey USA) NRL CA goniometer was used for these measure-
ments. Drops were placed on the surface with a Gilmont (USA)
micrometre syringe and images were captured immediately after
with a video camera adapted to the goniometer. The contact angles
of water, formamide, and diiodomethane were measured on a thin
layer of cells deposited on a glass slide. The thin layer of cells hav-
ing a smooth, specular surface (at the optical microscope level) was
selected. The contact angle was recorded immediately after
depositing the drop.

More information on the interface theory related to this type of
system, together with the description of the interaction forces
between particles, can be found in the Supplementary Materials.

3. Results and discussion
3.1. Electrical characterisation of Cells: Potential zeta

Figs. 2, 3, 4, and 5 show values of { as a function of pH for dif-
ferent electrolytes (monovalent, divalent, and trivalent) and con-
centrations. We used sodium chloride as the monovalent
electrolyte because it is a common cation in blood serum and a ref-
erence cation in electrokinetic studies of inorganic and organic
materials. We used calcium as a divalent cation because, in
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addition to being part of the blood serum, its concentration can
affect certain pathologies. Finally, as a trivalent cation, we made
measurements with iron and aluminium, whose variations in con-
centration accompany tumour processes.

Fig. 2 shows the results obtained for zeta potential at 10 2 M of
sodium concentration as a function of pH for two normal cell lines
(C2C12 and Sol 8) and breast tumour cells.

The results of the first cell line (C2C12) showed that tumour
cells present less zeta potential (5 mV) than normal ones. This
observation contradicts the results obtained by some authors
[12], who reported that the glycolysis process results in an excess
negative charge on the tumour cell. Another normal cell line was
used (Sol8 P11) to verify these results, and which reconfirmed
our C2C12 results. Fig. 2 shows that tumour cells reach the most
negative zeta potential value of —15 mV in a neutral pH (pH 7).
In comparison, normal ones reach values between -20 to
—25 mV in a neutral pH and reach up to —30 mV in basic pHs.

In general, zeta potential values are negative for monovalent
and divalent electrolytes, and other authors have obtained similar
results [10,12]. This behaviour, in general, results from the balance
between the ionic species inside and outside the cell membrane,
which results in an excess negative charge on the surface.

The surface charge and therefore, the zeta potential of the cells
result from the selective cell membrane permeability to some
cations and an excess of anions inside the cell. This dynamic equi-
librium generates variations in the membrane potential that are
responsible for the majority of cellular functions. In this study,
we do not focus on the charge generation mechanisms but on
the possible effects of its existence on coagulation and adhesion
phenomena. The physical background of charge generation in cell
membranes is explained in detail in some references [18,19,20,21].

The charge values obtained for the cell membranes were mod-
ified by a change in the medium’s pH, electrolytes, and electrolyte
concentration. Some authors have observed that the cell mem-
brane charge increases during tumorigenesis and decreases during
necrosis [10,22,23], and that these changes are on the order of a
few mV. This indicates that the electrophoretic measurement tech-
nique for charge determinations is suitable to study the evolutions
of the tumour processes. In our results, the differences observed
depended on the ionic strength, with variations of up to 15 mV
at 1 mM de CINa or 20 mV at 0.1 mM with a basic pH.

Fig. 3 shows the zeta potential ({) of cells for a pH between 3
and 10 at different Na* ionic strengths (10 > to 10 ! M). The nor-
mal cells of the C2C12 line are represented in Fig. 3.a and breast
tumour cells in Fig. 3.b.

For increasing pH values, the { potential was generally observed
to increase in absolute values for all ionic strengths studied, except
for the highest 10 ' M, which was practically zero (<2 mV). In
addition, the increase in ionic strength was accompanied by a
decrease, in the absolute value, of the { potential. This can be
explained due to increased compression of the electric double
layer. This compression is especially noticeable with the highest
ionic strength used, where the compression of the double layer is
such that zeta potentials are practically null for all pH values stud-
ied. Therefore, it can be seen that for higher ionic strengths, the
charge of the cell is independent of the pH values.

Fig. 3.a corresponds to the data for normal cells. A progressive
increase in the charge with pH values can be seen, probably due
to the progressive absorption of hydroxyl groups on the cell sur-
face. Fig. 3.b shows the obtained values for cancer cells. The zeta
potential values of these cells present a similar trend to normal
cells. The notable difference is that the zeta potentials are lower
in absolute values than those of normal cells for all ionic strengths
and pH’s, around 10-15 mV. Similar results were obtained by Gogi-
chadze [24]. This suggests that the absorption capacity of hydrogen
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(c)

Fig. 1. Optical microscope photograph of the two normal cell lines and breast tumour cells: (a) cell line C2C12, (b) cell line Sol8P11, and (c) breast tumour cells.

ions (OH) is lower in tumour cells, resulting in lower zeta potential
values.

Fig. 4 shows the effect of a divalent electrolyte (Ca*") on the ¢
potential values at different pH and ionic strengths for both cells
line. In Fig. 4.a, first, we observed that for higher concentrations
of electrolytes, the ¢ potential decreases to zero, similar to the val-
ues presented for Na ions. Second, the superficial charge is prac-
tically constant with the different pH values in normal cells [25]
(the variation of zeta potential is 0-2 mV). For higher ionic
strengths (10 ! and 10 2 M), corresponding with the saline con-
centration of blood plasma, the { potential values were positive
in all pH ranges. The highest measured values were around + 10
mV, corresponding to (1072 M) of Ca"" ions. This is due to the pro-
gressive absorption of calcium onto the cell surface, decreasing the
negative charge of the cell at low concentrations (10 > M), with
reversal of the charge sign for higher concentrations (10 2 M). In

the case of low ionic strength (10 3, 10 * M), the { potential values
are positives for acid pH and negatives for basic pH levels. This
charge behaviour is an interesting result for interpreting the mech-
anism of interaction between similar cells or cells of a different
nature. That is, the electrostatic interaction energy is repulsive
between similar cells and either attractive or repulsive in adhesion
processes between different bodies, depending on whether the
ionic strength is 10 2 or 10 3 of CaCl,, or depending on the pH
for the concentration of 10 ..

Fig. 4.b shows the obtained results for cancer cells. A progres-
sive decrease of zeta potential values was observed with an
increasing calcium concentration, probably due to the absorption
of Ca™ ions. In all cases, the absorption process was less than for
the normal cells but never reversing the charge.

The effect of trivalent electrolytes (Fe*™ and AlI"™") has been
studied. In this case, the analysis of zeta potential was conducted
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Fig. 2. Dependence of the zeta potential of the two normal cell lines and breast
tumour cells at jonic strength 1072 M of Na*", as a function of the pH of the liquid
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. m
B
=

=10 4

£/mV

-20 4

=30 4

-40

-10 4

t/mV

-20 -

-30 o (b) 1

pH

Fig. 3. Dependence of the zeta potential of cells for three ionic strength of Na*
(107',1072, and 10~* M) as a function of pH of the liquid phase: (a) cell line C2C12
and (b) breast tumour cells.

in natural pH conditions because of the precipitation of complex
ions, aluminium and iron, at a pH greater than 4. Fig. 5 shows
the { potential values for different ionic strengths at pH~4. In
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Fig. 4. Dependence of the zeta potential of cells for three ionic strength of Ca™
(107", 1072, and 10> M) as a function of the pH of the liquid phase: (a) cell line
C2C12 and (b) breast tumour cells.

general, the effect of a trivalent ion turns the { potential to a pos-
itive, related to precompensation of the charge near the charged
surface [26].

Fig. 5.a shows the results for normal cells. Similar to the other
electrolytes studied, at a higher concentration (10-1 M), the ¢
potential was zero. In the case of physiologic saline concentration
(10 2 M) we can see that the ¢ potential values of Fe*** go
to + 33 mV, while for the AI'*" it is + 5 mV. At a lower concentration
(102 M), the difference between the two values becomes small.

Fig. 5.b shows the zeta potential values for tumour cells versus
normal cells. The zeta potential values were low for iron, indicating
less absorption of this cation than aluminium in tumour cells. For
both ions, the values were lower in normal cells than in tumour
cells. The maximum value obtained for A" was about 17 mV,
while it was 25 mV for normal ones. This result is even more evi-
dent if we consider the Fe*"" cation: in tumour cells, the maximum
is 27 mV, while in normal ones, it is 35 mV.

The results obtained for extreme concentrations of iron (10 >
and 10 ! M) stand out; greater zeta potential values were obtained
for 10 ! M. This contradicts the general rule that a “higher ionic
strength implies higher compression of the double layer and a
lower zeta potential value.” The lowest zeta potential values were
obtained for very small ionic strength (5 mV) and higher values for
highest ionic strength, of order of 10 mV.
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Fig. 5. Dependence of the zeta potential of cells for three ionic strengths of trivalent
ions at pH=4: (a) cell line C2C12 and (b) breast tumour cells versus normal cells.

Usually, for inorganic materials, this contradictory result is
attributed to coagulation phenomena and, therefore, to the
increase in the size of the suspended particles measured in the
zeta-meter [27,30]. A plausible explanation would be to assume
that cancer cells coagulate at high concentrations, and therefore,
what is measured is not the zeta potential of individual particles
but of aggregates; thus, the 12 mV would correspond to these pos-
sible aggregates.

Hence, knowing the surface charge of cancer cells may have
important applications in studying and treating tumours. If it is
assumed that the fixation in a certain organ of tumour cells from
the bloodstream has an electrostatic component, then the sign of
their surface charge would be of vital importance in the metastasis
processes.

Furthermore, the results show that tumour cells do not have a
fixed charge; on the contrary, this can change in magnitude and
sign depending on the ionic medium and the pH in which it is
found. We also consider that the analysis of the cell charge could
be used as a diagnostic method or to detect or differentiate tumour
cells [28].

3.2. Surface free energy

Above in this manuscript, cells have been characterised from
the electrical point of view, and the interactions between cells
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and the aqueous medium considered as exclusively electrostatic.
However, this study also considers other types of interactions
between particles, specifically thermodynamic interactions, van
der Walls, acid-base, and structural, which are especially interest-
ing in biological systems [28]. In this sense, a first approximation of
the novel methodology that can be used and some initial results
that support its viability are presented here.

There are two methods to determine the van der Walls and
acid-base interactions: the thin layer wicking, and the contact
angle method. In our study, we used the contact angle method
[29,31].

The adhesion between solid particles of colloidal size dispersed
in aqueous media is determined by the balance of forces between
various phases coexistent in a system: dispersive, polar, and elec-
trical interactions. The first two are used for the approximation
of particles and short distances. However, when there is apprecia-
ble electrical surface charge, the electrical interaction governs this
phenomenon. Therefore, the study was conducted considering only
the electrical component, leaving the result of the three compo-
nents as an example, only for normal cells.

Table 1 shows surface tension and the surface tension compo-
nent (mJ/m?) of the liquid used in contact angle measurement.
Table 2 lists the contact angles obtained for the different liquids
used in our experiment (water, formamide, and diiodomethane),
followed by the components of surface free energy obtained from
them using Eq. (2) for the two normal cell lines studied.

The results from the contact angles show the habitual beha-
viours for the three liquids tested, and the differences between
the angles for water and formamide for the two cell lines can be
appreciated. Of note, Fibroblasts Sol 8P11 have a contact angle
with water around 30° compared with 21° for Fibroblasts C2C12;
suggesting that the first line has less wetting capacity. In terms
of the surface free energy components, there was no appreciable
difference between the dispersive Lifshitz-van der Waals (LW)
components. Moreover, the value of the LW component is around
28 mJ/m? for both cell lines; this value is extremely low and very
close to that of water (21.8 mJ/m?). This indicates that both cell
lines have a low capacity to structure the water molecules around
their surface.

The analysis of the non-dispersive component, or acid-base
component (y* andy ), shows a monopolar character (y*~ 0 and
v #0) for both samples that is almost electron-donor in nature
(y between 40 and 60 mj/m?). There is also a difference of
14 mJ/m? between the two cells line. Given that monopolar mate-
rial that is electron-donor in nature with y < 28 mJ/m? [33] has a
hydrophobic nature, and that the hydrophobicity or hydrophilic
nature of a material is based on wetting behaviour, then this beha-
viour can be understood in terms of how the ionisable groups dis-
sociate. These ionisable groups can be electron-donor or electron-
acceptor in nature, depending on whether the cell gains a negative
charge or on its wetting behaviour. The hydrophilicity of a cell can
be understood in terms of how many ionisable groups exist on its
surface. In this sense, the result shows that the cells’ surface is
hydrophilic nature (y*~ 0 and y < 28 mj/m?). In our results,
Fibroblasts C2C12 presented a higher hydrophilic character than
Fibroblasts Sol 8P11.

Table 2 also shows the total surface free energy for both cell
lines. The two values are observed to be similar, indicating that
the two fibroblasts lines have the same behaviour for some cellular
processes. In other processes, differences in their behaviour can be
due to the different values of their components.

3.3. Interaction energy

The total interaction energy between similar particles as an
addition of their electric, dispersive, and non-dispersive
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Table 1

Surface tension and surface tension components (m]/m?) of liquids used in contact angle and thin layer wicking measurements (taken from Ref. [32]).
Liquid 7 .),LW ¥ -
n-Decane 238 238 0 0
Formamide 58.0 39.0 228 39.6
Water 72.8 21.8 255 25.5

Table 2

Contact angles measurements with water, formamide, and diiodomethane; values of Lifshitz-van der Waals component (y*¥); electron-acceptor y~ and electron-donor 7*
parameters of Acid/Base component of surface free energy for normal cells (m]/m?); total surface tension (y7)

W/F/D i il Y v
Fibroblasts 30° 286103 4.0+ 0.1 426+ 038 544 +0.8
Sol 8 p11 23°
60°
Fibroblasts 21° 2742 3.0+03 56+ 1 5243
€2 C12 p10 30°
63°

components was calculated. There is theoretical support for calcu-
lating the energy of interaction between particles and organs
(heterocoagulation) when the surface properties of both are known
[29,34].

Figs. 6 and 7 show the total interaction energy curves calculated
from Table 1, Table 2, and Eqgs. (4)-(6) and (9) in the Supplemen-
tary Materials, as a function of distance (H) from the surface, at a
natural pH for normal cells. Changes in the aggregation dynamics
might be characterised by the total potential interaction energy
computed from the extended DLVO theory, including acid-base
interactions (see Supplementary Materials).

Fig. 6 shows typical plots of the interaction energy AGT9T
between two identical cells (subscript 1) in a dispersion medium
(subscript 3), and it shows the electrical, dispersive, and non-
dispersive components as a function of their separation H (nm)
from the cell surface. A negative AG!ST indicates a primary or sec-
ondary energy minimum and an attractive force that produces col-
loid aggregation. In contrast, a positive sign implies a repulsive
force that hinders it.

The electrostatic interaction (EL) will always give repulsive val-
ues between identical particles, which are strongly related to pH:
the larger the zeta potential (absolute value), the stronger the
repulsion. However, acid-base contribution can be attractive,
repulsive, and even oscillatory in individual cases [35,36,37,38].

400

300

200

AG/KT

100

T 1 T 1
0 10 20 30 40 50
H/nm

Fig. 6. Component of total interaction energy for normal cells (C2C12) at natural pH
and 102 M of NaCl.
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AG/KT

200
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Fig. 7. Component of total energy interaction and electrical components for three
ionic strength of Na* (10!, 10 2 and 10> M) at natural pH for line C2C12.

It accounts for a set of interactions that include, in addition to
the typical non-dispersive ones, hydrogen bridges and hydrophilic
attractions or hydrophobic structural repulsions. In the non-
dispersive (AB) polar interaction, the monopolar and hydrophilic
nature of the samples also causes net repulsion between particles
according to Eqgs. (8) and (9) in the Supplementary Materials. The
AB repulsive force results from the excess in hydration pressure
generated by the motion and orientation restrictions of water
molecules on colloidal surfaces (hydration shells) because of
hydrogen bonding [39]. In contrast, if the result for the AB interac-
tion components were ¥'=0and y < 28 mJ/m?, the character of the
cells would have been hydrophobic. In this situation, “hydrophobic
attraction” is produced; hence the values of AB interactions in
Fig. 6 would be negative.

In this sense, the dispersive component (LW) always attracts
(AGYY negative). If the combined AB forces and the repulsive elec-
trostatic forces are stronger than LW attraction, the overall interac-
tion would be repulsive, and cell aggregates would tend to be
mechanically unstable in a water medium. The stronger the repul-
sion, the greater the instability of aggregates [40].

From Figs. 6 and 7, it can be seen that the electrical component
governs the coagulation processes between cells [41]; therefore,
we now focussed only this component.
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Fig. 7 shows the total interaction energy and its electrical com-
ponent as a function of distance (H) for different ionic strengths of
Na*. For distances<5 nm, no large differences were observed in the
obtained potential barriers. However, potential barriers were
observed, indicating repulsion between cells that increases with
a decrease in the distance between them, with a maximum at very
short distances (H < 5 nm). These barriers increase with a decrease
in ionic strength, likely due to an increase in zeta potential. A qual-
itative description suggests that for the natural pH (7.4), the poten-
tial barrier has values between 500 and 1500 kT. These values
indicate repulsive behaviour between two nearby cells, and this
repulsion may affect the generation of muscle mass and its func-
tioning. Next, we studied the effect of other cations—Ca, Fe, and
Al—using the same method. This method can also be used to study
the effect of other common substances in the cellular medium.

The electrostatic interaction energy was compared for sodium
and calcium for normal and tumour cells at a natural pH (Fig. 8).
The calcium cation showed lower potential barriers than sodium.
In general, the adsorption of calcium onto materials surface results
in a lower zeta potential, as seen in Figs. 3 and 4. Moreover, the
obtained values for the potential barrier for the Ca ion suggest
the possibility of fibroblast aggregation. This behaviour is not pos-
sible for the Na ion as the barrier is over 250 kT. Finally, the results
for tumour cells show very low potential energy barriers indicating
greater aggregate stability.

A thorough analysis of the effect of the ionic strength (10 !,
10 2,10 3 M) of sodium and calcium ions on the electrical energy
of interaction for natural pH (7) has also been performed. The
results have shown that for both cations a decrease in the ionic
strength led to an increase in the potential barrier. This increase
is higher in sodium than in calcium and is observed in both normal
and tumor cells. However, there is a big difference, the maximum
potential barrier does not reach 80 kT in tumour cells while in nor-
mal it can reach 900 kT (10 3 M of NaCl in both cases). On the con-
trary, with high ionic strengths (10 ! M) the barriers decrease,
being smaller in tumour cells, what favours coagulation in tumour
cells.

Therefore, we can even affirm that these variations in the
potential barrier can be used to hinder the aggregation of these
cells under some ionic concentrations.

Fig. 9 shows the potential curves obtained at different pH (4, 7,
9) with an ionic strength of 10 2 M. Fig. 9.a shows the results for
normal cells, with potential barrier measurements for calcium sub-
stantially lower (<100 kT) than measures for sodium. In general,

1 1 1 1
200
C2C12 Na
=
o
Q
A
___c2c12¢a
TumorNa ———— )
Tumoricia_ii e —
O .
T T T T T T T T T
0 10 20 30 40 50

H /nm

Fig. 8. Electrostatic component of interaction energy for normal and tumour cells at
natural pH and 102 M of sodium and calcium ions.
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the repulsion increased with an increase in pH values, except for
sodium, where the obtained barriers for pH = 4 were higher than
those obtained for pH = 7.

In comparison, Fig. 9.b shows the results obtained for tumour
cells. In this case, all potential barriers were lower than 100kT
and were lower than for normal cells. Results for sodium stand
out, where barriers of more than 250 kT decreased to less than
60 KkT. The potential barriers obtained for calcium were much
lower than measures for sodium, similar to normal cells, except
for the sodium ion in a very acid pH.

Another notable observation for normal cells is that, in the case
of calcium ions, an approximately 50% decrease in repulsion was
observed with a pH decrease. While for tumour cells, the variation
was also 50%; however, the effect was in the opposite direction. An
increase in the potential barrier was observed with a decrease in
pH.

For sodium ions, the high values obtained in potential barriers
show the impossibility of aggregation for normal cells at all pHs.
However, the barriers observed for tumour cells are much lower,
indicating the possibility of aggregation, highlighting the almost
disappearance of repulsion between these cells in acid medium
(pH 4).

Obtaining zeta potential data for a trivalent cation at pH greater
than 5 was not possible owing to the precipitate of a complex ion
of aluminium and iron. In any case, the measurements and

500

(a)

AG, KT

6. (b)

04

AG, /KT

20

0 10 20 30 40 50
H /nm
Fig. 9. Electrostatic component of interaction energy at different pH (4, 6, 9) with

an ionic strength of 107> M of sodium and calcium ions: (a) cell line C2C12 and (b)
breast tumour cells.
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calculations have been made for pH = 4 with a concentration of
10 ? M of these ions. In general, the potential barriers increased
with cation valence. Although, except for aluminium ions with nor-
mal cells, the obtained values for trivalent ions are higher than 200
kT, which leads us to think the particles will be very disaggregated.
On the contrary, for mono and divalent ions the potential barriers
are lower and very small for tumor cells. Hence, both sodium and
calcium would allow aggregation, while the trivalent ions would
result in the disaggregation of tumour cells.

4. Conclusions

The surface properties of normal and diseased cells are determi-
nant in the phenomena of cell aggregation and the attachment of
tumour cells to different tissues.

In general, the surface charge of cells is negative when the
mono and divalent electrolytes are present in the ionic medium.
In the case of trivalent ions and an acid pH the charge is reversed,
probably related to precompensation of the charge near the
charged surface. When the ionic concentration of electrolytes
increases, the surface charge decreases. An increase in pH implies
an increase in the surface charge.

The analysis of thermodynamics properties carried out with
normal cell samples (C2C12 and Sol8P11) shows that they have a
monopolar character, practically electron-donor in nature. This
character confers a hydrophilic behaviour to cell surface.

In general, the higher ionic concentration of the medium
implies a drastic decrease in the repulsion between the cells. When
sodium and calcium ions are present, tumour cells remain aggre-
gated at a given pH and concentration, while normal cells remain
disaggregated.

The results show that the pH of the medium is a determining
factor in the interaction energies between normal and diseased
cells. This interaction is small enough in tumour cells to predict
coagulation. In contrast, the potential barriers only allow coagula-
tion in normal cells when the existing cation is calcium.

For normal cells, at a very acidic pH, where trivalent ions do not
precipitate in complex ion forms, the aluminium ion was observed
to provide coagulation, while the iron ion led to strong repulsion.
In the case of tumour cells, the electrostatic repulsion between
them increased with the cation valence.
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