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Abstract
The electrophoretic behavior of pheochromocytoma (PC-12) cells was investigated both experimentally and theoretically. Cell mobility in
aqueous media at different pHs and ionic concentrations was measured, and a model, which assumed that the cell surface contains both acidic
and basic functional groups, was proposed. As a result, it was revealed that the experimental data gathered can be described satisfactorily
by assuming that the cell surface contains two types of monovalent acidic functional groups and one basic functional group. The values of
the dissociation constants of the acidic and basic groups are found to be close to those of acidic amino acids, which indicates that the acidic
amino acids may play an important role in the surface electrical properties of PC-12 cells.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction
Electrophoresis is an easy and rapid method used for
studying the surface properties of tissue cells in vitro in
which cells migrate in response to an applied electric field.
On human erythrocytes, Tomita and Marchesi [1] and Heard
and Seaman [2] have shown that the dissociable chemical
groups that make up the cell surface charge are distributed
through a significant depth normal to the cell membrane surface. Eylar et al. [3] have shown the carboxyl group of sialic
acid is the main contributor to the net negative surface charge
of erythrocytes at physiological pH. In addition, a large number of studies have been carried on the electrophoretic behavior of various blood cells [4–8]. However, studies on the
surface electric properties of neurons using electrophoresis
technique are still limited [9,10]. Of course, it is likely that
the effects of the pH and ionic strength of the extracellular
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environment on the electrophoretic behavior of other biological cells are very different from those for erythrocytes.
During the past several decades, a tremendous effort has
been directed toward the development of methods for replacing lost or dysfunctional neurons following trauma or disease by means of tissue transplantation or peripheral nerve
grafting [11–15]. This paper reports the surface charge properties of pheochromocytoma (PC-12) cells by measuring
electrophoretic behavior in aqueous media at different pHs
and ionic concentrations. The PC-12 cell was selected as a
model cell because it could be easily detached and harvested
by gently shaking the wells after a predetermined culture
time. In addition, PC-12 cells resemble adrenal chromaffin
cells, which share many physiological properties of neurons [16,17]. Beside experimental measurement, a theoretical model was proposed to simulate the electrophoretic behavior of PC-12 cells. The theoretical basis for electrophoresis was found by Smoluchowski [18], in which the relation
between the electrophoretic velocity of an entity and the applied electric field was derived. The original derivation of
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Smoluchowski was based on a rigid entity with a constant
surface potential in a uniform electric field. For the case
of cells, the surface condition becomes more complicated,
and the classic result of Smoluchowski needs to be modified
accordingly [6,7,19–22]. In this study, we consider a general case where the cell surface carries dissociable functional
groups and the liquid phase contains mixed electrolytes on
the basis of the model proposed by Hsu et al. [21,22]. It was
found that the experimental data gathered can be described
satisfactorily by assuming that the cell surface contains two
types of monovalent acidic functional groups and one basic
functional group. The values of the dissociation constants of
the acidic and basic groups are found to be close to those
of acidic amino acids, which indicates that the acidic amino
acids may play an important role in the surface electrical
properties of PC-12 cells.

2. Experimental
The rat pheochromocytoma cell line PC-12 was maintained in a supplemented RPMI-1640 medium (10% horse
serum, 5% fetal bovine serum, penicillin G sodium 100
U/ml, streptomycin 100 µg/ml, amphotericin B 0.25 µg/ml
(Gibco, USA)), as recommended by Greene and Tischler
[16]. The cells were maintained at 37 ◦ C in a humidified atmosphere of 95% air/5% CO2 . Cells were passaged 1:3 once
a week by detachment from the culture flask with mild agitation and a stream of fresh culture medium.
Prior to the electrophoretic mobility measurement, the
ionic strength and pH of the cell suspension was adjusted
by dilution of the cell suspension with a solution containing
KCl, CaCl2 , and Na-acetate (pH 4–6) or Tris-HCl (pH 7–9).
All solutions used were made isotonic by addition of glucose. The electrophoretic behavior of PC-12 cells was measured at a density of 3 × 104 cells/ml with a Zetasizer 3000
(Malvern Instruments, UK), and the data were corrected for
the viscosity and dielectric constant of the medium. All measurements were conducted at 25 ◦ C and their duration did
not exceed 15 min, to avoid any appreciable damage on
cells. Each reported mobility is expressed as mean ±SEM
(standard error of mean) from four to six independent experiments.

Fig. 1. Electrophoretic mobility of PC-12 cells at different pH values at
2.5 mM KCl and 2 mM CaCl2 . Symbols are experimental data. Solid
curves are theoretical calculations for the case where the cell surface contains two types of monovalent acidic functional groups and one type of
basic functional group at ionic strength 8.5 mM, ξ = 0.615. Curve 1,
Nsa1 = 2.4 × 10−8 mol/m2 ; curve 2, Nsa1 = 2.7 × 10−8 mol/m2 . Parameters used are Nsa2 = 1.2 × 10−8 mol/m2 , Nsb = 7.0 × 10−8 mol/m2 ,
Ksa1 = 1.0 × 10−5 M, Ksa2 = 0 M, Kb = 1.0 × 10−3 M. Curve 3,
Nsa1 = 2.7 × 10−8 mol/m2 , Kc1 = 10 m5 /mol2 , Kc2 = 10 m5 /mol2 . Parameters used are Nsa2 = 1.2 × 10−8 mol/m2 , Nsb = 7.0 × 10−8 mol/m2 ,
Ksa1 = 1.0 × 10−5 M, Ksa2 = 7.0 × 10−9 M, Kb = 1.0 × 10−3 M,
Kc1 = 10 m5 /mol2 , Kc2 = 10 m5 /mol2 .

Fig. 2. Electrophoretic mobility of PC-12 cells at various pH values for three
kinds of mixed electrolyte solutions: (") KCl + CaCl2 , (Q) KCl + MgCl2 ,
(2) NaCl + CaCl2 .

3. Results and discussion
Fig. 1 shows the electrophoretic mobility of PC-12 cells
(denoted by circle symbols) as a function of the pH of the
medium at 2.5 mM KCl and 2 mM CaCl2 . With deceasing
pH of the medium, the mobility of PC-12 cells gradually approaches zero from the negative value at pH 9 and reverses
sign at around pH 4.5, indicating the existence of the isoelectric point for PC-12 cells. This is because the ionization of
the acidic groups on the cell surface is suppressed when the
pH of the medium is decreased. On the other hand, if the pH

is sufficiently low, the positive charges arise from the protonated basic groups on the cell surface. Therefore, it becomes
possible that the net charge of the surfaces of PC-12 cells
changes its sign, which leads to PC-12 cells having positive
mobility.
The electrophoretic mobility of PC-12 cells as a function
of pH of the medium for different kinds of mixed electrolyte
solutions is shown in Fig. 2. Very similar results are obtained for different kinds of mixed electrolyte solutions. This
implies that the presence of different ions affects the cell sur-
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CH+ CB /CBH+ be the equilibrium constant for Eq. (3). Suppose that this divalent cation is capable of binding to A−
I and
through
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following
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Let Kc1 = CMAI2 /CM2+ (CA
2
−)

2
−)
I

and Kc2 = CMAII2 /CM2+ ×

be the equilibrium constants for Eqs. (4) and (5). If
(CA
II
we assume that the spatial variation in the concentration of
H+ and M2+ follows the Boltzmann distribution, then

Fig. 3. Electrophoretic mobility of PC-12 cells at various CaCl2 concentrations. Each solution contained Tris-HCl (pH 7.4), 2.5 mM KCl, and
the corresponding quantity of glucose. Symbols are experimental data.
The solid curve is the simulated result based on present model. Parameters used are Nsa1 = 2.7 × 10−8 mol/m2 , Nsa2 = 1.2 × 10−8 mol/m2 ,
Nsb = 7.0 × 10−8 mol/m2 , Ksa1 = 1.0 × 10−5 M, Ksa2 = 7.0 × 10−9 M,
Kb = 1.0 × 10−3 M, Kc1 = 10 m5 /mol2 , Kc2 = 10 m5 /mol2 .

face little during the measurement of their electrophoretic
mobility.
Fig. 3 shows the electrophoretic mobility of PC-12 cells
(denoted by circle symbols) as a function of the concentration of Ca2+ . Each solution contains Tris-HCl (pH 7.4),
2.5 mM KCl, and the corresponding quantity of glucose.
The mobility of PC-12 cells decreases in absolute value as
the concentration of Ca2+ increases, indicating the screening effect of electrolytes on the negative charges of the cell
surface.
A theoretical model is proposed to describe the electrophoretic data of PC-12 cells gathered in the experiment.
Previously, Hsu et al. have proposed a theoretical model
[10] for the description of the electrophoretic behavior of
cerebellar granule neurons in a medium containing a mixed
(a:b) + (c:b) electrolyte, a and c being the valences of
cations and b the valence of anions. This model assumed
that the fixed charge on the cell surface arises mainly from
the dissociation of a monovalent acidic functional group, and
that the Ca2+ in the medium is allowed to combine with dissociated functional groups [23]. In this study, the model of
Hsu et al. [10] is modified by cell surface containing two
monovalent acidic functional groups, HAI and HAII , and a
basic functional group, B. The dissociation–association reactions of these functional groups can be expressed as
HAI  H+ + A−
I ,

(1)

HAII  H+ + A−
II ,

(2)

BH+  H+ + B.

(3)

Let Ksa1 = CH+ CA− /CHAI and Ksa2 = CH+ CA− /CHAII be
I
II
the equilibrium constants for Eqs. (1) and (2), and Kb =

CH+ = CH0 + exp(−ϕ),

(6)

0
CM2+ = CM
2+ exp(−2ϕ),

(7)

0
+ and
where CH0 + and CM
2+ are the bulk concentration of H
M2+ and ϕ is the scaled electrical potential.
If we let Nsa1 , Nsa2 , and Nsb be the surface concentrations
of HAI , HAII , and HB, respectively, then

Nsa1 = CHAI + CA− + CMAI2 ,

(8)

Nsa2 = CHAII + CA− + CMAII2 ,

(9)

I

II

Nsb = CBH+ + CB .

(10)

The surface concentration, CA− , CA− , and CBH+ , can be
I
II
expressed as [10]

y12 + 4Kc1 CM2+ Nsa1 − y1
−
CA =
(11)
,
I
2Kc1 CM2+

CA − =
II

CBH+ =

y22 + 4Kc2 CM2+ Nsa2 − y2
2Kc2 CM2+

,

Nsb
,
1 + Kb /CH+

(12)

(13)

where y1 = 1 + CH+ /Ksa1 and y2 = 1 + CH+ /Ksa2 .
The surface charge density can be expressed as
σ = F (CBH+ − CA− − CA− ),
I

II

(14)

where F is the Faraday constant.
The electrophoretic mobility of cell under consideration
involves solving simultaneously the equations describing the
electrical field and the flow field. Here, we assume that the
linear size of a cell is much larger than the thickness of the
electric double layer surrounding it, and the applied electric field E is parallel to cell surface. The spatial variation
of the electrical potential can be described by the Poisson–
Boltzmann equation,
[ebϕ − (1 − ξ )e−aϕ − ξ e−cϕ ]
d 2ϕ
,
=
2
(a + b) + (c − a)ξ
dX

(15)
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where the scaled variables are defined by ϕ = eφ/kB T ,
X = κr, ξ = cn0c /bn0b , κ 2 = e2 [a(a + b)n0a + c(b + c)n0c ]/
ε0 εr kB T , and bn0b = an0a + cn0c , ϕ and X being respectively
the scaled electrical potential and the scaled distance from
the cell surface. φ is the electrical potential, ξ is the fraction of cations of valence c in the bulk liquid phase, n0a , n0b ,
and n0c are, respectively, the number concentrations of ionic
species of valences a, −b, and c in the bulk liquid phase,
e is the elementary charge, εr and ε0 are, respectively, the
relative permittivity of the liquid phase and the permittivity
of a vacuum, kB and T denote, respectively, the Boltzmann
constant and the absolute temperature, and κ and r are, respectively, the reciprocal Debye length and the distance from
the cell surface.
The boundary conditions associated with Eq. (15) are assumed as
dϕ
= Γ as X → 0,
(16)
dX
dϕ
(17)
= 0 as X → ∞,
dX
where Γ = −eσ/ε0 εr kB T κ is the scaled surface charge density with σ evaluated from Eq. (14). Here, we assume that
both the electrical potential and its gradient vanish at a point
far away from the cell surface.
The flow field can be described by the scaled Navier–
Stokes equation [24],
ϕ=0

and

ebϕ − (1 − ξ )e−aϕ − ξ e−cϕ
d 2U
,
=L
2
(a + b) + (c − a)ξ
dX

(18)

where the scaled variables are defined by U = u/U0 and
L = ε0 εr RT E/ηF U0 , u and U0 being respectively the magnitudes of the velocities of the liquid phase near and far away
from a cell, U and E being respectively the magnitude of
the scaled velocity and the strength of the applied electric
field, and η being the viscosity of the liquid phase. For convenience, the cell is held fixed at steady state, and the liquid
moves in the inverse direction as that of cell. Therefore, the
boundary conditions associated with Eq. (18) are
U =0

at X = 0,

U → −1 as X → ∞.

(19)
(20)

The governing equations, Eqs. (15) and (18), and the associated boundary conditions, Eqs. (16), (17), (19), and (20),
are solved by a finite difference method based on a central difference scheme for the case a = 1, b = 1, c = 2,
T = 298 K, εr = 78.5, and E = 1000 V/m. The results obtained are then used to calculate the electrophoretic mobility
of a cell, µ = U0 /E.
Both the experimental data for the electrophoretic mobility of a cell µ as a function of pH and the theoretical results
based on Eqs. (15)–(20) are presented in Fig. 1. For the cases
of curves 1 and 2, |µ| increases with pH for 5 < pH < 7, but
remains roughly constant if pH exceeds 7. For pH > 5, the

|µ| in curve 2 is larger than that in curve 1, which is expected because a larger Nsa1 leads to a higher surface charge
density. While the experimental data are better described by
curve 1 for pH < 7, curve 2 becomes the better choice if
pH > 7. Since Ksa2 is assumed to be zero for the cases of
curves 1 and 2, it is insufficient to fit the experimental data
for assuming only one type of acidic functional group (i.e.,
HAI ) is present on cell surface. Assuming the presence of
the second type of acidic functional group can alleviate this
problem. As illustrated in curve 3, if Ksa2 = 0, |µ| keeps on
increasing even if pH is higher than 7. Apparently, the continuous increase in mobility arises from the dissociation of
the second H+ in the acidic functional group (i.e., HAII ),
leading to a more negatively charged surface, and the higher
the pH, the more complete the degree of dissociation. The
estimated values for the equilibrium constants Ksa1 , Ksa2 ,
and Kb for the case of curve 3 are 1.0 × 10−5 , 7.0 × 10−9 ,
and 1.0 × 10−3 M, respectively. It is interesting to note that
these equilibrium constants are very close to the pK values of acidic amino acids. For example, the pK values of
glutamate are 2.19, 4.25, and 9.67. This suggests that the
acidic amino acid may play an important role in the surface
charge properties of PC-12 cells. However, it does not exclude the possibility that other weak acids may contribute to
the electrophoretic behavior of PC-12 cells. Similar to erythrocytes [3], it is likely that the carboxylic-acid-containing
groups are involved in the surface charge of PC-12 cells,
which needs further evidence from biochemical studies.
In order to check the validity of the assumption that the
surface charge of PC-12 cells can be appropriately described
by the present model, the theoretical electrophoretic mobility of PC-12 cells was calculated at different concentrations
of Ca2+ , using the same parameters for the case of curve 3
of Fig. 1. As seen in Fig. 3, the present model is capable of
describing the influence of the concentration of Ca2+ on the
mobility of cells in general. A slight deviation between theoretical values and experimental data is observed at the lower
and the higher concentrations of Ca2+ , which may arise
from the parameters used in the calculations being based
on the concentration of CaCl2 being 2 mM. However, both
the theoretical curve and the experimental data points show
the screening effect of electrolytes on the surface charges
of PC-12 cells; i.e., the mobility of PC-12 cells decreases as
the concentration of Ca2+ increases. In addition, good agreement with experimental results can be obtained as the concentrations of Ca2+ are between 0.5 and 2 mM. Therefore,
the present model, although not optimum, is still applicable
to the prediction of the electrophoretic behavior of PC-12
cells at different concentrations of Ca2+ .
In summary, the charged conditions on cell surface are of
complicated nature. Here, we assume that the surface charge
on cell surface arises from the dissociation of two types of
monovalent acidic functional groups and one basic functional group. A theoretical model based on this assumption
was found to be capable of describing the electrophoretic behavior of PC-12 cells for pH ranging from 3.5 to 9, and the
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influence of the concentration of Ca2+ . The present model,
while simple in its structure, can serve as a useful research
tool for the analysis of the surface properties of cells.
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