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Determination of electrokinetic and
hydrodynamic parameters of proteins by
modeling their electrophoretic mobilities
through the electrically charged spherical
porous particle

This work explores the possibility of using the electrically charged “spherical porous par-
ticle” (SPP) to model the electrophoretic mobility of proteins in the low charge regime. In
this regard, the electrophoretic mobility expression of the charged SPP (Hermans–Fujita
model) is used and applied here to BSA and staphylococcal nuclease for different proto-
col pH values. The SPP is presented within the general framework of the “spherical soft
particle” as described in the literature. The physicochemical conditions required to model
proteins as SPP from their experimentally determined electrophoretic mobilities are estab-
lished. It is shown that particle permeability and porosity and chain packing and friction
fractal dimensions are relevant structural properties of proteins when hydrodynamic in-
teraction between amino acid residues is present. The charge regulation phenomenon
of BSA and staphylococcal nuclease with pIs ≈ 5.71 and 9.63, respectively, is described
through the SPP within a wide range of bulk pH values. These case studies illustrate when
the average regulating 〈pH〉 of the protein domain is lower and higher than the protocol
pH. Further research for using the general spherical soft particle is also proposed on the
basis of results and main conclusions.
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1 Introduction

At present, many data of polyampholyte-polypeptide elec-
trophoretic mobility �p obtained from CZE in different BGEs
are available in the literature (see, for instance, [1–5] and cita-
tions therein). A number of them were achieved in BGEs hav-
ing values of pH and ionic strength I involving the low charge
regime, where a linear relationship between electrophoretic
mobility and surface potential may be approximately estab-
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lished. Thus, in this regime ion polarization-relaxation due to
the flowing BGE around the electrically driven particle may
be neglected [6, 7]. For a discussion on this aspect see, for
instance, Refs. [8–10]. From the theoretical point of view, the
electrophoretic mobility model involving the charged spheri-
cal hard particle in the low charge regime can be used to in-
terpret experimental �p values (designated �

exp
p here). Thus,

Henry electrophoretic mobility �H
p is expressed as follows

[11]:

�H
p = 2

3

��

�s
fH(� aH) (1)

Equation (1) involves electrical permittivity �, viscos-
ity �s, and temperature T of BGE, Debye–Hückel param-

eter � =
√

2e2INA103/(�kBT), Stokes hydrodynamic radius
aH, and Henry function fH(�aH). The zeta potential � =
eZ/(4��aH(1 + �aH)) is obtained from the solution of the
linearized Poisson–Boltzmann equations. Here, e is the
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elementary charge, NA is Avogadro constant, and kB is
Boltzmann constant. Thus, one requirement for this ap-
proximation is that the polypeptide effective charge number
Z = ∑

i Zini must be relatively small, where Zi and ni are the
charge number and the number of each i-ionizing group of
amino acid residues in the polypeptide chain, respectively, in-
cluding –NH2 and –COOH terminal groups. To improve the
prediction of Eq. (1) when polypeptides are considered, the
perturbed Linderstrøm-Lang capillary electrophoresis model
(PLLCEM) was proposed [6, 7, 12–16], where electrophoretic
mobilities of aspherical hard particles (AHPs) were studied in
the low charge regime, by defining the shape orientation fac-
tor � = �p/�H

p ≈ 6��saH/f . Here, the friction coefficient is
evaluated either from AHP, such as spheroidal particles, or
from hydrated chain fractals by defining the chain friction
f = 6��saoNgf , where gf is the friction fractal dimension
and ao is the average radius of N amino acid residues in
the amino acid sequence (AAS) evaluated from their van der
Waals radii. Also in this framework the packing fractal di-
mension is gp = logN/log(aH/ao) as defined in [6, 15, 16].
This simple CZE model yields approximate numerical val-
ues of useful polypeptide properties, apart from aH, �, f ,
and Z, when chain AAS and molar mass M are known. In
fact, it is also possible to estimate average values of hydra-
tion 	 and specific volume vp of polypeptides. For these pur-
poses, polypeptides are modeled as a chain of N beads, where
each amino acid residue size is associated with the radius ao

(important details are provided in [17–19]). From previous
works, one concludes that AHP and hydrated chain fractals
can model proteins by describing phenomena associated with
their size, shape, average orientation during particle migra-
tion, electrical charge of weak ionizing groups confined at the
particle surface [12, 14, 15], and particle hydration related to
the degree of protein denaturation and the presence of ion-
izing polar and nonpolar amino acid residues. These charac-
teristics were also shown to be relevant for the estimation of
polypeptide diffusion coefficient and intrinsic viscosity [7,15].

By considering the above analysis, this work explores
the possibility of using an electrically charged spherical
porous particle (SPP) to model the electrophoretic mobil-
ity of polypeptides in the low charge regime. In this regard,
the Hermans–Fujita analytic expression of �p provided and
widely analyzed by Ohshima [20–25] is used and applied here
specifically to proteins, in conjunction with theoretical as-
pects concerning the charge regulation phenomenon already
described in the PLLCEM [6, 7, 12, 13, 15]. Thus, in this first
study on polyampholyte-polypeptide SPP, particular numeri-
cal codes, where model parameters may also vary within the
particle, are not considered [26, 27]. It is relevant to point
out that the “spherical soft particle” (SSP) behaves asymp-
totically as two extreme particle types: spherical hard particle
and SPP, which correspond to Henry and Hermans–Fujita
electrophoretic mobility models in the low charge regime, re-
spectively. Since we keep working in this regime, once more
ion polarization-relaxation of the BGE is neglected in the
present framework. In particular, this complex phenomenon
has been already studied in the electrophoresis of charged
SSP through numerical models including applications to col-

loidal particles and biological cells [28–30]. Further relevant
asymptotic responses for highly charged SSP were provided
in [31].

From the general SSP and by following closer the de-
velopments and nomenclature in [20–23], it is clear that this
particle type is composed of an uncharged core of radius a
covered by a polymeric layer of thickness d = b − a (desig-
nated polyampholyte layer throughout this work), where b
is the radius of the whole particle. Therefore, the charac-
teristic magnitudes considered in the modeling of the elec-
trophoretic mobility of SSP are the friction density 
 evalu-
ating the resistance offered to the flow of BGE solution by
chain segments distributed in the layer of thickness d. In this
regard, it is convenient to define parameter � = (
/�s)1/2,
providing the particle softness �−1 [20, 21], and the constant
fixed charge density �fix = 3eZ/[4�(b3 − a3)] uniformly dis-
tributed throughout the polymeric layer as simpler case (see
also [26, 27, 32] for more general considerations). Here, we
add that the polypeptide mass must be distributed between
the particle core and polyampholyte layer requiring a < ac,
where ac = {3Mvp/(4�NA)}1/3 is the protein compact ra-
dius defined in [15]. These expressions also imply that the
chain molar mass Md = 4�(a3

c − a3)NA/(3vp) located in the
polyampholyte layer is a fraction of the total polypeptide mo-
lar mass M. The constraint a < ac is also useful to analyze
protein hydration 	 = ((b/ac)

3 − 1)vp/vw (mass of water per
mass of protein) and physical aspects associated with the ex-
istence of a particle core in the SSP composed mainly of hy-
drophobic amino acid residues, although they may still have
associated some hydration on physical grounds as discussed
in [15, 33–36]. In the present work, we study in particular
the SPP that implies that a = 0. Thus, the use of SPP is an
appropriate starting point to model a protein electrophoretic
mobility within the wider framework of the SSP, allowing,
in principle, to assign a polypeptide hydration uniformly dis-
tributed in the whole particle. We present the application
of the SSP to the modeling of electrophoretic mobility of
polypeptides in [37].

From the above framework, one expects to find a clear
interplay among polypeptide AAS, parameters of the charged
SPP and SSP, polypeptide permeability, and physicochemi-
cal properties of BGEs. Furthermore, similar values of pro-
teins physicochemical properties obtained through classical
experimental techniques shall be calculated with these mod-
els to get physical consistency. In addition, when the elec-
trophoretic mobility of other particles different from proteins
is considered (for instance, synthetic colloids) one has avail-
able as input data less-defined properties. In this regard, a
typical fitting parameter is the effective particle charge num-
ber Z or the charge density �fix, which need to be estimated
because, in principle, the number of charged groups in the
particle is unknown. In contraposition to this situation, the
knowledge of the polypeptide AAS provides a good estima-
tion of Z value once the protocol pH and I of the BGE have
been fixed and the protein charge regulation phenomenon
has been included (see [6] and citations therein).

This work is organized as follows. In Section 2, some
theoretical aspects involving the electrophoretic mobility
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Table 1. Numerical estimations of electrokinetic and hydrodynamic properties of BSA through the Hermans–Fujita model as a function
of bulk pH at 25
C

pH 3 4 7 8 9 10 11

�p×108( m2

Vs ) 2.77 1.50 − 1.73 − 2.25 − 2.68 − 3.03 − 3.18
b(Å) 70.38 70.33 34.11 37.64 37.59 41.41 55.87
	 12.54 12.51 0.80 1.32 1.31 1.99 5.92
Hd 44890 44660 1325 3240 3219 5743 20280
H 46242 46138 2949 4860 4834 7340 21825
〈pH〉 3.81 4.44 6.52 7.36 8.23 9.11 10.04
〈�〉(mV) 48.00 26.02 − 28.38 − 38.02 − 45.36 − 52.43 − 56.78
Z 71.60 38.75 − 10.18 − 16.23 − 19.32 − 26.66 − 51.82
Zw 93.96 62.50 − 14.35 − 18.47 − 25.06 − 50.31 − 87.48
�fix × 10−7 (C/m3) 0.79 0.43 − 0.98 − 1.16 − 1.39 − 1.44 − 1.14
� 0.96 0.96 0.63 0.73 0.73 0.80 0.92
K × 1019 (m2) 8.37 8.36 3.90 4.06 4.06 4.30 5.79
gp 2.00 2.00 2.59 2.49 2.49 2.40 2.16
gf 0.90 0.90 0.68 0.72 0.72 0.76 0.85
� × 10−9(m−1) 1.09 1.09 1.60 1.57 1.57 1.52 1.31

For the meaning of all symbols presented, please see the text, where they are first defined, or the total list of symbols in the Supporting
Information.
The following constants are used: N = 583, vp = 0.708 cm3/g, M = 66387 g/mol, ao = 2.92 Å, ac =26.51 Å, pI = 5.71, and I ≈ 10 mM. The
protein permeability is calculated through Eq. (10).

Table 2. Numerical estimations of electrokinetic and hydrodynamic properties of STN through the Hermans–Fujita model as a function
of bulk pH at 25
C

pH 2.8 4.1 5.7 6.8 8.9

I (mM) 5.5 55 36 26 14
�p × 108( m2

Vs ) 2.45 2.04 1.85 1.81 1.31
b(Å) 64.11 35.69 29.71 27.41 23.59
	 38.87 6.12 3.23 2.38 1.26
Hd 35900 5300 2577 1790 753
H 36266 5706 3012 2223 1177
〈pH〉 3.37 4.46 6.07 7.18 9.19
〈�〉(mV) 33.83 21.06 22.03 22.77 17.19
Z 30.17 19.81 10.79 8.12 3.72
Zw 32.14 23.84 11.92 8.84 5.17
�fix × 10−7 (C/m3) 0.44 1.67 1.57 1.51 1.08
� 0.99 0.92 0.86 0.82 0.72
K × 1019 (m2) 18.28 5.84 4.73 4.42 4.02
gp 1.62 2.00 2.15 2.23 2.39
gf 0.94 0.82 0.75 0.71 0.64
� × 10−9(m−1) 0.74 1.31 1.45 1.50 1.58

For the meaning of all symbols presented, please see the text, where they are first defined, or the total list of symbols in the Supporting
Information.
The following constants are used: N = 149, vp = 0.712 cm3/g, M = 16792 g/mol, ao = 2.91 Å, ac = 16.79 Å, pI = 9.63. The protein
permeability is calculated through Eq. (10).

modeling of the general electrically charged SSP [20–25] are
described for the purposes of visualizing those correspond-
ing to the SPP as a particular case of the SSP and for a
clear presentation of the general framework in [37]. Thus,
the simple case of a SPP may be useful at this stage to es-
tablish the interplay between the physicochemical proper-
ties of proteins and particle characteristic parameters when
a = 0. Also, additional physical considerations are provided
to make feasible the comparison between predictions of SPP
at different pH values. In Section 3, the discussion of re-

sults is presented indicating the conditions under which a
polyampholyte-polypeptide electrophoretic mobility may be
modeled through a charged SPP. Here, the globular proteins
used as case studies are BSA [38] and staphylococcal nu-
clease (STN) [39] at 25
C. The experimental electrophoretic
mobility data of these proteins are reported in the litera-
ture cited for different protocol pH values (see also Tables
1 and 2). Although the temperature value was not explicitly
reported in [38], calculations of thermophysical properties in-
dicated a temperature closed to 25
C. Also a critical analysis of
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numerical results is carried out and subjects for future
research are proposed. Concluding remarks are provided
in Section 4 to highlight the importance of modeling elec-
trophoretic mobility of polypeptides to understand better
physicochemical mechanisms associated with transport prop-
erties of this type of chain, mainly in biological systems.

Before ending this section, we point out that the moti-
vation of the present work is based on the fact that previous
theoretical studies modeling polypeptide electrophoretic mo-
bility considered particle types being able to describe different
phenomena associated with electrokinetic and hydrodynamic
responses of polyampholyte chains migrating in an applied
electrical field. In this framework, the estimation of polypep-
tide properties through particles models is relevant once the
AAS is known. Therefore, in this work and following one [37],
we have the target of analyzing different particles (SPP and
SSP) to obtain as main result the particle–solvent friction for
different chain conformations. Then this parameter may be
interpreted through the “hydrated chain fractal” model (as
it was done for the AHP in [6, 15, 16]) to evaluate the pack-
ing and friction fractal dimensions of polypeptide chains,
which in turns are crucial to examine polypeptide global con-
formations and scaling laws at different pH values. These
scaling laws relate chain electrophoretic mobility to intrin-
sic viscosity, diffusion and sedimentation coefficients, and
particle permeability in different polypeptide conformational
states [6,7,37]. In fact, the values of friction fractal dimension
are shown below to be sensitive to the type of particle used to
cover the collapsed to free draining chain states.

2 Modeling

The theoretical framework providing asymptotic and analytic
electrophoretic mobility expressions associated with the gen-
eral charged SSP in the low charge regime involves several
hypotheses stated in [20–23]. Additional considerations are
also introduced here to allow, in principle, the application of
this particle model to polyampholyte-polypeptide chains [6,7].
In general, the required hypotheses are as following: (i) The
BGE is considered an incompressible fluid and the creeping
flow approximation to Navier–Stokes equation is valid outside
and inside the polyampholyte layer. In this layer, the Darcian
term is incorporated, while both domains include the electro-
static force on free ions suspended in the solvent. (ii) The low
charge regime is considered, where a linear relation between
electrophoretic velocity and applied electrical field is approxi-
mately valid. (iii) The shear plane with nonslip fluid velocity is
located on the particle core surface. Thus, the so-called “Brick-
man term” is included in the layer zone. (iv) Electrolyte-free
ions cannot penetrate the particle core (in principle, the par-
ticle core is assumed anhydrous). (v) The polymeric layer is
permeable to BGE ions. We also add here the fact that this
layer may be composed mainly by polyampholyte strands
with positive and negative weak ionizing groups as long as
polypeptide particles are concerned. (vi) The electrical per-
mittivity is approximately the same inside the polyampholyte

layer and outside in the BGE solution. This consideration sim-
plifies the estimation of the charge regulation phenomenon
of weak ionizing groups by neglecting approximate pertur-
bations terms associated with electrical permittivity changes
(see, for instance, details in [6] and citations therein). (vii)
Weak i-ionizing groups in the polyampholyte layer are par-
tially dissociated and their charge numbers Zi are quanti-
fied from reference pKr

i and average regulating 〈pH〉 giving
�pK shift values [12]. As a consequence of hypothesis (vi),
the charge regulation phenomenon around protein ionizing
groups allows one the estimation of 〈pH〉 as follows [12]:

〈pH〉 = pH + e〈�〉
ln(10) kBT

(2)

where 〈�〉 is the average value of the equilibrium parti-
cle electrical potential evaluated in the polyampholyte layer
through:

〈�〉 = 3

(b3 − a3)

∫ b

a
�(o)(r) r 2dr (3)

Here, the equilibrium electrical potential �(o)(r) for a <

r < b is used as reported in [20, 23]:

�(o)(r) = �fix

��2

{
1 −

(
1 + �b

1 + �a

)
exp[−�(b − a)]

×
(

sinh[�(r − a)]

�r
+ a cosh[�(r − a)]

r

)}
(4)

(viii) BGE polarization-relaxation effects are negligible be-
cause the electrostatic fields inside and outside the particle are
rather low. (ix) The Darcian friction density 
 in the polyam-
pholyte layer is constant. In this framework, two general ana-
lytic expressions for the electrophoretic mobility of a charged
SSP were provided by Ohshima [20, 23]. They may be briefly
represented through the following function:

�p =
∞∏

r=a

(a, b, �, G(r, �o)) (5)

where G(r, �o) = −(��2/�s){1 + a3/(2r3)} d�(o)
/dr, as de-

duced in [20–23]. Also:

�o = �fix

2��2

×
{

1 − 1

�b
+ (1 − �a)(1 + �b)

(1 + �a)�b
exp[ − 2�(b − a)]

}
(6)

is the surface electrical potential at r = b. In one of the gen-
eral analytic expressions, the electrical force on the BGE due
to the applied external electrical field and the solvent force
on the polyampholyte layer balanced each other [20]. In the
other expression, the BGE pressures evaluated at r = b from
the polyampholyte layer and from the BGE solution sides
must be equal [23] (see also additional details in [27]). Inter-
esting is the fact that both models yield the same asymptotic
expressions as reported in [20–23], although the later one is
preferred [22]. Further, in these citations the use of the asymp-
totic response of these models for � → ∞ indicates that no
flow of the BGE solution through the polyampholyte layer
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of thickness d is obtained. Nevertheless, emphasis must be
placed on the fact that the diffusion fluxes of BGE-free ions
in and out of this layer are still allowed. For this reason,
when � → ∞ in these models one refers to the “spherical
semisoft particle” [23]. Only in this regard, one finds that this
particle of null softness may be related in nature to spherical
hard particles, which may be in particular studied through the
PLLCEM framework. In this work, we concentrate in the case
where the particle core is null (a = 0). This asymptotic case
yields the SPP electrophoretic mobility expression [21, 23] as
follows:

�p = �fix

�s�2

{
1 + 1

3

(
�

�

)2 (
1 + exp(−2�b) − (1 − exp(−2�b))

�b

)

+1

3

(
�

�

)2 [1 + 1/(�b)]

[(�/�)2 − 1]

[(
�

�

)
[1 + exp(−2�b) − (1 − exp(−2�b))/(�b)]

[(1 + exp(−2�b))/(1 − exp(−2�b)) − 1/(�b)]
− (1 − exp(−2�b))

]}
(7)

Equation (7) was first derived by Hermans and Fujita [40]
for charged porous spheres.

In relation to protein hydration, the total number of water
molecules per polypeptide chain H = 	M/18 shall be equal
to the water molecules captured by amino acid residues of
the polypeptide AAS plus the number of water molecules
Hd due to the degree of protein denaturation. These values
depend on protocol pH, as it is demonstrated below. Thus,
the following expressions and equality may be used as a first
approximation to this complex phenomenon [35]:

H = hI
t-COOH|ZCOOH| + hI

t-NH+
3

∣∣∣ZNH+
3

∣∣∣
+ hPI

t-COOH(1 − |ZCOOH|) + hPI
t-NH+

3
(1 − ZNH+

3
)

+
N∑
i

{
hI

i |Zi| + hPI
i (1 − |Zi|) + hP

i + hNP
i

} + Hd

= M((b/ac)
3 − 1)vp/(18vw) (8)

where hI
i and hPI

i are the number of water molecules of
ionizing and polar-ionizing i-amino acid residues, weighed
through their charge number Zi = ±1/(1 + 10∓(pKr

i −〈pH〉)) as
a consequence of their twofold electrostatic character, while
hP

i and hNP
i stand for the number of water molecules of

polar and nonpolar i-amino acids residues, respectively. In
Eq. (8), hI

t-COOH, hI
t-NH+

3
, hPI

t-COOH, and hPI
t-NH+

3
are the corre-

sponding values for ionizing and polar-ionizing terminal
groups (see [13, 35] for further details on the estimation
of reference pKi designated pKr

i and the numbers of water
molecules). It is also clear that the effective protein charge
number is Z = ∑

i ni Zi, where the summation is carried out
for all the ionizing groups in the AAS.

The closure of the SPP electrophoretic mobility model
(Eq. 7) requires a value for �. Therefore, as a first approxima-
tion the evaluation of � ≈ 1/K1/2 is carried out from expres-
sions of the average permeability K available in the literature
(see [32] and citations therein). For instance, the so-called
dilute model provides:

K ≈ 2a2
o

/
(9�p) (9)

where �p ≈ N(ao/b)3 is the polypeptide volume fraction in
the hydrated SPP domain and � ≈ 1 − �p is the SPP porosity.
When hydrodynamic interaction between pairs of amino acid
residues is important, the following permeability expression
is used [41–43]:

K = 2a2
o

9�p

(
1 + 3√

2
�1/2

p + 135

64
�pln�p + 16.45�p + · · ·

)
(10)

where leading terms of the sum are considered [43].
From previous definitions in [6, 15, 16], one also finds that

K is related to the packing and friction fractal dimensions
through �p ≈ (ao/b)3-gp and gf = log(2b3

/9aoK)/log(N), re-
spectively. Thus, asymptotically gf = 1 for the free draining
dilute model (Eq. 9).

Equations (2)–(4) and (6)–(10) were used in a simple nu-
merical code to fit experimental data of the electrophoretic
mobility of BSA and STN at different pH values. In this re-
gard, the main difficulty in solving these problems was to de-
fine the input data associated with specific polypeptide case
studies considered here. Therefore, for a = 0 and Md = M,
trial values of b and Hd are iterated until Eq. (8) is satisfied
and the calculated mobility �p (Eq. 7) converges to the ex-
perimental mobility �

exp
p within an acceptable relative error

around 10−3. The Supporting Information presents a brief
description of this numerical code. Once the problem has
been solved, complementary parameters and properties are
evaluated.

3 Results and discussion

Numerical values of �fix = 3eZ/(4�b3) may be obtained for
BSA and STN as reported in Tables 1 and 2 (see also Sup-
porting Information Tables 1 and 2) by using a numerical
code involving Hermans–Fujita model (Eq. 7) where a = 0.
One thus finds that these proteins at the pH and I of the
CZE protocols reported in [38,39] have absolute values of �fix

comprised approximately between 0.027 and 0.266 elemen-
tary charge per nm3, which are expected values by taking into
account that these particles are in the low charge regime.
Table 1 shows numerical predictions of the SPP model for
BSA, where Eq. (10) for protein permeability is used. Model
parameters and physicochemical properties show a signifi-
cant dependence on pH as expected. It is interesting to point
out that the SPP radius is minimized at around the protein
native state at pH 7 by yielding b ≈ 34.11 Å, which is a typical
value for the native BSA. At this pH, in addition, the protein
hydration 	 ≈ 0.80 is also a minimum value consistently with
the fact that at higher and lower pH than that of the native
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Figure 1. Effective wild charge number Zw as a function of bulk
pH (full line) for BSA. Dashed line indicates the effective regulated
charge number Z as a function of bulk pH, obtained by fitting nu-
merical results (symbols (◦)) predicted with the SPP model for
increasing bulk pH 3, 4, and 7–11, respectively (Table 1). Symbols
(�) are also numerical results of effective regulated charge num-
ber Z as a function of average particle 〈pH〉. Path ABCD provides
the effective regulated charge number Z (points B or C) and aver-
age particle 〈pH〉 (point D) for a given bulk pH (point A) below the
pI. Path EFGH shows the opposite situation for pH > pI. Points Bw

and Gw indicate values of wild charge number Zw for bulk pH val-
ues at points A and H, respectively. The numerical pI estimated
is 5.71. Equation (10) for protein permeability is used (see also
Table 1).

state one expects to find protein denatured states. In these
regards, Table 1 shows that 	 may be as high as 12.54 and
5.92 for the extreme pH 3 and 11, respectively, where the pro-
tein suffers an important denaturation mainly due to repuls-
ing electrostatic forces at high positive and negative effective
charge numbers (Z ≈ 71.60 and −51.82, respectively). Thus,
protein destabilization from the collapsed globule regime to-
ward the hybrid and polyelectrolyte regimens are expected
as discussed in [6]. These results are consistent with the
high numbers of water molecules H and Hd residing in
the SPP, the relatively low packing fractal dimensions and
the high porosities obtained at these extreme pH values as
reported in Table 1. This table also illustrates the effect of pro-
tein pI value through properties such as 〈�〉, Z, �fix, and Zw

that change sign for pH > 5.71. Here, Zw is designated “wild
charge number” as obtained directly from theoretical titration
without accounting for protein charge regulation. Apart from
these results demonstrating mainly the physical consistency
of numerical predictions associated with the SPP model, it is
relevant to observe that the charge regulation phenomenon
manifests with a pH change that is quantitatively different
below and above the protein pI, as depicted in Fig. 1 for
BSA. For instance, in this figure the path ABCD indicates
the charge regulation phenomenon occurring for pH < pI.
Consequently, this path provides both the effective regulated
charge number Z (points B or C) and the average regulating
〈pH〉 (point D) for the given bulk pH (point A) below the pI,
thus resulting 〈pH〉 greater than pH and Z < Zw. In fact, for
pH < pI the SPP is effectively positive and hence relatively

Figure 2. Effective wild charge number Zw as a function of bulk
pH (full line) for STN. Dashed line indicates the effective regulated
charge number Z as a function of pH obtained by fitting numerical
results (symbols (◦)) predicted with the SPP model for increasing
bulk pH 2.8, 4.1, 5.7, 6.8 and 8.9, respectively (Table 2). Symbols
(�) are also numerical results of effective regulated charge num-
ber Z as a function of average particle 〈pH〉. Path ABCD provides
the effective regulated charge number Z (points B or C) and 〈pH〉
(point D) for a given bulk pH (point A). Point Bw indicates the wild
charge number Zw for the bulk pH (point A). The numerical pI
estimated is 9.63. Equation (10) for protein permeability is used
(see also Table 1).

deficient in hydrogen ions when compared with the BGE so-
lution. Point Bw in Fig. 1 indicates the wild charge number Zw

for the bulk pH (point A) in the path ABCD. On the other
hand, path EFGH shows the opposite situation for pH above
the pI, giving 〈pH〉 lower than pH and Z > Zw (for pH > pI ,
the SPP is effectively negative and hence relatively abundant
in hydrogen ions when compared with the BGE solution).
These results demonstrate that the protein domain has not
the same pH as that of the BGE solution and that 〈pH〉 ap-
proaches the bulk pH near the pI only. For STN, Fig. 2 shows
that path ABCD is present only because the pI 9.63 for this
protein is relatively high to be able to take negative effective
charge numbers in the experimentation range. These results
are compatible with the charge regulation phenomenon al-
ready described in [12,15]; for the particular case, one assumes
the protein charge is confined at the hard particle surface and
the zeta electrical potential � is considered. In this regard,
the SPP presents the advantage that the electrical charge is
distributed throughout the particle volume in a closer approx-
imation to actual protein particles (see discussion in [15]). It
is interesting to point out that results reported in Tables 1 and
2 show that BSA and STN behave SPP quite well, with values
of particle sizes suitable from the physical point of view and
also satisfying b > ac.

The other relevant physical aspects found in Tables 1
and 2 are that the ranges of values taken by parameters �,
K, �, and gp provide information concerning the conforma-
tional states of proteins according to bulk pH values. For
instance, for the BSA, Table 1 shows that the lower protein
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permeability (similarly the lower SPP softness) is obtained at
pH 7 as expected for the rather native state of this protein with
K ≈ 3.90 10−19 m2. This also implies that at this pH the SPP
porosity is a minimum value with � ≈ 0.63. Here, it must be
observed that the charge regulation phenomenon shifts the
average regulating 〈pH〉 toward values closer to the protein pI
when pH ≈ 7. At the very acid and alkaline limits of the BGE
solution the protein porosity takes quite high values, for in-
stance, � ≈ 0.96 and 0.92, respectively, indicating that the
polyelectrolyte regime has been reached [6]. These results are
well suited with the high hydration values obtained and re-
ported in Table 1 for denatured BSA. Other models providing
relatively lower values of permeability were also tested here
for the proteins under study, such as the dilute model [32]
giving intermediate K values (see Supporting Information
Tables 1 and 2 for BSA and STN, respectively), and Hap-
pel model [44] for even lower K values. These models, how-
ever, did not allow the matching of the experimental elec-
trophoretic mobility at those pH values close to the pI when
BSA and STN were considered (in particular, BSA has the
native state at around one unit of pH above its pI). In fact,
the use of Eq. (10) indicates that amino acid hydrodynamic
interactions seem to be important for these two proteins. Also
numerical results show that the protein softness reported in
Tables 1 and 2 is rather low approaching the pI, implying
a polyampholyte domain with a quite low Darcian perme-
ability for the BGE solution flow. Thus, the low permeability
values for these proteins in the framework of classical porous
medium theories would yield a rather weak flow. The ap-
plication of the charged SSP electrophoretic mobility model
for higher particles such as biological cells, yielded higher
softness of order �−1 ≈ 10−7 to 10−9 m [45].

The analysis of the power friction coefficient gf quanti-
fied from the average protein permeability values calculated
here is important to understand polyampholyte-polypeptide
chain conformations. In fact Tables 1 and 2 show that
3/5 < gf < 1 for BSA and STN. Thus, the polypeptide SPP
gives consistently chain conformations above the Flory theta-
point defined at gf ≈ 1/2. Previously, we found that when the
friction of polypeptide AHP is interpret through a hydrated
fractal chain the result was 1/3 < gf < 3/5 [6, 7, 16]. In these
regards, it is clear that around gf ≈3/5 amino acid hydrody-
namic interaction due to solvent flow through the particle is
enhanced. Thus, both particles with different physical natures
are explaining in part the wide range of values taken by the
polypeptide intrinsic viscosity, scaling according to [�] ∝ N�,
where � = 3gf − 1 is the Mark–Houwink exponent (see also
details in [7]). Therefore, these particles would be allowing 0 <

� < 2, from the collapsed globule to the free draining chain
regimes. In general, the free draining dilute model (Eq. 9) for
K having gf = 1 is not appropriate for pH values near the
protein pI (see Supporting Information Tables 1 and 2).

From a more general point of view, it is clear that BSA
and STN near their native states are within the collapsed glob-
ule regime [6,7], and hence they may be also studied through
the general SSP. In these regards, SSP electrophoretic mobil-
ity models presented by Ohshima [20–25] for the low charge

regime are useful, where the particle core is present and the
flow of the BGE solution in the polyampholyte layer is al-
lowed. In [37], we study the electrophoretic mobility of BSA
through the SSP model for different pH values to visualize
this protein denaturation in the presence of a particle core. In
this regard, it must be observed that experimentally measured
mobilities of proteins are necessary for the determination
of their electrokinetic and hydrodynamic parameters. There-
fore, in the framework of the experimental CZE technique,
it is required to put emphasis in that the mobilities have to
be reported at well-defined values of pH, ionic strength, and
temperature of BGEs.

4 Concluding remarks

The electrophoretic mobility expression of the SPP in the low
charged regime is shown to be useful to physically interpret
both denatured and near-native collapsed states of proteins.
It is found that (i) the native and denatured states of globular
BSA and STN proteins are modeled well as SPP within a wide
range of pH, (ii) convective fluxes inside these proteins can
be enhanced for the denatured states due to the increases of
polypeptide porosity and permeability, where the friction frac-
tal dimension also takes values above the Flory theta point,
(iii) in the context of the present work the permeability, poros-
ity, and packing fractal dimension of the polypeptide chain
become relevant transport and structural properties of pro-
teins when the SPP is used to model their electrophoretic
mobility. Thus, the SPP model introduces a new “screening”
parameter that is not present in the previous AHP model with
occlude water. This implies that when flow occurs through
the particle the permeability must be accounted as an addi-
tional transport property. In this regard, future research will
be required to elucidate the full range of gf relating to particle
type (from collapsed to free draining chain). Thus, gf is defin-
ing the Mark–Houwink exponent � of the intrinsic viscosity
that may vary from 0 to 2, but the physics underlying these
results for charged chains still remains under study, mainly
when this exponent takes values higher than 4/5, what is
equivalent to gf > 3/5. In general, each particle type allows
explanations of different phenomena present in the complex
protein system.

Further, electrophoretic mobility data of BSA and STN
for different protocols demonstrate through the SPP model
when the average regulating 〈pH〉 of protein domain is lower
and higher than the bulk pH, having as pivot the pI. Finally,
it is relevant to point out that the experimentally measured
mobilities of proteins at well-defined pH, ionic strength, and
temperature are necessary for the determination of their elec-
trokinetic and hydrodynamic parameters.
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