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

This work explores the possibility of using the electrically charged “spherical soft particle”
(SSP) to model the electrophoretic mobility of proteins in the low charge regime. The
general framework concerning the electrophoretic mobility of the SSP already presented
in the literature is analyzed and discussed here in particular for polyampholyte-polypeptide
chains. In this regard, this theory is applied to BSA for different protocol pH values. The
physicochemical conditions required to model proteins as SSP from their experimentally
determined electrophoretic mobilities are established. In particular, the protein charge
regulation phenomenon and the SSP particle core are included to study BSA having
isoelectric point pI ≈ 5.71, within a wide range of bulk pH values. The results of this
case study are compared with previous ones concerning the spherical porous particle and
the spherical hard particle with occluded water. A discussion of chain conformations in
the SSP polyampholyte layer is presented through estimations of the packing and friction
fractal dimensions.

Keywords:

Polyampholyte spherical soft particle / Polypeptide permeability / Protein elec-
trophoretic mobility / Protein friction fractal dimension / Protein packing fractal
dimension DOI 10.1002/elps.201200463
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1 Introduction

At present, relevant conclusions on the conformation, size,
electrical state, and hydration of polypeptides have been
achieved through physicochemical models of their elec-
trophoretic mobility �p as described, for instance, in [1–35]
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and many citations therein. These models have been bene-
fited by modern CZE experimental techniques, which are well
discussed in [36–38] and citations therein. Also, there is a high
number of experimental polypeptide electrophoretic mobility
�

exp
p data in the low charge regime available for their study and

interpretation within this modeling framework (see [14, 18]
and the Supporting Information for details on the meaning
of the low charge regime). For these purposes, the type of
particle used in CZE models is important. Typically one can
apply, for instance, electrophoretic mobility expressions pro-
posed for a near aspherical hard particle (AHP) with occluded
BGE solvent [12–18] and the spherical soft particle (SSP) com-
posed by a particle core and a polyampholyte layer where BGE
solvent flows [39–49]. The SSP can represent asymptotically
two relevant particular cases; one is the spherical hard parti-
cle (SHP) [50] while the other is the spherical porous particle
(SPP) (Hermans–Fujita model, [51]). The AHP, SHP, and
SPP were already applied to model electrophoretic mobility
of proteins as described for instance in [1–8,12–14,17,18,52].
Part of these studies was based on the framework of the
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perturbed Linderstrøm–Lang capillary electrophoresis model
(PLLCEM) mainly by considering approximate expressions
to quantify the charge regulation phenomenon in proteins
[12, 14, 17]. One of the purposes was to show that globular
proteins satisfied their functions in a pH different from the
bulk pH where they were immersed. Thus there exists a reg-
ulated average <pH> in the protein domain depending on
both its charge state and interaction with the BGE. In general
it was shown that the charge regulation phenomenon pushes
<pH> values toward protein isoelectric point pI, indicating
that the so-called “bulk pH” regularly used to evaluate the
protein charge state requires further quantitative consider-
ations. Certainly these results may have a relevant impact
on protein functions in biological systems, for instance con-
cerning optimal enzymatic performance and protein–ligand
interactions.

In this analysis it is also interesting to point out that the
types of particles described above, provide as main informa-
tion the solvent-particle friction f (force on particle divided its
translation velocity) to be assigned to the polypeptide chain
and also the possibility to study chain conformations by using
the simple hydrated chain fractal (HCF) model [14–18] where
the expression f = 6��sao Ngf applies. Here, g f is the friction
fractal dimension and �s is the solvent viscosity. Also, the size
of each amino acid residue is associated with a radius ao eval-
uated as the arithmetic average radius of van der Waals radii
of N amino acid residues in the amino acid sequence (AAS)
with molar mass M. Thus the HCF is composed of a solvent
domain where the polypeptide chain is immersed. This sol-
vent domain is structurally a part of the protein, where water
molecules and ions may have a residing time along the trans-
lation of the whole particle. It is then clear that for these pur-
poses polypeptides are modeled as a chain of N beads (in this
regard important details are provided in [9–11]). Therefore
two random fractals like those defined in [14–18, 52] may be
useful to characterize the polypeptide chain from the hydro-
dynamic and electrokinetic points of views once the solvent–
particle friction f and effective charge number Z have been
estimated. One is the chain packing fractal with dimension g p

describing the spatial (g p →3) to linear (g p →1) distribution
of polypeptide amino acid residues in the associated solvent.
The other is the chain friction fractal indicating when the
polypeptide chain is mainly in the collapsed, hybrid and poly-
electrolyte regimes by estimating the value of the friction frac-
tal dimension g f within the range 1/3 < g f < 1. This fractal
dimension must be analyzed for 1/3 < g f < 3/5 (from the
collapsed state to the onset of important hydrodynamic inter-
action around the Flory theta condition at g f ≈ 1/2) and for
3/5 < g f < 1 when effective solvent flow through the SPP oc-
curs (see details in [52]). The former range was mostly found
through the friction of AHP where the shape is the control-
ling physical aspect, while the later one belonged to the SPP
as described in [52]. Here, we will show that the SSP applied
to proteins also yields gf > 3/5 as discussed below, by placing
emphasis on the occurrence of BGE solvent flow through the
particle.

The purpose of this work is specifically to extend our
study in [52] to the SSP, where apart from the polyam-
pholyte domain present in the SPP a particle core may be
also found. Here once more the BGE solution is character-
ized through values of pH, ionic strength I, �s, electrical
permittivity �, temperature T and Debye–Hückel parameter

� =
√

2e2INA103/(�kBT ), while the moving particle has as-
signed a Stokes hydrodynamic radius aH as a measure of the
protein domain including hydration. Throughout this work
Avogadro and Boltzmann constants are designated
NA and kB , respectively, while e is the elementary charge.
It is also assumed that the protein low charge regime is
achieved. Thus a linear relationship between electrophoretic
mobility and surface potential may be approximately estab-
lished. In this regime ion polarization-relaxation due to the
flowing BGE around the electrically driven particle may be
neglected [17, 18]. For a discussion on this aspect see for in-
stance [4,53]. It must be observed here that the zeta potential
� = e Z/{4��aH(1 + �aH)} of SHP obtained from the solu-
tion of the linearized Poisson–Boltzmann equations does not
apply to the SSP.

In this work, the polypeptide effective charge num-
ber is evaluated through Z = ∑

i Zi ni [12, 13, 52], where Zi

and ni are the charge number and the number of each
i-ionizing group of amino acid residues in the polypep-
tide chain, respectively, including –NH2 and –COOH ter-
minal groups (see further details in [17, 52] and citations
therein).

By considering the above theoretical outline, this work
explores the possibility of using electrically charged SSP
to model the electrophoretic mobility of polyampholyte-
polypeptide. In this regard, the general expressions of �p

involving the SSP provided and widely analyzed by Ohshima
[39–44] are used and applied here, specifically to proteins in
conjunction with theoretical aspects concerning the charge
regulation phenomenon already described in [12–14, 17, 18]
and more recently in [52] for the SPP. Since we keep
working in the low charge regime, once more ion polar-
ization relaxation of the BGE is neglected in the present
framework.

This work is organized as follows. In Section 2, theo-
retical aspects involving the electrophoretic mobility mod-
eling of the general electrically charged SSP [39–44] are de-
scribed and complemented theoretically to be able to consider
polyampholyte-polypeptide chains. In Section 3, the discus-
sion of results is presented indicating the conditions under
which a polyampholyte-polypeptide electrophoretic mobility
may be modeled through a charged SSP. The globular pro-
tein used to illustrate the model proposed here is the BSA.
The experimental electrophoretic mobility data of this pro-
tein was reported in [54] for different protocol pH values (see
also Table 1 and [52]). Although the temperature value was
not explicitly reported in [54], calculations of thermophysical
properties indicate a temperature close to 25�C. In Section 3
a critical analysis of results is carried out and concluding
remarks are provided in Section 4.
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Table 1. Numerical estimations of BSA electrokinetic and hydrodynamic properties through the SSP model as a function of bulk
pH at 25�C

pH 3 4 7 8 9 10 11
�p×108( m2

V s ) 2.77 1.50 −1.73 −2.25 −2.68 −3.03 −3.18

b(Å) 79.75 80.96 35.24 38.84 38.79 43.58 61.31
	 18.57 19.46 0.96 1.52 1.51 2.44 8.05
Hd 67 430 70 580 2180 4258 4236 7670 28 427
H 68 479 71 761 3524 5598 5570 8985 29 685
<pH> 3.67 4.36 6.55 7.40 8.28 9.18 10.14
<
>(mV) 39.43 21.17 −26.64 −35.43 −42.26 −48.72 −50.53
Z 77.64 43.14 −10.49 −16.42 −19.54 −27.67 −55.96
Z w 93.96 62.50 −14.35 −18.47 −25.06 −50.31 −87.48
�fix×10−7 (C/m3) 0.59 0.32 −1.12 −1.24 −1.48 −1.41 −0.96
� 0.98 0.98 0.77 0.84 0.84 0.89 0.96
K ×1019 (m2) 16.01 16.61 4.19 4.54 4.54 5.15 8.97
gp 1.76 1.75 2.40 2.29 2.29 2.18 1.91
g f 0.94 0.94 0.72 0.76 0.76 0.81 0.90
×10−9(m−2) 0.79 0.78 1.55 1.48 1.48 1.39 1.06

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: a = 20 Å, N = 583, vp = 0.71 cm3/g, M = 66 387 g/mol, ao = 2.92 Å, ac = 26.51 Å, pI = 5.71, and I ≈ 10
mM, Md = 37 896 g/mol, Md/M = 0.571, Nd = 333. The protein permeability K is calculated through Eq. (15).

2 Modeling

By following closer the developments and nomenclature in
[39–42] and additional details provided in [52], it is clear that
the SSP is composed of an uncharged particle core of radius a
covered by a polyampholyte layer of thickness d = b − a,
where b is the radius of the whole particle. Therefore a char-
acteristic magnitude is the friction density � evaluating the
resistance offered to the flow of BGE solution by chain seg-
ments distributed in the polyampholyte layer of thickness d .
It is also convenient to define parameter  = (�/�s )1/2 [39,40],
and the constant fixed charge density �fix = 3e Z/[4�(b3 − a3)]
uniformly distributed throughout the polyampholyte layer as
simpler case (see also [46,47,55] for more general considera-
tions). The polypeptide mass must be distributed between the
particle core and the polyampholyte layer requiring a < ac

where ac = {3Mvp/(4�NA)}1/3 is the protein compact radius
defined in [14] and vp is the average specific volume of the
polypeptide AAS as described in [52]. These expressions also
imply that the chain molar mass Md = 4�(a3

c − a3)NA/(3vp)
located in the polyampholyte layer is the fraction Md/M <1
of the total polypeptide molar mass M. Therefore one can
estimate that the number of amino acid residues residing
on the average in the polyampholyte layer is Nd ≈ Md/Mm,
where Mm is the arithmetic average molar mass of amino acid
residues in the AAS. Further, the ionizing and polar amino
acid residues are the most probably ones present in the
polyampholyte layer accounting the number Nd ; hence, this
value depends on the AAS of the polypeptide under study. It
is then clear that as a first approximation a ≈ ao (N − Nd )1/3,
as obtained through a simple balance of chain beads. The hy-
drophilic amino acid residues composing on the average Nd

are Asn, Asp, Arg, Cys, Gln, Glu, His, Lys, Ser, Thr, and Tyr.

The constraint a < ac in the SSP is also useful to analyze
protein hydration 	 ≈ {(b/ac )3 − 1}vp/vw (expressed as mass
of water per mass of protein) and physical aspects associated
with the existence of a particle core in the SSP composed
on the average of hydrophobic amino acid residues like Ala,
Ile, Leu, Met, Phe, Pro, Trp, and Val. Also Gly is assumed
amphiphilic and it can be distributed between the particle
core and polyampholyte layer. Although they may still have
associated some hydration on physical grounds as discussed
in [14, 56–59] despite of their hydrophobic nature, here we
assume that for the protein states around the native one, the
hydrations of these amino acid residues have been squeezed
out during the folding process. This physical aspect is
consistent with the hypothesis stated in [39–42] indicating
that electrolyte-free ions cannot penetrate the particle core.
Thus, in principle, the particle core is assumed rather
anhydrous to keep working rigorously in the SSP model
framework.

After the above considerations involving the SSP core, we
can redefine the fractal-packing dimension associated with
the polyampholyte layer (see [52] for the SPP) as follows:

g p = log(Nd )/log
{
(b3 − a3)1/3/ao

}
(1)

The electrophoretic mobility expressions of the general
charged SSP in the low charge regime involves several hy-
potheses stated in [39–42]. Additional theoretical considera-
tions are also introduced in [52], to allow in principle the ap-
plication of this particle model to polyampholyte-polypeptide
chains [17,18]. Thus, two general analytic expressions for the
electrophoretic mobility of a charged SSP were provided by
Ohshima in [39–42] as discussed in [52]. Both models yield
the same asymptotic expressions as reported in [41] although
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the later one is preferred and used here as follows:

�p = b2

9

∫ ∞

b

[
3

(
1 − r2

b2

)
− 2L2

L1

(
1 − r3

b3

)]
G(r) dr

+ 2L3

32L1

∫ ∞

a

(
1 + r3

2b3

)
G(r)dr

− 2

32

∫ b

a

[
1 − 3a

22b3L1

{
(L3 + L4r) cosh [(r − a)]

− (L4 + L3r) sinh [(r − a)]
} ]

G(r)dr (2)

where, the following equations of G(r ) applies for the low
charge regime:

G(r ) = �fix

�s

(
1 + a3

2r 3

) (
1 + �b

1 + �a

)
exp( − �(b − a))

×
{

�2r cosh (�(r − a)) − � sinh (�(r − a))

(�r )2

+ a�r sinh (�(r − a)) − a cosh (�(r − a))

r 2

}
(3)

when a < r < b, and:

G(r )= ��2
ob

�s

(
1 + a3

2r 3

) (
1 + �r

r 2

)
exp (−�(r − (b))) (4)

for r > b. In addition:


o = �fix

2��2

×
{

1 − 1

�b
+ (1 − �a)(1 + �b)

(1 + �a)�b
exp[ − 2�(b − a)]

}
(5)

is the surface electrical potential at r = b. Parameters L 1, L 2,
L 3, and L 4 are functions of a, b, and  as follows:

L 1 =
(

1 + a3

2b3
+ 3a

22b3
− 3a2

22b4

)
cosh [(b − a)]

−
(

1 − 3a2

2b2
+ a3

2b3
+ 3a

22b3

)
sinh[(b − a)]

b
(6)

L 2 =
(

1 + a3

2b3
+ 3a

22b3

)
cosh [(b − a)]

+3a2

2b2

sinh [(b − a)]

b
− 3a

22b3
(7)

L 3 = cosh [(b − a)] − sinh[(b − a)]

b
− a

b
(8)

L 4 = sinh [(b − a)] − cosh [(b − a)]

b
+ a2

3b
+ 2b2

3a

+ 1

b
(9)

Further, the asymptotic response of this model for
 → ∞, indicates that the electrophoretic mobility of a
charged SSP with no flow of the BGE solution through the
polyampholyte layer 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  → ∞ one refers to the “spherical
semisoft particle” model [42]. For this situation, the follow-
ing expression applies [40, 41]:

�p = b2

9

∫ ∞

b

(
1 − 3r 2

b2
+ 2r 3

b3

)
G(r )dr (10)

When the particle core radius tends to the particle radius
(a → b) the SHP is obtained and Eq. (10) is again applicable,
but the function G(r ) is different from that of the case  → ∞
(see Eqs. (3–5)). Further, when the particle core is null (a = 0)
the analytical expression for the SPP electrophoretic mobil-
ity is obtained [40, 42, 51]. This last result has been already
applied to proteins in [52] by including the charge regulation
phenomenon.

A crucial parameter in the SSP model is �fix involving
the polypeptide effective charge number Z, which is differ-
ent from the wild charge number Zw obtained from nu-
merical titration [12]. Since weak i-ionizing groups in the
polyampholyte layer are partially dissociated and their charge
numbers Zi are quantified from reference pK r

i and average
regulating <pH> giving �pKi -shift values [12], the charge
regulation phenomenon around protein ionizing groups al-
lows one the estimation of <pH> as follows [12, 52]:

<pH> = pH + e<
>

ln (10) kB T
(11)

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 (12)

The equilibrium electrical potential 
(o)(r ) for a < r < b
and r > b is reported in [42].

Following [52] in relation to protein hydration, the to-
tal number of water molecules per polypeptide chain H =
	M/18 is equal to the water captured by the amino acid
residues placed in the polyampholyte layer plus the number
of water molecules Hd due to the degree of protein denatura-
tion. These values depend on protocol pH and consequently
on <pH> as demonstrated below. Thus the following expres-
sion may be used as a first approximation to this complex
phenomenon [58] where the hydration of non polar amino
acid residues are eliminated because they are assumed to be
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forming the particle core:

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

} + Hd

= M((b/ac )3 − 1)vp/(18vw)

(13)

Here, hI
i and hPI

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

i −<pH>))
as a consequence of their dual electrostatic character, while
hP

i stands for the number of water molecules of polar i-amino
acids residues. In Eq. (13), hI

t-COOH, hI
t-NH+

3
, hPI

t-COOH, and

hPI
t-NH+

3
are the corresponding values for ionizing and polar-

ionizing terminal groups (see [13, 58] for further details on
the estimation of the numbers of water molecules and refer-
ence pKi designated pK r

i ). Also the effective protein charge
number is Z = ∑

i ni Zi , where the summation is carried out
for each type of ionizing groups in the AAS. Equation (13) is
different from that reported in [52] because hydrations hNP

i of
nonionizing and non polar i-amino acid residues have been
excluded taking into account that hydrophobic amino acid
residues are assumed on the average anhydrous as indicated
above. Also in this regard, around a half of the amphiphilic
Gly number is included in the sum of Eq. (13) as a first ap-
proximation (see also below).

Following [52] the closure of Eq. (2) for the SSP elec-
trophoretic mobility requires the estimation of parameter
 ≈ 1/K 1/2. Therefore models of the average permeability K
available in the literature are used (see [52, 55] and citations
therein). For instance, the so-called dilute model provides:

K ≈ 2a2
o /(9�p) (14)

where �p ≈ Nd a3
o /(b3 − a3) is the polypeptide volume fraction

in the hydrated SSP polyampholyte domain, and � ≈ 1 − �p

is the corresponding porosity. When hydrodynamic interac-
tion between pairs of amino acid residues is important, the
following permeability expression applies [60–62]:

K = 2a2
o

9�p

(
1 + 3√

2
�1/2

p + 135

64
�p ln�p + 16.45�p + · · ·

)
(15)

where leading terms of the sum are considered [62]. From
previous definitions in [14, 15, 17, 52] one also finds that K
is related to the packing and friction fractal dimensions
through �p ≈ a

(3−g p )

o /{b3 − a3}(1−g p/3) and g f = log{2(b3 −
a3)/9ao K }/log(Nd ), respectively. Thus, asymptotically g f = 1
for the free draining dilute model (Eq. (14)). It is also clear
that Eqs. (14) and (15) for the SSP are quite different from
their counterparts of the SPP used in [52], because here the
particle core has been accounted in the definition of �p .

Equations (1) to (15) were used in a numerical code to
fit experimental data of BSA electrophoretic mobility at dif-
ferent pH values. The procedure is quite simple; thus, for
a ≈ ao (N − Nd )1/3, trial values of b and Hd are iterated until

Figure 1. BSA radius b as a function of bulk pH. Symbols are: (◦)
SSP (Table 1), (�) SPP (Supporting Information Table SI-3), and
(�) SHP (Supporting Information Table SI-4). Dash and full lines
are placed to indicate numerical trends only. Symbol (*) indicates
the ideal isoelectric point defined for a = b → ac, 	 → 0, gp → 3,
and gf → 1/3. The numerical pI estimated is 5.71.

Eq. (13) is satisfied and the calculated mobility �p (Eq. (2))
converges to the experimental mobility �

exp
p within an accept-

able relative error less than 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

From the analysis of the AAS of BSA and by considering
the distribution of amino acid residues described above in
relation to the particle core and polyampholyte layer of the
SSP, it is found that a good estimate on the average for
this protein is a ≈ ao(N − Nd )1/3 ≈ 20 Å. For this specific
situation, Table 1 presents values of �fix = 3e Z/{4�(b3 − a3)}
obtained through the numerical algorithm involving the SSP
model. Table 1 also shows numerical predictions of the SSP
model for the most relevant electrokinetic and hydrodynamic
properties. As pointed out previously in [52] where the SPP
with a = 0 was used for the BSA protein, here once more
parameters and properties emerging from the SSP showed
a significant dependence on bulk pH as expected. In general
we found that the SSP model predictions of b, 	, �fix, <pH>,
<
>, Z, g p , g f , , K , and � (see nomenclature in the
Supporting Information) followed the same physicochemical
trends with variations of pH as those already reported in
[52]. Nevertheless quantitative differences are observed, for
instance, in Figs. 1–3 and Supporting Information Fig. SI-1.
In fact, numerical values obtained from these models show
higher differences as the radius of the particle core is in-
creased from a ≈ 0 to 20 Å yielding finally the SHP for a = b
(Tables 1 and Supporting Information Tables SI-1 to SI-4).
This last case is also obtained from the PLLCEM when a SHP
is considered and small perturbation due to electrostatic
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Figure 2. BSA hydration 	 as a function of bulk pH. Symbols are:
(◦) SSP (Table 1), (�) SPP (Supporting Information Table SI-3), and
(�) SHP (Supporting Information Table SI-4). Dash and full lines
are placed to indicate numerical trends only. Symbol (*) indicates
the ideal isoelectric point defined for a = b → ac, 	 → 0, gp → 3,
and gf → 1/3. The numerical pI estimated is 5.71.

Figure 3. BSA friction fractal dimension gf as a function of bulk
pH. Symbols are: (◦) SSP (Table 1), (�) SPP (Supporting Informa-
tionTable SI-3) and (�) SHP (Supporting Information Table SI-4).
Dash and full lines are placed to indicate numerical trends
only. Symbol (*) indicates the ideal isoelectric point defined for
a = b → ac, 	 → 0, gp → 3, and gf → 1/3. The numerical pI esti-
mated is 5.71.

interaction are neglected, as it was already done in Eq. (11)
and in [52] to keep consistency with the hypotheses
introduced in the models used here (see also physical consid-
erations in [12]). Therefore, when the size of the particle core
is rather small, results approach consistently those predicted
by the SPP as one expects from the theoretical framework of
both models. For lower particle core values than that expected
(a ≈ 20 Å and Nd = 333) from the hydrophilic-hydrophobic
balance provided by the AAS, one is assuming in addition
that some hydrophobic amino acid groups may be out of the
protein core by adding their structural hydrations hNP

i . For
instance, increasing values of Nd = 477, 552, and 583 can be
used as indicated in Supporting Information Tables SI-1 to

SI-3 for a ≈ 15, 10, and 0 Å, respectively. Consequently, for
these particular cases, the hydration redistribution balance
between hNP

i and Hd terms must be considered in Eq. (13).
Another physical aspect to be pointed out here is that

the ranges of values taken by parameters , K , �, g f , and g p ,
provide as a first approximation information concerning the
conformational states of protein strands placed in the polyam-
pholyte layer only. In fact the “anhydrous” protein molar mass
(M−Md ) of the particle core is in the collapsed state. In this
regard, one observes from Table 1 that the polyampholyte
layer presents similar conformational states than those al-
ready found when the SPP is used (see Tables 1 and Support-
ing Information Table SI-3; the last one is reproduced from
[52]). In fact the range 3/5 < g f < 1 is again found indicat-
ing that as far as the polyampholyte layer includes BGE flow,
the hydrodynamic interaction between pairs of amino acid
residues is relevant and the friction fractal dimension tends
toward the range where the free draining situation is an ex-
treme. Further, interesting is the fact that the SSP allows the
presence of a collapsed zone with g f = 1/3 (particle core) co-
existing with the layer zone, which may present flow through
protein strands with significant hydrodynamic interaction be-
tween amino acid residues. On the other hand, the SHP
yields lower values of friction fractal dimension mainly within
1/3 < g f < 3/5 (Fig. 3) around the Flory theta condition as
stated in Section 1.

In addition, we found numerically that the asymptotic
Eq. (10) does not apply to predict �

exp
p of BSA for the case

of the semisoft spherical particle when the pH takes values
around the BSA native states (fitting for pH 7 was not found);
in fact, this equation gives too low numerical �p requiring
also rather low hydration values. On the other hand, when
a → b, Eq. (10) provides the same results as those obtained
for the SHP via PLLCEM as it must be expected proving also
the consistency of the calculations carried out within the SSP
framework.

From a wider point of view, it is clear that the modeling
of the experimental electrophoretic mobility of polypeptides
through different types of particles like SSP, SPP, AHP, and
SHP allows one to estimate the solvent-chain friction as the
main property, which in turn may be interpreted through
the HCF as a means to find important properties concerning
protein characterizations at different pH values. Thus, at this
level of electrically charged chain scales, it is possible to visu-
alize the interplay among hydration, characteristic sizes, and
electrostatic states associated with the polypeptide chain frac-
tal dimensions. Finally, it is interesting to visualize in Sup-
porting Information Fig. SI-4 that the BSA packing fractal
dimension evaluated from these particles at different pH val-
ues decreases for the protein denature states; thus more open
and linear chain conformations are obtained as expected, by
taking into account that the ideal protein isoelectric point has
g p ≈ 3.

Before ending this section, it is crucial to visualize that
the experimentally measured mobilities of proteins are nec-
essary for the determination of their electrokinetic and hy-
drodynamic parameters. Therefore in the framework of the

C© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.electrophoresis-journal.com
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experimental CZE technique, it is required to place emphasis
in that 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 electrically
charged SSP in the low charged regime is shown to be useful
to physically interpret experimental electrophoretic mobility
of proteins. As far as flow of the BGE solution through the
particle is allowed, the friction fractal dimension takes val-
ues within the range 3/5 to 1, quite above from the collapse
globule regime. Thus one expects that models involving the
SSP described here and the SPP presented previously may be
applied well mainly for denatured states of globular proteins
and for those native proteins in rather open conformations,
where hydrations may be relatively high.

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 electrokinetic and hydrodynamic parameters.
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