
J. Sep. Sci. 2014, 00, 1–7 1

Julio A. Deiber1

Maria V. Piaggio2

Marta B. Peirotti1

1Instituto de Desarrollo
Tecnológico para la Industria
Quı́mica (INTEC), Universidad
Nacional del Litoral (UNL),
Consejo Nacional de
Investigaciones Cientı́ficas y
Técnicas (CONICET), Santa Fe,
Argentina
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Estimation of electrokinetic and
hydrodynamic global properties of relevant
amyloid-beta peptides through the modeling
of their effective electrophoretic mobilities
and analysis of their propensities to
aggregation†

Neuronal activity loss may be due to toxicity caused by amyloid-beta peptides forming soluble
oligomers. Here amyloid-beta peptides (1–42, 1–40, 1–39, 1–38, and 1–37) are characterized
through the modeling of their experimental effective electrophoretic mobilities determined
by a capillary zone electrophoresis method as reported in the literature. The resulting elec-
trokinetic and hydrodynamic global properties are used to evaluate amyloid-beta peptide
propensities to aggregation through pair particles interaction potentials and Brownian ag-
gregation kinetic theories. Two background electrolytes are considered at 25�C, one for pH
9 and ionic strength I = 40 mM (aggregation is inhibited through NH4OH) the other for
pH 10 and I = 100 mM (without NH4OH). Physical explanations of peptide oligomeriza-
tion mechanisms are provided. The effect of hydration, electrostatic, and dispersion forces
in the amyloidogenic process of amyloid-beta peptides (1–40 and 1–42) are quantitatively
presented. The interplay among effective charge number, hydration, and conformation of
chains is described. It is shown that amyloid-beta peptides (1–40 and 1–42) at pH 10, I =
100 mM and 25�C, may form soluble oligomers, mainly of order 2 and 4, after an incubation
of 48 h, which at higher times evolve and end up in complex structures (protofibrils and
fibrils) found in plaques associated with Alzheimer’s disease.
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1 Introduction

CZE is a powerful analytical method [1–6] to characterize the
electrokinetic and hydrodynamic global properties of complex
polyampholyte-polypeptide heterochains through the mod-
eling of their effective electrophoretic mobilities in BGEs
with well defined temperature, pH, ionic strength I, elec-
trical permittivity g, and viscosity �s [7–29]. Chain proper-
ties are then needed to find out relevant biophysical mecha-
nisms describing biological systems. In this regard, proteins
and peptides may be studied in different BGEs formulated
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to pursue biological subjects, where bioprocesses involved
in human pathologies and associated biomarkers still re-
quire elucidation to incur in a trial clinical stage. Within
this framework a typical specific case is Alzheimer’s dis-
ease (AD), for which a definite etiopathology is not well
known at present. Several hypotheses have been proposed,
and among them, the loss of neuronal activity due to toxi-
city caused by amyloid-beta (A�) peptides forming soluble
aggregates is considered one of the most probable. In fact
the histopathology is characterized by extracellular plaques
formation caused by aggregation of mainly A�(1–42) with an
amino acid sequence (AAS) DAEFRHDSGYEVHHQKLVF-
FAEDVGSNKGAIIGLMVGGVVIA, and A�(1–40) where the
terminal I(41) and A(42) are not present. In this regard, the
“amyloid cascade hypothesis” [30,31] establishes that the ini-
tiation of AD involves the accumulation of main A� peptides

†This paper is included in the virtual special issue on Amino acids,
proteins and peptides available at the Journal of Separation Science
website.

C© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com



2 J. A. Deiber et al. J. Sep. Sci. 2014, 00, 1–7

as a consequence of an imbalance between their production
and clearance. From both familial and sporadic AD, the re-
sult is an increase in A� soluble oligomers, intermediates,
and fibrils with a progressive formation of amyloid plaques,
where the addition of new aggregates occurs. Also the ki-
nase/phosphatase activity is altered resulting neurofibrillary
tangle formations via high hyperphosphorilated tau protein
provoking disruption of axonal transmission [30–32]. There-
fore, neuronal and synaptic dysfunction takes place. Another
biophysical aspect considered is that some A� peptides suf-
fer a conformational change favoring the aggregation into
soluble oligomers [33]. Several other causes and effects pro-
moting or inhibiting A� peptides aggregation need to be elu-
cidated [30–32, 34]. In general the specific molecular mecha-
nisms yielding extracellular plaques are not well understood
yet.

From the basic point of view, in the amyloidogenic
pathway [30, 31] the intramembrane amyloid precursor pro-
tein (APP) is cleaved through the beta-secretase to release
a part of the soluble extracellular domain into the plasma
and cerebrospinal fluid. Then the carboxy-terminal frag-
ment of APP that remains in the plasma and membrane
is cleaved through the �-secretase system, composed of four
enzymes, thus generating A�(1–42) and its carboxy-truncated
isoforms A�(1–17) to A�(1–40). Further the �-secretase gen-
erates the other known peptides fragments from A�(1–13) to
A�(1–16).

In the search of biophysical mechanisms and biomarkers
associated with AD, the following five peptides were electroki-
netically and hydrodynamically characterized here: A�(1–37)
to A�(1–40) and A�(1–42), which were studied by CZE–UV
in Ref. [35]. These global properties are then useful to eval-
uate A� peptide propensities to aggregation when attention
is focused into the basic pair particles interaction potentials
(PPIPs) and aggregation kinetics theories. The effect of initial
peptide molar concentration Cp on the aggregation mecha-
nisms is also important from the thermodynamic and kinetic
points of view.

The biophysical mechanisms leading to A�(1–40) and
A�(1–42) aggregations may be targeted from two basic scales.
One considers details of peptide primary configuration and
structure described by the AAS and the physicochemical
characteristics and roles of each type of amino acid residue
( [36–38] and citations therein), while the other is concerned
with peptide chain global properties and conformations asso-
ciated with hydrodynamic and electrokinetic effects enhanc-
ing peptides aggregation [35, 39–44]. In the consideration of
this last scale, CZE methods may assist one significantly to
understand some of the basic mechanisms of A� peptides ag-
gregation at different incubation times ti by providing particle
migration times tm associated with the detection of monomer
and soluble oligomer peaks. Despite the fact that these eval-
uations may be processed and modeled to arrive at relevant
conclusions concerning AD, the CZE method has not been
exploited enough for these purposes, as one may judge from
the relatively few works [35, 39–44] dedicated to this specific
application ( [45] and citations therein).

This work presents the evaluation of global properties
of the five A� peptides having N = 37, 38, 39, 40, and 42
amino acid residues through the modeling of their effective
electrophoretic mobility obtained by CZE–UV as provided in
Ref. [35]. One protocol of this work, where chain aggregation
was inhibited, allowed us the characterization of these pep-
tides individually. Following another protocol of this work we
studied the propensity to aggregation of A�(1–42) and A�(1–
40) by using their global properties and well established ki-
netic theories of Brownian aggregation [46,47]. For these pur-
poses, the perturbed Linderstrøm–Lang CE model was used
by taking into account that its applicability to polyampholyte-
polypeptide chains has been discussed in detail in Refs. [8,
12, 13, 15, 17, 18, 20, 22, 25–29] pointing out the approxima-
tions introduced (see also some details in the Supporting In-
formation). From the framework of spherical and aspherical
particles we provide here relevant electrokinetic and hydrody-
namic properties of the five A� peptides and the characteristic
rapid and slow doublet formation kinetic constants of peptide
Brownian aggregation.

2 Materials and methods

2.1 Peptide samples and CZE–UV protocols

The experimental information concerning the five A� pep-
tides was extracted from Ref. [35] where solutions with pep-
tide concentration 0.033 mg/mL were prepared to assure sol-
ubility. To avoid peptide aggregation via �-sheet formation,
mainly of A�(1–42) and A�(1–40), 0.004% m/v of NH4OH
was added. Methods for peptide dissolution and solution stor-
age at −20�C are well described in Ref. [35]. A small amount
(3 mM) of 1,4-diaminobutane was also added in the BGE to
control the EOF, thus permitting a neat electrophoretic sepa-
ration of the five peptides. This amount had a minor effect on
the peptide’s effective electrophoretic mobility as discussed
by the authors in their optimization procedure. The proto-
col selected for the separation of the five peptides was pH 9,
I = 40 mM in borate buffer at 25�C. Values of tm were ob-
tained here to estimate the effective electrophoretic mobility
�

exp
p of the five peptides. When another protocol with pH 10,

I = 100 mM in borate buffer and without the aggregation
inhibitor was used, the sample incubation time ti became
an important parameter. In fact estimated calculations from
UV-absorbance ratios indicated that the peptide mass concen-
tration of A�(1–42) changed initially from 0.033 to around
0.007 mg/mL at 48 h, while the aggregation was lower for
A�(1–40) in the same time with a change from 0.033 to
around 0.018 mg/mL. Therefore, this relevant information
allowed us to consider also the amyloidogenic pathway of
these two A� peptides in this specific BGE by considering
the theoretical framework described briefly in Section 2.2.3.
In this regard, global properties and propensities to aggre-
gation of A�(1–40) and A�(1–42) were evaluated as a first
step toward future studies on this subject via the CZE–UV
method.
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2.2 Theoretical concepts and considerations

2.2.1 Electrokinetic and hydrodynamic global

properties

The electrokinetic and hydrodynamic peptide global prop-
erties estimated here are ([8, 18, 20, 22, 25, 28, 29] and Sup-
porting Information): effective electrical charge number Z,
total electrical charge number ZT, effective charge num-
ber fraction �	 = |Z| /N, total charge number fraction 	 =
ZT/N, approximate hydration designated H (number of wa-
ter molecules per chain) or 
 (gram of water/gram of pep-
tide), size estimated via the hydrated equivalent hydrody-
namic Stokes radius aH, compact radius ac accounting for the
chain mass only, packing fractal dimension gp, friction frac-
tal dimension gf, friction ratio � (also designated asphericity)
where both the stick and slip between fluid and hydrated
particle may be considered [28], pH of the chain microenvi-
ronment designated pH* due to particle charge regulation
phenomenon, average peptide specific volume vp [18]. The
characterization of the monomer state of peptides through
these global properties is relevant taking into account that
for high enough incubation times of their soluble oligomers,
A� peptides may evolve ending up in complex structures like
protofibrils and fibrils typically found in AD [45].

2.2.2 Maximum and minimum peptide hydration

Peptide hydration is here defined H = Ho + Hd, where Ho

is the number of water molecules captured by amino acid
residues of peptide AAS, while Hd is the number of wa-
ter molecules due to the degree of water occlusion or re-
lease by peptides (see Supporting Information and details in
Ref. [18]). It is clear that H is dependent in part on the AAS
and protocol pH [28, 29]. An important physical interplay be-
tween particle shape and hydration is that for a given �

exp
p

involving either peptides and proteins, Hd = 0 and � < 1
implies the minimum 
 value sampled by the chain, while
the same �

exp
p with Hd>0 and � = 1 gives the maximum

hydration value physically admissible as demonstrated and
validated previously [12, 13, 18, 28]. Conversely, when a given
�

exp
p yields � > 1 with Hd = 0 for both spherical and as-

pherical hydrated particles (BGE slip or stick at these particle
surfaces may apply, respectively [28]). Hd < 0 is required to
obtain � = 1 giving a minimum hydration as long aH �
ac is satisfied [12, 28]. Some peptide conformations sampled
as spherical particles cannot give a solution in this last case
because unphysical results are obtained when aH < ac.

2.2.3 Pair particles interaction potentials and

Brownian kinetics of aggregation

CZE–UV is a powerful method to study experimentally dif-
ferent conformational states, like those found in the protein
native-unfolding problem [13, 48] and the propensity to ag-
gregation of interacting polypeptide chains, at appropriate

concentrations and BGE formulations. Concerning the later
application, the understanding of global forces intervening
in the oligomerization of interacting hydrated particles (here
hydrated polyampholyte–polypeptides chains) is still a sub-
ject of research with many aspects to be elucidated yet, as
discussed in the literature ([47, 49] and citations therein).
Nevertheless, at present there is available a theoretical frame-
work providing relevant mechanisms which may be appli-
cable to the amyloidogenic process of peptides when some
electrokinetic and hydrodynamic global properties values are
obtained. For the purposes of this work we consider three
basic forces that control the oligomerization of A� peptides.
First it is appropriate to quantify electrostatic repulsion and
dispersion attractive forces associated with the Derjaguin–
Landau–Verwey–Overbeek (DLVO) theory [50, 51]. These
forces require values of electrokinetic and hydrodynamic
global properties obtained from CZE–UV (Sections 2.2.1 and
2.2.2). Thus a simple expression for the repulsion electrostatic
PPIP designated UR between two particles as a function of
the distance r between their centers is [47]

UR ≈ 32�g
(

kBT

e

)2

aH tanh2
(

e

kBT

)
exp( − �(r − 2aH)) (1)

where e is the elementary charge,  = e Z/(4�gaH(1 +
�aH)) is the peptide zeta (electrokinetic) potential, � =
(2Ie2 NA103/gkBT )1/2 is the Debye–Hückel parameter, kB is
the Boltzmann constant, T is the absolute temperature and
NA is the Avogadro constant. The attractive dispersion PPIP
designated UA is [47]

UA ≈ −1

6
Aeff

H (r − 2aH)
(

2a2
H

r2 − 4a2
H

+ 2a2
H

r2
+ ln

r2 − 4a2
H

r2

)
(2)

where Aeff
H (r − 2aH) is the effective Hamaker function de-

pending on r when UV relaxations dominating part of the
dielectric spectra are considered. When relaxation effects are
neglected Aeff

H becomes the classical Hamaker constant AH as
defined and evaluated in the Supporting Information, giving
for these peptides around 1.51 × 10−20 J. These two DLVO
forces are relevant for pair particle distances in the range 1–
5 nm. They do not apply when particles become near contact.
Additional hypotheses concerning Eqs. (1) and (2) are well de-
scribed in Ref. [47] and citations therein. When hydration is
relevant in these particles, the consideration of the hydration
force in aqueous solutions is appropriate, which is included
in the framework of the non-DLVO theory. Typically the fol-
lowing empirical equation for the repulsive hydration PPIP
designated UH may be used ([49] and citations therein),

UH ≈ �aH LH�Gexp(−(r−2aH)/LH) (3)

In Eq. (3), LH is the structural water layer around the
hydrated particle. Therefore, we also found appropriate to
expressLH ≈ NL(aH − ac) as the product of the number of
structural water layers NL of hydration thickness (aH − ac).
Here �G is interpreted as the free energy per unit surface
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area associated with water molecules interchange between
bulk BGE and structural water layer when r → 2aH. For nu-
merical calculations involving Eq(3). one must visualize that
for a given value UH, a decrease in �G requires higher val-
ues of LH, and LH ≤ 1/� is also approximately expected. To
consider Eqs. (1) to (3) as a first approximation to study the
aggregation of peptides assumed as hydrated polyampholyte-
polypeptide particles with weak ionizing groups, we also
add here the restriction that the “pair particle charge regu-
lation phenomenon” is neglected as a first approximation. In
fact, PPIPs may present additional phenomenological cou-
pling effects at close distances, and hence data of the effec-
tive electrophoretic mobility of both peptide monomers and
oligomers are required as those reported, for instance, in Ref.
[43].

From Eqs. (1) to (3), the aggregation stability ratio W =
kr/ks can be estimated where kr = 16�aH D is the rapid dou-
blet formation kinetic constant when peptide diffusion is con-
trolling the aggregation. On the other hand when a potential
repulsive barrier is the controlling mechanisms the slow dou-
blet formation kinetic constant is [47]

ks = 8�D

/ ∫ ∞

2aH+�

exp(U/kBT )dr/r 2 (4)

where the peptide diffusion coefficient D = �kBT/(6��saH)
is evaluated as proposed in Ref. [18]. Also, � ≈ 0.1 nm [47]
and the total PPIP is U = UR + UA + UH giving a total pair
particle interacting force F = −∂U/∂r . Thus ks << kr when
a positive maximum of U(r) is found and hence an appro-
priate dimensionless repulsion barrier Umax/kBT>>1 may be
defined. Then from the classical Smoluchowski aggregation
theory [46] the number of aggregates nk(t) with k monomers

or disaggregated A� peptides, at incubation time ti is ex-
pressed, nk(ti)/no = (ti/�)k−1/(1 + ti/�)k+1, where the initial
number concentration of monomer is no = 103Cp NA/M and
� = 3�sW/(4nokBT�) (calculations use unit of h for �) is the
characteristic aggregation time. Here M is the monomer mo-
lar mass. Also n1(0) = no and nk(0) = 0 for k >1 indicating
that at ti = 0 the solution contains monomers only. This
theory considers: (i) W is independent of aggregate sizes
and (ii) the most probable aggregations occur between pairs
of particles of equal size. Further details of our calculation
scheme with this theory are presented in the Supporting In-
formation.

3 Results and discussion

Table 1 shows numerical results of the five peptides electroki-
netic and hydrodynamic global properties when the mini-
mum hydration state of the aspherical particle is considered
(Hd = 0 and � < 1). Some global properties may vary from
around 5 to 10% when A�(1–37) and A�(1–42) are compared.
Thus hydration 
 is around 5% higher for A�(1–37) than for
A�(1–42), indicating a major repulsion in the former pep-
tide due to the resulting hydration force [Eq. (3)], which is
consistent with numerous previous findings indicating that
A�(1–42) is the most aggregating one. Also zeta electrical
potentials show a difference of the order of 4% in favor of
a higher electrostatic repulsion force [Eq. (1)] among A�(1–
37) chains, as expected from previous results, indicating that
increasing the concentration Cp (closer approach between
particles) A�(1–42) will have a lower pair electrostatic repul-
sion force than A�(1–37). This last situation favors the onset
of oligomerization for A�(1–42). It is relevant that the fric-
tion ratio of A�(1–37) is around 10% higher than that of

Table 1. Numerical results of hydrodynamic and electrokinetic global properties of A�(1–37) to A�(1–40) and A�(1–42) peptides for pH
9, I = 40 mM and 25�C. The model considers aspherical particles (� < 1) with minimum hydration (Hd =0). BGE stick boundary
condition applies. These peptides have pI ≈5.44

Peptides A�(1–37) A�(1–38) A�(1–39) A�(1–40) A�(1–42)

�
exp
p ×108 (m2V−1s−1) −1.510 −1.527 −1.554 −1.575 −1.604

aH×1010 (m) 12.23 12.27 12.36 12.45 12.61
M ×103 (kg/mol) 4070 4127 4226 4325 4509
vp×103 (m3/kg) 0.701 0.700 0.702 0.705 0.710
ac×1010 (m) 10.42 10.45 10.55 10.65 10.82
pH∗ 8.44 8.45 8.45 8.46 8.47
Z −3.96 −3.96 −3.97 −3.97 −3.97

 0.433 0.431 0.425 0.420 0.412
H 98 99 100 101 103
 (mV) −32.86 −32.70 −32.39 −32.08 −31.51
� 0.862 0.876 0.900 0.921 0.954
gp 2.486 2.488 2.495 2.502 2.511
gf 0.443 0.438 0.429 0.422 0.411
	 0.275 0.267 0.261 0.254 0.242
�	 0.107 0.104 0.102 0.099 0.095
AHIa) −1.02 −1.05 −0.92 −0.80 −0.58

a) Average hydrophobic index: AHI; Maximum AHI = 10 and minimum AHI = −10.
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Figure 1. Effective charge number fraction �	 = |Z| /N as a func-
tion of total charge number fraction 	 = ZT/N of A�(1–37) to
A�(1–40) and A�(1–42) peptides. Dashed and full lines indicate
the transition zone between hybrid chain and collapsed globule
regimes described through �	 = (	/N)1/2 for N = 37 and 42. Sym-
bols � and � refer to calculations with aspherical and spherical
particles, respectively.

A�(1–42). This is physically consistent with the value gf =
0.443 for A�(1–37) presenting a more open conformation
nearer to theta-condition [18, 20, 22, 25, 28, 29] than A�(1–42)
with gf = 0.411, which is approaching the collapse globule
regime (Fig. 1). All these results seem to be consistent in re-
lation to calculations showing that A�(1–42) is also the most
hydrophobic of the five peptides. In fact, the evaluation of
the average hydrophobic index [29] indicates that A�(1–42) is
more hydrophobic in around 43% than A�(1–37) (Table 1).
It is important to point out that the repulsion PPIP due to
hydration is enhanced with the hydrophilic nature of particle
surfaces [49].

From Table 1 similar qualitative comparisons as those
carried out above for A�(1–37) and A�(1–42) may be per-
formed between A�(1–40) and A�(1–42) reaching the con-
clusion that the former has less propensity to aggregation
than the later as already reported experimentally in a high
number of citations. In particular, A�(1–42) is 28% more
hydrophobic than A�(1–40), which also takes a role in the
amyloidogenic process through the hydration PPIP [Eq. (3)].

Table S1 of the Supporting Information shows numer-
ical results of the five peptides global properties when the
maximum hydration state of the spherical particle is con-
sidered (Hd �= 0 and � = 1). Thus for instantaneous con-
formations incorporating water and yielding a particle with
spherical shape and relatively low surface forces, one finds
that the hydration of A�(1–42) is much lower than that of
A�(1–37) in around 39%. This is a strong evidence that in the
random approach between high hydrated pair of A�(1–42)
chains at an appropriate Cp value (relatively low distance be-
tween particles) the hydration repulsive force obtained from

Table 2. Numerical results from the study of propensity to ag-
gregation of A�(1–40) and A�(1–42) peptides at pH 10,
I =100 mM and 25�C, for �G ≈32 mJ/m2. The model
considers spherical particles with maximum hydration
(� =1 and Hd �=0). BGE stick boundary condition applies.
Also ti =48 h and AH =1.51 ×10−20 J

Peptides A�(1–40) A�(1–42)

Umax/kBT 28 26
� (h) 134.21 36.27
LH×1010 (m) 9.90 9.57
NL 4.14 4.69
D × 1010 (m2/s) 1.85 1.88
kr × 1017 (m3/s) 1.22 1.22
ks × 1027 (m3/s) 0.90 3.48
W × 10−9 13.48 3.49

Eq. (3) is relatively lower, thus creating favorable conditions
for nucleation and aggregation. It must be added to this phys-
ical situation the fact that electrostatic repulsion derived from
Eq. (1) is also lower for this peptide (Supporting Information
Table S1). This analysis shows that the probability to aggre-
gate is higher for A�(1–42) than for A�(1–37).

Figure 1 shows the conformational evolution line of �	

versus 	 [22,29] corresponding to the five peptides at pH 9, I =
40 mM and at 25�C. These peptides are close to the transition
zone from the hybrid chain to the collapsed globule regimes,
and from A�(1–37) to A�(1–42) conformational states tend
to the collapsed regime The fact that the BGE at pH 9 used
for separation purposes in Ref. [35] did not allow peptide
aggregation for ti < 24 h shows that the characterization
of each peptide individually is in addition useful to analyze
the role of global forces in the amyloidogenic process where
electrostatic and hydration repulsion and dispersion attractive
forces are involved, at least in qualitative terms [47, 49].

Although from Table 1 and Supporting Information
Table S1 one observes that the five A� peptides studied here
did not present significant differences in electrokinetic and
hydrodynamic global properties evaluated at pH 9 and I =
40 mM, it is worth to take into account however that subtle
variations detected and discussed above of the monomer A�

peptides are significantly affecting their Brownian aggrega-
tion kinetics when quantitative estimations are carried out in
the framework of Smoluchowski theory described at the end
of Section 2.2.3. In fact this quantitative analysis is possible
when the protocol at pH 10, I = 100 mM and the change of
Cp after incubation of 48 h are considered for A�(1–40) and
A�(1–42). In this regard, Supporting Information Tables S2
and S3 provide electrokinetic and hydrodynamic global prop-
erties for these peptides obtained from the theory described
in Sections 2.2.1 and 2.2.2, so that they can be used in Section
2.2.3 to evaluate the aggregation kinetic parameters reported
in Table 2 and Supporting Information Table S4 for spher-
ical (maximum hydration) and aspherical (minimum hydra-
tion) through the numerical procedure described briefly in
the Supporting Information. In this regard, Table 2 validates
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Figure 2. Prediction of peptide aggregation fractions nk(t)/no for
k = 1 and 2 monomers as a function of incubation time ti. Dashed
and full lines refer to A�(1–40) and A�(1–42), respectively.

the qualitative discussion presented above. In fact we found
that in the state of maximum hydration at pH 10, I = 100 mM
and 25�C, A�(1–42) has a higher propensity to aggregate than
A�(1–40) due to the following relative physical considera-
tions concerning the former peptide: (i) the repulsion hydra-
tion force is lower due to lower values of hydration layer LH,
(ii) the slow kinetic rate ks is higher by one order of magni-
tude, which is also reflected in the stability ratio W, despite
the rapid doublet formation kinetic constants of these A�

peptides are near equal as expected, because their diffusion
coefficients involve similar molar masses (their AASs differ
in two amino acid residues only). Here �G ≈ 32 mJ/m2 has
been used for numerical calculations reported in Table 2 and
Supporting Information Table S4 mainly taking into account
that the controlling parameter concerning the validation un-
der analysis satisfies LH ≤ 1/�, as obtained from numerical
calculations when the incubation time is ti = 48 h and Cp(ti)
are the input experimental data. Monomer concentrations
at this incubation time are illustrated in Fig. 2 for spherical
particles. This figure also shows that at 48 h, A�(1–42), and
A�(1–40) present dimer fraction values 0.102 and 0.144, re-
spectively. For k = 2, this figure shows that full and dashed
lines are crossing one another indicating consistently that the
maximum value of dimer formation for A�(1–42) occurs ear-
lier (at around 18 h) than that of A�(1–40) (at around 67 h).
Tetramer fractions not shown in Fig. 2 are 0.034 and 0.011 for
A�(1–42) and A�(1–40), respectively. Higher order oligomer
fractions take values < 10−3 but still high enough for the
onset of a slow amiloydogenic process, of course considering
that input data come from an experimental study in vitro.

For the state of minimum hydration at pH 10, I = 100 mM
and 25�C (Supporting Information Table S4), the same valida-
tion and conclusions are obtained for the relative propensities

to aggregate of A�(1–40) and A�(1–42). Also it is relevant to
visualize from Table 2 and Supporting Information Table S4
that while LH still plays the same role in both situations of
maximum and minimum particle hydrations, the relative val-
ues of the number of hydration layers NL becomes lower for
A�(1–40) than for A�(1–42) when � = 1 because the layer
thickness (aH − ac) of A�(1–40) increases significantly (see
Supporting Information Tables S2 and S3 and the text below
Eq. (3)). In fact, this particle hydration is high and NL tends
to be lower because aH becomes also high giving aH>>ac.

Finally, the analysis of each PPIP contribution to the re-
sultant peptide aggregation rates indicates that the repulsive
hydration force is relatively significant when the peptide sta-
bility ratio estimated from experimental data are fitted by
Eqs. (1) to (3) and the aggregation Smoluchowski theory. In
this regard, this theoretical framework should be improved by
considering, for instance, the “pair particle charge regulation
phenomenon” at very short separating distances between par-
ticles. This additional effect may be added to the “self charge
regulation phenomenon” of the particle alone already consid-
ered here.

4 Concluding remarks

Electrokinetic and hydrodynamic properties of A� peptides
evaluated from the modeling of their effective electrophoretic
mobilities at well defined BGE properties are required to es-
timate the propensity to aggregation of these polyampholyte-
polypeptide chains having weak ionizing groups. It was also
shown that CZE–UV is one of the most appropriate experi-
mental methods for the following purposes: (i) to obtain pep-
tide monomer concentration ratios at different incubation
times and (ii) to achieve the evaluation of a well defined set of
global properties needed in calculations involving Brownian
aggregation theories. These theories are able to estimate val-
ues of the A� peptide stability ratio and the slow aggregation
kinetic rate. Our forthcoming work will consider the effects of
A� peptide concentration, aggregate sizes, and “pair particle
charge regulation phenomenon” on the amyloidogenic pro-
cess; the latter one being a relevant and still not well described
effect in polypeptide interactions.
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