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ABSTRACT We report a theoretical investigation of the electrohydrodynamic properties of spherical soft particles composed of
permeable concentric layers that differ in thickness, soft material density, chemical composition, and flow penetration degree.
Starting from a recent numerical scheme developed for the computation of the direct-current electrophoretic mobility («) of diffuse
soft bioparticles, the dependence of u on the electrolyte concentration and solution pH is evaluated taking the known three-
layered structure of bacteriophage MS2 as a supporting model system (bulk RNA, RNA-protein bound layer, and coat protein).
The electrokinetic results are discussed for various layer thicknesses, hydrodynamic flow penetration degrees, and chemical
compositions, and are discussed on the basis of the equilibrium electrostatic potential and hydrodynamic flow field profiles that
develop within and around the structured particle. This study allows for identifying the cases where the electrophoretic mobility is a
function of the inner structural and chemical specificity of the particle and not only of its outer surface properties. Along these lines,
we demonstrate the general inapplicability of the notions of zeta potential ({) and surface charge for quantitatively interpreting
electrokinetic data collected for such systems. We further shed some light on the physical meaning of the isoelectric point. In
particular, numerical and analytical simulations performed on structured soft layers in indifferent electrolytic solution demonstrate
that the isoelectric point is a complex ionic strength-dependent signature of the flow permeation properties and of the chemical
and structural details of the particle. Finally, the electrophoretic mobilities of the MS2 virus measured at various ionic strength
levels and pH values are interpreted on the basis of the theoretical formalism aforementioned. It is shown that the electrokinetic
features of MS2 are to a large extent determined not only by the external proteic capsid but also by the chemical composition and
hydrodynamic flow permeation of/within the inner RNA-protein bound layer and bulk RNA part of the bacteriophage. The impact of

virus aggregation, as revealed by decreasing diffusion coefficients for decreasing pH values, is also discussed.

INTRODUCTION

Over the years, growing attention has been devoted to the
fundamental understanding of electrokinetic phenomena and
their applications in various fields of science such as mi-
crofluidics (1,2), environmental science (3), advanced oil
recovery issues (4), and modern ceramic materials prepara-
tion (5), to mention only a few. Understanding the concept,
definition, measurement, and interpretation of electrokinetic
potentials, and the role played by surface conduction (6) in
accounting for electrokinetic data on hard, rigid particles,
has seen substantial progress (7—15). For the sake of illus-
tration, we mention the ‘‘dynamic Stern layer model’’ now
frequently used to reconcile zeta potentials as obtained from
independent electrokinetic techniques, e.g., electrophoresis
and dielectric spectroscopy. We may state that for ‘‘simple’’
surfaces the slip process, and for that matter, the physical
notion of zeta potential, are now well established even
though molecular interpretation is still the subject of ongoing
research (16). The theoretical problems are now shifting to-
ward the interpretation of the electrokinetics of ‘‘complex’’
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soft colloidal systems such as bacterial particles (17-23),
humic acids (24), or polysaccharides (25,26).

Contrary to their hard counterparts, soft particles are gen-
erally characterized by a hard core covered by a (charged)
polyelectrolyte type of layer of given hydrodynamic per-
meability (27,28). The electrokinetic properties of such par-
ticles have been the subject of recent extensive theoretical
developments. In a pioneering work by Ohshima (27,29), the
flow permeability within the soft layer was considered by
assuming a discontinuous description of the interface, i.e.,
the density of the polymer chains was found constant in the
soft surface layer and dropped sharply to zero at the very
interface formed with the electrolyte side. This interfacial
description is thus based on a step-function-like or homo-
geneous profile for the soft material density throughout the
permeable part of the particle. Analytical solutions of the
governing transport and electrostatic equations were so pro-
vided, mainly by Ohshima (27,29), for a variety of soft col-
loids under the conditions that polarization and relaxation
of the electrical double layer are absent. More advanced
(numerical) analyses integrate polarization/relaxation of
electric double layer under the action of applied field (30-35)
and allow for the evaluation of the electrophoretic mobility
over a wide range of electrolyte concentrations, coating
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thicknesses, and polyelectrolyte charges. Recently, Hill et al.
(30,31,34) introduced arbitrary segment and charge density
distributions in their electrokinetic model for soft particles.
Later, Duval and Ohshima (35) systematically investigated
the impact of such a continuous polymer material density
profile within the soft layer on the electrophoretic mobility.
Based on a diffuse representation of the soft interface, they
quantified the important discrepancies between mobilities as
evaluated from a discontinuous modeling of the interface and
a diffuse, continuous interface where the density of polymer
segments gradually decays from bulk values within the heart
of the soft layer to zero in the electrolytic solution. Use of this
theory is particularly relevant for interpreting electrokinetic
data collected for colloidal systems such as microgel parti-
cles (36,37), humic acids (24), or polysaccharides (25,26),
which undergo deformation via swelling/shrinking processes
(36-39) or aggregation under the effect of electrolyte con-
centration, variations in solvent quality, or temperature.

Despite the advances brought about by this formalism, it
applies to particles for which the chemical composition
(nature of ionogenic sites) of the soft layer remains constant
in space, thus focusing only on the spatial anisotropy in poly-
electrolyte chains distribution. Basically, this comes to state
that the local charge distribution within the soft layer follows
that dictated by the spatial profile for the polyelectrolyte
chains density. Successful application of the model (35) is
reported in (21) for the examination of the electrokinetic
properties of Gram-positive bacteria of the oral type Strep-
tococcus salivarius covered by pili of length 60-200 nm.
The typical hydrodynamic penetration length (of magnitude
~1 nm) within the pili is too small for the electroosmotic flow
to probe the different chemical compositions of the outer pili
layer and of the inner peptidoglycan layer; therefore, the
electrokinetics is determined by the chemical and hydrody-
namic permeation properties of the outer pili layer only.

For a number of bioparticles, viruses being the paradigms
(10-50 nm in radius), the spatial anisotropy in polymer
segment distribution is strongly accompanied by position-
dependent chemical heterogeneities (40-42), the length
scales of those being of the same order of magnitude than
typical flow penetration lengths reported for soft bioparticles.
In such cases, the assumption of similar spatial functionalities
for the distribution of the volume charge density and polymer
segment density within the soft layer is clearly inadequate
and needs to be revisited, which is essentially the purpose of
this study.

For MS2 bacteriophage (40-42), one may clearly distin-
guish three concentric soft layers that differ in composition: a
bulk RNA region (center part of the virus, radius ~8 nm), an
RNA protein-bound layer (thickness ~3 nm), and a proteic
capsid that forms the outer shell of the virus (thickness ~2
nm). To our knowledge, the understanding of the electro-
kinetic properties of such type of permeable particles has re-
ceived only marginal attention despite the fundamental
foundations laid down by the recent theories for the electro-

Biophysical Journal 94(8) 3293-3312

Langlet et al.

kinetics of soft particles (27-35). In Schaldach et al. (43), the
analysis of the electrokinetic features of various bacteriophages
relies on the application of the Helmholtz-Smoluchowski
equation and on the notion of zeta potential, {, which is as-
similated to the ‘‘average surface potential’’ (43) of a spherical,
hard particle within the Debye-Hiickel approximation. That
average surface potential is evaluated by summing over the
surface the corresponding local surface potentials as obtained
from the interaction potentials between the considered surface
position and all charges located within the particle. The analysis
disregards the flow permeation properties of the bacteriophage,
which is a priori inconsistent with the subsurface viral structure
that exhibits pores (41,44), the size of which exceeds tens of
angstroms. For such soft particles, the very notion of {-potential
has no physical meaning, since the gradual decay of the flow
field within the particle makes the location of any slip plane
irrelevant (45). Only for particles with moderate hydrodynamic
permeability, one may use the {-potential concept for inter-
preting electrokinetic data, providing, however, that tangential
surface conduction processes are taken into account in the
electrokinetic model. This was shown in a recent study by
Dukhin et al. (46), who reconciled the soft particle approach first
proposed by Ohshima and the surface conduction phenomena
that typically take place at the interface between hard particles
and aqueous solution. None of those elements are considered in
the electrokinetic analysis reported in Schaldach et al. (43).

In view of the preceding elements, the objectives of our
work are essentially twofold:

i. Extend the formalism reported in Duval and Ohshima
(35) to the case of particles where spatial structural and
chemical anisotropy concomitantly govern their electro-
kinetic response. For that purpose, we shall reason on the
basis of a three concentric layers composition for the
particle, taking the example of MS2 bacteriophage as a
supporting model. Rigorous numerical solutions of the
key electrohydrodynamic equations will be provided for a
number of situations that underline the complex interplay
among the respective layer thicknesses, the overall flow
permeability, the local polymer segment densities within
the particle layers, and their chemical properties.

ii. Analyze specifically the electrokinetic peculiarities of
MS2 bacteriophage. To do this, the reported chemical
composition (GenBank accession numbers NP 040648
for MS2 coat protein and NC 001417 for MS2 complete
genome) of the layers that constitute the virus will be
taken into account in the model developed in (i), and so
will be the soft material (RNA bulk, RNA protein-bound,
and coat protein) density profile from the center of the
virus to its outer periphery, as recently measured by
cryoelectron microscopy (cryoEM) (41,42) and small-
angle x-ray scattering (40). The analysis will allow for the
determination of the contribution of the bulk RNA and
RNA protein-bound layer to the overall electrophoretic
mobility.
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The information derived from the study reported here
forms the basis for a quantitative description of the electro-
static and hydrodynamic features of isolated MS2 bacterio-
phage. Knowledge of these interfacial characteristics is of
outmost relevance for understanding on a fundamental level
the interfacial phenomena of practical importance that MS2
are involved in, such as transport through groundwater (47—
52), virus filtration through membranes (53-55), bioadhesion
(53,56-62), and virus aggregation (63,64).

MATERIALS AND METHODS
Preparation of viruses suspension

MS?2 phages (ATCC 15597-B1) were replicated according to standard pro-
cedure (ISO 10705-1, 1997) without a CHCl; lysis step and using Escherichia
coli Hfr K12 (ATCC 23631) as bacterial host. After replication, the viral
suspension was centrifuged (Beckman (Fullerton, CA), model J2-22,
27,000 X g, 60 min, 4°C) and the supernatant filtered through a 0.22 pum
membrane (Millipore (Billerica, MA), SLGP0O33RS). All suspensions were
dialyzed (100 kDa molecular weight cutoff, Spectrum (Gardena, CA), 131420)
against deionized water (0.1 uS.cm ") for 14 h and dialyzed for a second time
against NaNO; 1 mM, pH 6.7, (150 uS.cm™) for 14 h. Suspensions were then
filtered again (0.22 wm). The viral suspensions were observed by electron
microscopy to make sure that suspensions contained no aggregates. The final
viral concentrations were 10" plaque-forming units ml~" and were stored as
stock suspension at 4°C before any measurements.

Light scattering and
electrokinetic measurements

Diffusion coefficients and electrophoretic mobilities were measured at 23 =+
0.1°C using the Zetasizer Nano ZS instrument (He-Ne red laser (633 nm,
Malvern Instruments, Malvern, UK). The apparatus is equipped with an
automatic laser attenuator and an avalanche photodiode detector. The posi-
tion of the latter is located 173° relative to the laser source so that back-
scattering detection is ensured. Experiments were driven by the Dispersion
Technology Software provided by Malvern Instruments. The distribution of
the diffusion coefficient was evaluated by fitting the measured correlation
curves according to available fitting algorithms. Electrophoretic mobilities
were measured by laser Doppler electrophoresis also known as phase anal-
ysis light scattering. The rate of change of the phase shift between the
scattered light and a reference beam is correlated to the particle velocity and
thus allows for evaluating the particular electrophoretic mobility.

THEORY

Modeling the polymer segment density and
chemical composition profiles for soft
multilayer particles

Spatial anisotropy for the density of polymer segments

We consider the geometrical situation of a permeable bio-
particle composed of three concentric soft layers as depicted
in Fig. 1 A. The spherical coordinates (r, 8, @) are adopted
with the position » = 0 marking the center of the particle.
This soft particle structure is selected in view of the appli-
cation of the theoretical formalism for interpreting electro-
kinetic data on MS2 bacteriophage (see below). Without loss
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of generality, the theoretical modeling could be developed for
an n-layer particular composition with n>3. The thicknesses
of the layers numbered 1, 2, and 3 are denoted in the fol-
lowing as 61, 6,, and 03, respectively, where the subscripts 1,
2, and 3 pertain to the inner, intermediate, and outer layer of
the particle. The spatial distribution of the polymer segment
density within the soft layer i (= 1,2,3), denoted as ny}, is
chosen to be dependent on the radial position » only, and is
written for the sake of generality as

nai(r)/ng; = £(r), (D

where ng; is the nominal segment density of the layer 7, that is
with homogeneously distributed chains. Within the frame-
work of the Debye-Bueche theory (65), polymer segments
constituting layer i may be assimilated to resistance centers of
radius a; that exert frictional forces on the fluid flowing
through layer i. The r-dependence of the hydrodynamic
volume fraction ¢; of polymer segments within layer i, is
simply

bi(r)/ ] = fi(r) 2)

with ¢ = 4”3,177"’3,1 /3. To obtain the spatial distribution of
the friction coefficient k;(r) within the layer i, we reason on
the basis of the Brinkman equation (66) that relates &; to ¢; by
considering the flux of fluid across the group of spheres of
radius ag;. For sufficiently large water content within the
various soft layers of interest, one may show that the result
simply reads as (35)

ki(r) /K = £i(r) 3)

with kY = 9n¢p?/2a%,, n denoting the dynamic viscosity of
water. Stochastic calculations further demonstrate that Eq. 3
is valid for ¢7<<0.3 (67). To go further, explicit expressions
are required for the functions fi;  3(r) that characterize the
spatial profiles of polymer segments densities within the
layer of thickness ;. These expressions may be empirical,
may derive from computational thermodynamics or be
inferred from spectroscopic, imaging, or electronic measure-
ments (35). Following the route detailed in Duval and
Ohshima (35), we shall adopt here the spatial functionalities
as expressed by

o= ml(-ga)el)

where the «; denote the typical length over which the
polymer segment density distribution within the layer i
deviates from the step function-like profile. The local hydro-
dynamic volume fraction of polymer segments within the soft
particle, denoted as ¢(r), may be written in the form

b(r)/d; = F(r), ®)

where we have arbitrarily chosen to normalize ¢(r) with
respect to ¢5. One may easily show that F(r) is given by

F(r) = x{(0i — 0n) fi(r) + (0 — 1) () + 0 fi(r)},
(6)
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where the w3 are defined by wiz = ¢7/¢3 and the scalar x
ensures the constancy of the total number of polymer
segments within the particle upon variation of the heteroge-
neity of the various layers, that is when varying the ratios
@;/8;. As such, y satisfies the relationship

=g (80 -(52) }/ [ e o

Function F essentially refers to the radial polymer segment
density distribution throughout the soft particle. In Fig. 1, B
and C, we show the dependence of function F (Egs. 6 and 7)
on the radial position r for homogeneous distribution of
polymer segments («; /86; = 0, panel B) and diffuse segment
density distribution («;/8; # 0, panel C) in the inner, inter-
mediate, and outer soft layers of the particle. Fig. 1 C
corresponds to the spatial profile of the polymer segment
density measured by cryoEM (41,42) for the bacteriophage
MS2 (see discussion below).

Based on the same arguments that allowed the derivation
of Eq. 3 from Eq. 2, the local friction coefficient k(r) within
the particle is written

k(r)/ks = F(r). ®)

In the following, we shall introduce the local softness
parameter of the particle, the spatial distribution of which is
given by

A(r) = (k(r)/m)'". ©)

B F(
11

N
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The quantity 1/A(r) has the dimension of a length and
denotes the local flow penetration degree within the particle.
Combining Egs. 8 and 9, we have

A(r) _ 1/2
= {F}”, (10)

where 1/A° represents the nominal hydrodynamic penetra-
tion length within the particle for homogeneous polymer
chains distribution, that is aj—1 23— 0.

Spatial anisotropy for the volume charge density within the
soft particle

Under the assumption that the density of ionogenic sites
within the particle is directly proportional to the polymer
segment density 7, the spatial distribution of the volume
density of fixed charges, denoted as pg,, is simply given by

Pix(r)/ps = F(r), (1)

where p§ is the nominal charge density within the polymeric
layer 3 and the function F is given by Eq. 6. Relaxing this
assumption is required for analyzing the electrohydrody-
namic properties of the particles of interest here where
chemical heterogeneity compounds the structural anisotropy
evoked in the preceding section. For those cases that come
closer to practical situations, adopting the scheme of the
previous section, the local volume charge density may be
written

Pi(1) /Py = G(r) (12)

[

[ FIGURE 1 (A) Simplified represen-

! tation of a MS2 viral particle placed in
o | an external electric field E. For the sake

£ /g/ Electrolyte side of readability, the charges that stem from

e the ionogenic sites distributed through-

(=]

4 | out the virus are not indicated, nor are
/ e the ions located within and around the

';“_P_;:-_r'/
~“Bulk RNA (layer 1)
“_"RNA-protein bound (layer 2)
~Proteic capsid (coat protein)
(layer 3) -

C F@
ll

@3

f"”;//mw/,z

particle. Based on the work reported in
(40-42),6, = 8.5nm, 6, = 2.8 nm, and
, 63 = 2.1 nm. The scheme is not to scale.
reis (B) Radial profile F(r) (Eq. 6) for the
volume density of polymer segments
with aj—1,3 =0 (see Eqgs. 4-6). The
interfaces between layer i and i + 1
(i=1,2) and that between layer 3
and the electrolytic solution are step-
function like. (C) Typical example of
polymer segments density distribution
with Ai=123 7é 0 (a; =05 nm, a; =
0.8nm, a3 =0.3nm). The interfaces
between layer i and i + 1 (i = 1,2) and
that between layer 3 and the electrolytic

Electrolyte side
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withG(r) = x{(ci3 — ) fi(r) + (cs = 1) fo(r) + e f5(r) },

13)

where the scalars cj3 are defined by the relationships

i3 = p{/p§. Function G denotes the chemical composition
profile throughout the soft particle. Equation 11 is recovered
from Eq. 13 under the condition c¢j3 = wi3. Equations 12
and13 are strictly valid within the condition of complete
dissociation of the ionogenic groups located at position 7. As
such, the quantity p? can be viewed as the overall net charge
that arises from the complete dissociation of M; types of
ionizable sites within the soft polymeric layer i. In the more
general case, the degree of dissociation of these groups
depends on the nature of the site considered and varies with
the solution pH and the local equilibrium potential, denoted as
O (r) (35). Recognizing for the necessity of introducing
these elements, the coefficients cj3 become pH and position
dependent according to

'3 pH ’ Z plmglm pH lp ( ))/p;)? (14)

where the function g; ,, is the isotherm describing the proto-
Iytic properties of the site of type m within the polyelectrolyte
layer i and the quantity p{  represents the maximal charge
density as reached upon complete dissociation of the sites of
type m present in layer i. For the case of MS2 bacteriophage
(see below), the function gi takes the form

g (PH, " (1)) = ;

K; m—pH)

(15)

1 4 10n® exp[—si,my(r)]7

where y(r) is the dimensionless electrostatic potential
y(r) = Fy'9(r) /RT, with F the Faraday number, R the gas
constant, and T the absolute temperature, and &; ,, takes the
values +1 or —1 depending on the sign of the charge carried
by the site considered. Equation 15 stands for the Langmuir
isotherm derived for the following equilibria:

{S'mH‘jS» B (PKpien = —1) ¢ 1)
S(iﬁm)H (_—)S(i,m) + H (pK1m7 = + 1)

where the subscript (i, m) denotes the layer and type of site S
considered. It is stressed here that the developments above
neglect the local positioning of the M; charged sites within a
given layer i. The formalism adopted here is thus ‘‘smeared-
out’ in the sense that it regards the very distribution of all
ionizable sites within the layer i as homogeneous for a given
r-position. Such approximation is legitimate for typical sep-
aration distances between adjacent charges that do not exceed
the characteristic spatial extension of the electrical double
layer, which will be basically the case for the bacteriophage
MS?2 analyzed in this study. Abandoning this approximation
requires the use of ab initio formalisms where interaction
potential between neighboring sites are accounted for. Re-
taining such a detailed picture of the electrostatics imposes
tackling the flow permeation properties of the particle at a
detailed molecular scale.
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Segment density and chemical composition profiles for
bacteriophage MS2

MS2 bacteriophage is an RNA virus with an icosahedral
capsid measuring 22-29 nm in diameter (68—70). The genome
encodes four proteins: a major coat protein, which builds up
the capsid of the virus; a maturation protein (or A-protein),
which is a minor constituent of the virion involved in pilus
recognition; a replicase (a RNA polymerase necessary for
genome multiplication); and a lysis protein. Recent detailed
small-angle x-ray scattering and cryoEM analyses (40—42)
revealed two spheres of RNA density below the shell of
capsid density, as schematically depicted in Fig. 1 A. From
(40,70,71), the bulk RNA virion is ~8.5 nm in radius, and the
RNA protein-bound layer and the proteic capsid 2.8 nm and
2.1 nm thick, respectively. The radial distribution of the virus,
obtained from the cryoEM analysis reported in van den Worm
et al. (42), is represented in Fig. 2 A. It could be satisfactorily
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FIGURE 2 Reconstruction (panel B) of the radial density distribution as
derived from cryoEM data (panel A, adapted from Fig. 3 in van den Worm
(42)) on the basis of Egs. 4, 6, and 7. The data are normalized with respect to
the largest proteic capsid density (outer shell of the virus). See text for
further detail. The dashed lines mark the spatial transitions among the inner
RNA, RNA protein-bound layer, and proteic capsid.
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reconstructed using Eqgs. 4, 6, and 7 with a; = 0.5nm,
ay ~ 0.8nm, a3 =0.3nm, w3 =0.52, and wy; = 0.63
(x = 1), as shown in Fig. 2 B. We stress that the uniqueness of
this set of parameters in reconstructing the cryoEM data in van
den Worm et al. (42) from Eqgs. 4, 6, and 7 is ensured by the
fact that i), w3 and w,3 pertain to the bulk values of the
normalized density distributions within layer 1 (bulk RNA)
and layer 2 (RNA protein-bound layer), respectively, and ii),
the variables a, ay, and a3 allow a refined description of the
segment density distributions at the interfaces layer 1/layer 2,
layer 2/layer 3, and layer 3/electrolyte solution, respectively.
As such, the determination of each of the parameters involved
in the expression for the segment density distribution (Egs.
4-6) may be done independently. Also, the local details (oscil-
lations) of the density distribution within the heart of the virus
(0<r<6 with rinnm, see Fig. 2 B) have been omitted because
they refer to the spatial region where the electroosmotic flow
within the virus is the most attenuated (as verified from the
calculated flow profiles, not shown). As such, this part of the
viral particle is the least determinant in governing the elec-
trophoretic mobility of the virus, and an account of small local
details therein does not affect our results. The percentage of
solvent in the RNA inner region and in the proteic capsid are
~75% and 98%, respectively (40,71), which justifies the use
of Eq. 3 that identifies the soft material density distribution
(Fig. 2) to that for the friction coefficient £ (Egs. 5 and 8).
To picture the chemical composition of the virus, we started
from the three dimensional viral representation as given in
((69,70,72); Protein Data Bank entry 2MS2). We then in-
ventory the various types of amino-acids in the free-RNA
proteic capsid (layer 3) (protein ID in GenBank: NP_040648)
with lateral ionizable chains and their apparition frequency,
and subsequently assign to each indexed site a pK value as
provided by the computer simulation program PROPKA (73).
The latter evaluates the dissociation constants of a given site
taking into account its chemical environment. The reader is
referred to Li et al. (73) for further details. Comparison with
tabulated pK data (74) that ignore the dependence of the
dissociation constants on the detailed molecular environment
reveals small to significant (1 pH unit) variations, depending
on the type of site considered. Regarding the RNA part of the
virus (layers 1 and 2), we considered the integrality of the
MS2 genomic sequence and listed all ionogenic sites of which
the dissociation generates a charge, and we associated a pK
value for the corresponding acido-basic equilibria (75).
Contrary to the proteic capsid, the tabulated pK values for the
nucleobases do not take into account their specific environ-
ment within the virus. To our knowledge, no computation
program is available for that purpose. As done in Schaldach
et al. (43), we modeled the virus as a spherical particle. From
the geometrical details of the virus illustrated in Fig. 1 and
from the apparition frequencies of the sites, the nominal
charge densities p;_, , ; could be easily evaluated. We specify
here that the count of the RNA ionizable sites could not be
performed by discriminating the bulk RNA from the RNA
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protein-bound layer, which comes to set p} ~ p5. The un-
derlying approximation is, however, acceptable in view of
w13 = wy3. All results pertaining to p?:]l3 ,PK  and & 1y (see
Eqs. 14-17) are collected in Tables 1 and 2. The remaining
parameter required for the theoretical analysis of the elec-
trokinetic data (numerical theory, Eqgs. 1-10 and Eqgs. 12-34
given below) is the nominal hydrodynamic permeability 1/A°
of the virus, which serves as an adjustable parameter.

Governing electrohydrodynamic equations of
soft multilayer particles

The particle described above is placed in a uniform direct
current electric field £ and thereby moves with a velocity
U in an electrolyte of dielectric permittivity &,¢;, composed
of N types of ionic, mobile species with valences z;,
bulk concentrations ¢;*, and limiting ionic conductivities
gj’(/ =1,...,N). The origin of the spherical coordinate
system (r, 0, @) is placed at the center of the particle and the
polar axis (8 = 0) is set parallel to E. The set of governing
electrokinetic equations for a core-diffuse (mono)shell par-
ticle (i.e., for i = 1) has been extensively discussed in recent
studies (35). We present here the basic steps in the derivation
of the fundamental equations for a diffuse soft particle
composed of three concentric soft layers.

The Navier-Stokes equation that determines the flow ve-
locity, i(F), at the position 7 relative to the particle, is written
in its general form (27)

0V X V X i(F) + Vp(7) + py (F)Vi(F) + k(r)ii(F) = 0,
(18)

where p(7) is the pressure, p,(F) and (7) are the space
charge density (resulting from the mobile ionic species) and
the electrostatic potential in the presence of the applied
electric field, respectively. k(r) is the position-dependent
friction coefficient as given by Eq. 8. The quantity p,(¥) is
related to the local ionic concentrations, denoted as (), by

pa(l) = F 3, ¢;(7). (19)

TABLE 1 Chemical composition of the outer proteic capsid of
MS2 bacteriophage and corresponding parameters pp ; ., pKi—3 m,
and ¢_3m as involved in Eqgs. 15-17; see text for further detail

Amino acids pPKs £3.m P35 mF3.m/mM
Glutamic acid (—COOH) 2.79 -1 —370
Tyrosine (—COOH) 2.95 —1 —74
AsPartic acid (—COOH) 3.30 -1 —296
Alanine (—NH7) 7.93 +1 +74
Cysteine (—SH) 9.35 -1 —148
Tyrosine (—OH) 10.00 —1 —296
Lysine (—NHJ) 10.89 +1 +444
Arginine (—NHY) 12.22 +1 +296
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TABLE 2 Chemical composition of the inner RNA part of MS2
bacteriophage and corresponding parameters p? ., pKi,, and &mn
as involved in Egs. 15-17; see text for further detail

Nucleobases PKism &im PYFi m/mM
Phosphodiester 1.5 —1 -976
Adenine (—NHY) 3.725 +1 +225
Cytosine (—NHY) 4245 +1 +255
Uracile (—NH3) 9.26 +1 +240
Guanine (—NH;') 9.29 +1 +255

(i=12)

The continuity equation for a steady incompressible flow
further imposes that

V- i(F) = 0. 20)

The local velocity, (), of an ion j is determined by that of
the liquid flow, i(¥) (convection), and by the gradient in
electrochemical potential, denoted as w;(7) (diffusion), so
that

N -
j= 1,...,N:vj(r):u(r)—)TV,uj(r) 21
j

with A; the drag coefficient of ion j. A; is related to the limiting
conductivity s by the simple expression A = |zj|eF'/s;. The
continuity equation written for an ion j leads to

J=1,...,N: V- (¢ 7)) = 0. 22)

For sufficiently weak electric fields E, as commonly con-
sidered within the framework of electrokinetic phenomena of
the first kind, we may expand p,, (7), $(7), ¢;(7) and p;(7) as
follows:

pa(P) = p§'(r) + 8py (7) (23)
W(7) = 7 (r) + 8(7) (24)
Jj=1,...,N:g(® =c"(r) + 8¢(7) (25)
j=1 N () = (r) + 8 (7). (26)

In Egs. 23-26, the quantities indicated by the superscript
(0) refer to those at equilibrium (i.e., in the absence of the
applied electric field) and the variables 6p,, (), 6s(7), 6¢;(7),
and du;(¥) indicate small perturbations of the correspond-
ing equilibrium values due to the presence of the applied
fieldE. pgl)) (r) and ) (r) are given by the Poisson-Boltzmann
equations

V() =

Eobr

00+ 6"}, @D

where the function G, which depends on ¢ (r), is defined
by Eqgs. 13-14, and

N
ol (1) = F Y zeTexp{—zep” () /T, 28)
j=1
where kg is the Boltzmann constant. The electrochemical

potential of ion j, p,jw) (r), is related to cj(o)(r) via the re-
lationship
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J= 1 N () =+ 5ep® () + kBTln{c;°>(r)},
(29)

where ,uj°° is the electrochemical potential of ion j at some
reference state. Using Eqs. 23-26, one may linearize the
governing electrokinetic Eqs. 18-22 with respect to the
electric field E. The method is essentially the same as that
adopted in (27,34,35). The results read as

LLAG) — () { F(LA(r) + dFT(r) <h(’) N dh(r)) }

r r dr

_Fdy(r) &

= a LA B0 G0

j=1,...,N:Lo,r) = dy{zj do,(r) h(r)} 31)

T dr dr e r

with L, the differential operator defined by L, = (d*/dr?) +
(2/r)(d/dr) — (2/r*). The radial functions / and ¢; depend
on ii(F) and Sp;(7) according to (27,35):

i(r) = (—3h(1)E cos 0, }ME sin 0, O) (32)
and
@;(r) = —0u;(r)/zeE cos 6. (33)

Boundaries pertaining to the functions %, ¢;, and yO(r)
are derived and extensively discussed in Duval and Ohshima
(35). In particular we have

h(r— o) —>%r +0 (i) (34)

where u is the searched electrophoretic mobility.

The complexity of the problem requires a numerical so-
lution for the computation of functions /%, ¢;, and P (r) and
the evaluation of w. The reader is referred to Duval and
Ohshima (35) for the details of the numerical scheme.

Isoelectric point of multilayer soft particles: an
analytical development

The developments detailed above allow for the estimation of
u for any values of the electrolyte concentration, pH solution,
and physicochemical (protolytic, electrostatic, and hydro-
dynamic) determinants of the particle investigated which
consists of three concentric soft layers. A parameter of spe-
cial interest—particularly for the virologists community—
(76,77) is the so-called isoelectric point (iep) defined by the
pH value where . = 0. Experimental determination of the
iep is rather easy and provides a rough prediction of the pH
range where, e.g., 1), a given bacteriophage will be active in
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infecting a target bacterium of known charge (in sign and
magnitude), ii), virus trapping by a charged membrane will
be effective (78-90), iii), viral surface colonization will take
place, or iv), virus aggregation will interfere with biologi-
cal activity measurements (91). Unfortunately, there are no
available analytical or semianalytical expressions for the
electrophoretic mobility and isoelectric point of complex
three-layer soft polyelectrolytic type of particles such as MS2.

Instead, the only integral equation for the electrophoretic
mobility where chemical composition and segment density
profiles may be included is that given by Ohshima (27) for a
soft particle with a hard core, under the assumption that the
radius of that rigid component of the particle well exceeds the
Debye layer thickness. For the sake of simplicity, we choose to
include in the integral equation by Ohshima (see Eq. 45) a two-
layer structure for the soft component of this core-shell particle
and subsequently derive analytically the expression of the
isoelectric point as a function of the relevant electrohydro-
dynamic parameters of the particle. Within this section, we thus
tackle the case of a core-shell particle of core radius a where the
soft component is composed of two concentric layers (thick-
ness 81, 6,) with step functions fj »(r) (homogeneous distri-
bution of polymer segments density). The particle is further
characterized here by a hydrodynamic penetration length dis-
tribution that satisfies 1/A(r) = 1/A°. We shall see that the
simple analytical model developed below for the isoelectric
point of such a particle illustrates the complex ionic strength
and flow permeation dependences of the iep value for the soft
particle as a whole, dependences that have been largely over-
looked in the literature so far. For the sake of simplicity, the

RTe e,
nF

M:

derivations are done in the case where the layers i = 1 and
i = 2 contain amphoretic sites S;H that may accept or give

protons according to the following equilibria:
SH+H" 2SH, (pK;

=8 KD 6536)
SH=S;, +H" (pK;)

where K¢ and K are the thermodynamic equilibrium con-
stants associated with Eqs. 35 and 36, respectively. The cor-
responding Langmuir isotherms are expressed as

%{Clzﬂ'l exp(—xogz)

(A”)

)
&) [exp

—|— <——=exp(¢
C+ fz
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+oy[1 —exp(=X°8)]} + <"u - foclel)exp(—X &) % {
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107 Mexp[—y(r)] — 10 Mexp[y(r)]
a b !
1+ 107 exp[—y(r)] + 107" exp[y(r)]
(37

After straightforward arrangements (92), Eq. 37 may be
rewritten in the form

gi(pH, y(r)) =

2, smh[y —y(r ]

H 38
&i(PH, y(r) = 1+ 2y, cosh[y —y(;)] (38)
with y, = 10 P<0) (39)
' = —2.303(pH — pH), (40)

1
and pH; = E(ij‘ +pK?). (41)

In the limit of low potentials y(r) (Debye-Hiickel ap-
proximation), a first-order Taylor expansion of Eq. 38 pro-
vides

gi(pH, y(r)) ~ o — vy(r) (42)

2y, sinhy!

with o; = 43)

1+2y, coshyN

2y,(coshy; + 2y,)
(1427, coshy)?

and v, = (44)

For a core-shell particle with ka > 1 (where « is the
classical reciprocal screening Debye length) and a flow
permeation degree 1/A° that fulfills the condition
A°(81+8;7) > 1, the mobility expression by Ohshima (27) is
rewritten for the particle of interest here

[ explite =8 - 8 { R0+ Eleen (oM. 50) — s GHIWDLA) + G AW) bar @)

with the dimensionless variables x = k(r — a), § = k8,
X =k"IA°, B = pS/Fc*, c1o = pS/p3, and ¢* pertaining
to the 1:1 bulk electrolyte concentration. Solving for the
Poisson-Boltzmann equation (Eqs. 27 and 28) with appro-
priate boundaries (see the Appendix for details), we show
that the pH value satisfying the condition w = 0 is the so-
lution of the transcendental equation

where the quantities &;, Y;, oy, A, B, C, and D are pH-de-
pendent variables defined by Eqs. A7-A19 in the Appendix.

Y] A
N —§

exp(—flgl)

>—

C

B )x Bt —exp(08)] + 1 perp(-£8) exp(-68) — exp(5)

(46)
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ELECTROKINETICS OF MULTILAYER SOFT
PARTICLES: THEORETICAL ILLUSTRATIONS

Impact of the polymer segment density and
chemical composition profiles on the
electrophoretic mobility i (numerical theory,
three-layer particle structure)

To unravel the necessarily coupled dependences of the
electrophoretic mobility w of the soft particle depicted in Fig.
1, on the polymer segment density distribution F(r), and the
chemical composition profile G(r), we first report results
obtained for completely dissociated ionogenic sites (the co-
efficients ¢j3 and Eq. 14 are thus pH and position indepen-
dent) under the condition that ¢;3 = wy3 so that F(r) = G(r).

In Fig. 3, the dimensionless mobility ;1 = pen/eoecksT is
examined as a function of NaNQOj electrolyte concentration
(denoted as ¢*) for various values of the ratio w,3 and
thickness 83 of the outer shell layer of the particle, the other
parameters kept constant. In all cases analyzed, the decrease
(in magnitude) of & upon increasing ¢ is according to ex-
pectation and has been discussed in previous communica-
tions (35). It is related to the screening of the fixed charges
within the soft particle by the mobile ions. The mobility as-
ymptotically tends for ¢® — o to a nonzero constant value,
which is characteristic of the presence of permeable soft
layer that carries a given volume charge density (27). For
A°63 > 1 (Fig. 3 A), the flow penetration within the particle
is too small for u to depend on the details of the polymer
segment density distribution within the inner layers 1 and 2.

3301

As a result, . remains independent of w3 over the entire
range of electrolyte concentrations considered. This limiting
situation is actually that explicitly examined in Duval and
Ohshima (35), the electrokinetic features of the particle as a
whole being determined by the electrohydrodynamic prop-
erties of the outer layer only (classical core/shell particle).
The situation changes drastically upon decrease of A°83
(panels B and C), i.e., when the Darcy number that pertains to
layer 3, Da = (/\"83)727 becomes of order 1. In those cases, i
increases (in magnitude) with w,3 at fixed ¢® and this de-
pendence of i on w3 gradually vanishes when increasing
¢”. Let us comment on this. In the low electrolyte concen-
tration regime where p is significantly influenced by the
presence of the inner layer 2, the double layer encompasses
the whole particle and develops within the particle well be-
yond layer 3 (k(8,+83)~1). As a result, the electroosmotic
flow 1), probes the local potential distribution within layer 2,
and ii), experiences the local friction forces exerted by the
polymer segments distributed according to the profile f5(r).
Features (i) and (ii) are both w,3-dependent (see Egs. 3, 8,and
11). Increasing w33 is expected to increase (in magnitude) the
local potential within layer 2 and thereby increase i, which is
indeed observed (increase of the driving electrostatic force).
On the other hand, increasing w53 should lead to an increase
of the drag force and thus a slowing down of the particle
(decreasing ). In Fig. 3, B and C, the electrostatic effect
aforementioned overwhelms the hydrodynamic effect es-
sentially because the flow field has significantly decreased in
magnitude when passing from layer 3 to layer 2, whereas the

FIGURE 3 Dimensionless electro-
phoretic mobility wen/eoekgT as a
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10 100 function of NaNOj electrolyte concen-

tration, ratio w,3, and dimensionless
number A°83. Equations 1-10, 12, 13,
and 18-34 are used with p§/F =
—30mM, 6, =8.5nm, §, =2.8nm,
1/)\0 = lnm, Ci3 = Wiz, W13 = 0057
and a;3 —0.
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potential distribution, on the contrary, increases (in magni-
tude) drastically in layer 2, especially at low ionic strengths.
Those elements are illustrated in Fig. 4, where the potential
distributions are reported under the conditions of Fig. 3. Also,
in Fig. 5, A-D, we give the typical flow streamlines within
and around the soft particle for A°83 = 1, w3 = 0.05, and
wy3; =1 at two electrolyte concentrations ¢ = 1 mM
(panels A and B) and ¢* = 50mM (panels C and D). From
Fig. 5, A and B, it is clear that the deflection of the streamlines
in the inner region of the particle becomes more important
upon increase of the friction exerted by layer 2 on the flow,
i.e., when increasing w,3. When increasing ¢~ (Fig. 5, C and
D), the parameter x(8,+83) increases, the fixed charges
within the particle are screened, the potential distribution
therein decreases in magnitude, and the electroosmotic flow
hardly depends on wj3. As a result, the electrophoretic mo-
bility becomes determined to a lesser extent by the details of
the polymer segment density profile within the inner layers of
the soft particle. For sufficiently large ¢®, & thus becomes
independent on w,3 and reaches the plateau value given by
reference (27),

B—p3(1 — sech[A°8])/[2FE (k'X°)7], (47
A [of T T T T T
-0.05 i
=
-0.1 -
™ =100mM
& =8nm
-0.15 : 5 .
0 0.2 04 0.6 0.8 1 1.2 1.4
ri (51+82+53)
C

H L
o] 0.5 1 1.5 2 2.5 3

ri (51+62+53)
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(= —0.17 in the conditions of Fig. 3), with 6 = Zi 0;.
Equation 47 is in line with the prediction made in Duval
and Ohshima (35) on the mobility plateau value reached at
high ionic strengths for a diffuse interface between a core/
(mono)shell particle and an electrolyte solution under the
assumption that the charge density distribution matches that
of the polymer segment density distribution.

Fig. 6 illustrates the dependence of t on ¢* for various
values of w3 and 1/A° at fixed §;. Consistent with the results
shown previously, @ hardly depends on w3 at large elec-
trolyte concentrations and/or reduced flow permeation within
the particle (large A°83). The values reached at ¢* — o are
all consistent with Eq. 47. Whereas @ increases in magnitude
with decreasing ionic strengths for A°83 > 1 (see corre-
sponding streamline distribution in panel B), Fig. 6 reveals
that for sufficiently low A°d3 or equivalently large hydro-
dynamic permeability (panel C), the trend is reversed. This
feature is due to the polarization of the electric double layer
that becomes increasingly important upon decreasing ¢*,
that is when increasing (in magnitude) the local potentials
throughout the particle. Polarization of the double layer leads
to a dissymmetry in the ionic cloud distribution within and
around the particle and is accompanied by a polarization field

-0.02
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-0.06

¥(r)

-0.08

-0.12

0.14 P P S B ‘
0 02 04 06 08 1 12 14 16

r/(s+5,+5)
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FIGURE 4 Dimensionless equilibrium potential distribution within and around the soft particle depicted in Fig. 1 A at ¢® = 100mM (panels A and B) and
¢* = 1 mM (panels C and D) for various values of w,3 (indicated) and 63 = 8 nm (panels A and C) and 83 = 1 nm (panels B and D). Other model parameters as
in Fig. 3. The dashed lines indicate the positioning of the interfaces between layers 1 and 2, 2 and 3, and between layer 3 and the electrolyte solution.
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FIGURE 5 Flow streamlines within and around the soft particle depicted in Fig. 1 forA°63 = 1 (83 = 1 nm), ¢* = 1 mM (panels A and B), 50 mM (panels C
and D), and w3 = 0.05, 1 (indicated). Other model parameters as in Fig. 3. The flow streamlines are obtained from the numerical solution (r, 6) of the implicit
equation —rh(r) E sin2(6) = constant (24). The concentric layers represent the various components of the soft particle.

that retards the particle motion (decreasing magnitude of ).
The lower A°83, i.e., the more free-draining is the particle, the
more the electroosmotic flow probes the variations of the
large potentials in the inner part of the particle and the more
significant is the polarization process evoked before. Along
this line, the polarization of the electric double layer is en-
hanced when increasing w;3 since it leads to increasing (in
magnitude) the local potentials within layer 3.

In Fig. 7, we briefly discuss the impact of the diffuseness of
the interface between layers 2 and 3, that is the dependence of
[Lon ay, set to zero in all previous cases. In the set of results
collected in Fig. 7, layer 1 is uncharged (p{/F = 0 mM) and
layer 2 carries a pH-independent nominal charge density
p3/F = —100mM, whereas p3/F is positive (p3/F =
10mM) so that ¢j3 # wy3 (see details in caption). The situa-
tion now tackled is thus that of a particle with soft layers that
contain completely dissociated ionogenic sites of opposite
signs (Eq. 13). The variation of i with a3—which pertains to
the spatial anisotropy of the polymer segment density dis-
tribution at the interface layer 3/electrolyte solution—has

already been examined in detail in Duval and Ohshima (35)
within the framework of the analysis of the electrokinetics of
classical core/diffuse shell particles. Instead, we focus here
on the effect of the variation of the inner soft material density
distribution of the particle on its overall electrohydrodynamic
features. From Fig. 7, the mobility increases in magnitude
upon increase of a. This trend is easily interpreted from the
charge density profiles depicted in Fig. 7 B: increasing a;
results in increasing |pg, (r)| in layer 3 such that the local
charge density therein eventually changes sign. In the
meantime, the friction coefficient decreases significantly (Eq.
8) so that the resulting picture is an increase in magnitude of
the electrophoretic mobility when increasing a,. It is noted
that those concomitant changes in the electrostatic and hy-
drodynamic features of layer 3—as a result of increasing
diffuseness for the interface layer 2/layer 3—impact more
significantly on the mobility u as compared to the electro-
hydrodynamic changes observed for layer 2. This is so be-
cause in the example of Fig. 7, we have in layer 2 an increase
of k(r) with a (Eq. 8), which accounts for the fact that the
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electroosmotic flow probes to a lesser extent the electro-
hydrodynamic details within layer 2. Similar situations arise
when varying «y, though with very limited impact on |u|
since spatial anisotropy (in charge and friction) now concerns
the most internal region of the particle thus made less ac-
cessible by the hydrodynamic flow. As a final remark, we
note that Eq. 47 is clearly inadequate for particles with dif-
ferent spatial distributions for p;, () and k(r), in line with the
expectations laid out in Duval and Ohshima (35).

Physical meaning of the isoelectric point of a
multilayer soft particle (the results are obtained
from Eq. 46 if not explicitly specified)

In Fig. 8, we report the variation of the iep of a chemically
anisotropic, two-layer soft particle as a function of its hy-
drodynamic flow permeation properties, chemical composi-
tion, ratio 8;/8,, and electrolyte concentration. The results
are derived from the semianalytical formalism detailed in the
section ‘‘Isoelectric point ... development’ (Eq. 46). As a
general comment, the situation is more complex than for a
hard particle in the presence of indifferent electrolyte, the iep
of the latter being simply the pH value where the surface
potential, or the zeta potential, equates zero. This limiting
situation corresponds to the case ()\")_1 — 0 in panels A and
B of Fig. 8. For such a hard particle in the absence of any
specific ion adsorption, the iep does not depend on the ionic
strength (93), which is obviously not the case for a multilayer
soft particle with chemical heterogeneities and significant
hydrodynamic permeability (panels A and B, (/\")_l >0). Let
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us discuss those distinguishing characteristics in some more
detail. In the absence of charge for the layer 1 (c1, = 0, where
c17 is the nominal charge density ratio for the two layers) or
dissymmetry in chemical composition between layers 1 and
2, the expected results iep = pH; and iep = pH} = pH; (93),
respectively, are recovered by the model. In other cases, the
iep decreases significantly upon increasing the hydrodynamic
permeability and verifies the inequality pHj <iep<<pH3. The
electroosmotic flow then probes the inner layer of the parti-
cle, which is, in the situations examined, more acidic than
layer 2 (pHj<pH3). The larger c¢;, (Fig. 8 A) and/or ApK =
pKj — pKf{ (Fig. 8 B), the lower is the iep for a given per-
meability. In panel C, the variation of the iep with the elec-
trolyte concentration may be explained as follows. In the high
ionic strength regime where «(8;+82) > 1, the local elec-
trostatic potentials approach zero throughout the particle, and
the asymptotic value of the electrophoretic mobility is de-
termined by the electrohydrodynamic and chemical features
of the most external parts of the particle, i.e., by the quantity
A°8; and the ratio c¢,. Upon decrease of the ionic strength,
the electrophoretic mobility becomes more sensitive to the
details of the inner particle (see Figs. 3 and 4), in particular to
the ratio 8;/8,. Increasing the latter at constant 8, leads to
diminishing the curvature effects on the potential distribution
and thus to increasing the magnitude of the electrostatic po-
tential in layer 1 (see analogies with Fig. 4, C and D). The
double layer spans significantly over the region 1, which
becomes more acidic with, as a result, a lowering of the iep of
the particle at a given ionic strength. Of course, this feature is
possible because the permeability set in the calculations is
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FIGURE 7 (A) Dimensionless electrophoretic mobility wen/e.ekpT as a
function of NaNOj electrolyte concentration and parameter «,. Equations
1-10, 12, 13, and 18-34 are used with pg’/F = +10mM, 6; = 8.5nm,
32 = 2.8nm, 53 = 2nm, w3 = 005, w3 = 05‘ C13 = 0, Cr3 = 710,
a; = a3 = 0.2nm, and (/\")71 = 2nm. (B) Profiles of the local charge
density G(r) = pg, (r)/p3 (Eq. 13) under the conditions of panel A.

large enough for the electroosmotic flow to probe the subtle
variations of the potential distribution within the particle as
induced by changes in electrolyte concentrations.

The basic trends discussed above on the impacts of ionic
strength and flow permeability on the iep value for a two-
layer particle structure (use of the semianalytical expression
given by Eq. 46) are essentially the same as those computed
for a three-layer soft particle by means of the numerical
theory previously discussed (Eqs. 18-34). This is shown in
Fig. 9 for a three-layer particle characterized by different
chemical compositions for layers 2 and 3 (Egs. 1-10, 12—14,
and 18-37 with wj3 = ¢j3, ionic exchange equilibria given by
Eqs. 35-36 as detailed in the legend). Upon increase of the
electrolyte concentration and/or flow penetration degree
within the soft particle, the isoelectric point (indicated by
arrows in Fig. 9) decreases because the electroosmotic flow
extends significantly within layer 2, which is more acidic
than layer 3.
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We devote the next section to the explicit analysis of the
electrohydrodynamic features of MS2 bacteriophage on the
basis of the numerical formalism detailed above.

APPLICATION TO THE BACTERIOPHAGE MS2

Impact of the ionic strength on the electrokinetic
features of MS2 bacteriophage

We measured the electrophoretic mobility of MS2 bacterio-
phage as a function of ionic strength over a wide range of salt
concentrations. As shown in Fig. 10, the magnitude of
measured u decreased monotonically with increasing elec-
trolyte concentration at pH 7. At that pH and over the whole
range of electrolyte concentrations examined, the mobility i
is negative, which deserves some comments. On the basis of
the data collected in Tables 1 and 2, one easily shows that the
overall (nominal) charge density carried by the layer i at pH 7
may legitimately be approximately by szl pim> €ssentially
because the conditions [pH — pK; | =1 are valid for all sites
present (Eqs. 14 and 15). This yields net nominal charge
densities of +74 mM and —480 mM for the proteic capsid
and for the RNA part, respectively. The inner RNA constit-
uent of the virus impacts significantly on the MS2 electro-
phoretic mobility. This is confirmed by the modeling of the
experimental data on the basis of Eqs. 1-10 and 12-34 with
the spatial distributions of charge and soft material densities
as discussed in preceding sections (Egs. 4 and 12-17). Ex-
cellent agreement between theoretical and experimental data
is achieved with 1/A° =1.9%=10%nm over the ionic
strength range 1-20 mM. This value denotes an important
flow penetration within the capsid shell of thickness 2.1 nm.
Such a characteristic is, for a large part, due to the presence at
the virus surface of cylindrical pores that perforate the entire
outer shell of the virus (41,69,70,72) thus connecting the
inner RNA part of the virus to the outer medium. Bacterial
infection by the MS2 bacteriophage takes place with the in-
jection of its RNA into the genomic material of the bacterium.
The transport could occur via the channel structure of the
aforementioned pores. In the high ionic strength regime,
good agreement between experiment and theory is obtained
upon decreasing 1 /A° from 1.7 nm at 20 mM to ~ 1 nm at 100
mM. As demonstrated in previous analysis dealing with the
relationship between electrohydrodynamic features and
structural organization of core/shell particles (26), the ob-
served variation of the hydrodynamic permeability must
necessarily be related to the modulation of the viral structure
as induced by changing the electrolyte concentration.

A first possible hypothesis is that the shrinking/swelling of
the virus is a result of the decreased/increased intramolecular
interactions among neighboring charged sites. Said differ-
ently, upon lowering the ionic strength, the increase in size
(electrostatic swelling) is accompanied by an increase in the
radius of the resistance centers (Eq. 3) and thus a decrease of
the friction coefficient, or equivalently an increase of 1/A°.
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Variation of the isoelectric point as a function of the flow penetration degree, for various values of the nominal charge density ratio ¢y, for layers

1 and 2 (panel A) and different values of ApK = pK3 — pK? (panel B). Model parameters, panel A: §; = 7nm, 8, = 2nm, pK} = pK} = 3, pK3 = pK} = 8,
¢® = 10mM, and p$/F = 50 mM. Model parameters, panel B: the same as in A with ¢, = 0.7 and variable pK| = pK?. (C) Variation of the isoelectric point
as a function of the electrolyte concentration and the ratio 8; /8,. Model parameters, panel C: as in A with §, = 2 nm, ¢j, = 0.5, (/\")’1 = 1nm. In all these
calculations, Eqs. 3546 are used (particle composed of two concentric soft layers, Eq. 46).

This mechanism is, however, not realistic for MS2 viruses
because 1), no significant size variations were measured upon
lowering the ionic strength at pH 7 (94) and ii), important
changes in 1/A° should be observed in the low ionic strength
regime where the interfacial osmotic pressure is the most
significant (26).

Those elements lead us to formulate another explanation
for the electrokinetic features depicted in Fig. 10. Recall the
spatial organization of the proteins that constitute the proteic
capsid of the MS2 virus. It consists of 60 similar morpho-
logical units, each of which is composed of three capsid
proteins (commonly denoted as A, B, and C in view of their
different conformations) that form a triangle (base = 6 nm,
height 2 nm) (70). The most significant difference among the
three subunits A, B, and C in MS2 is found in a long loop,
called the FG loop, that connects the F and G strands of the
B-sheet. The FG loops of the A and C subunits are very similar
and have an extended conformation, whereas that in the B
subunit is folded back and has a closer contact with the rest of
the protein (68). The result of this arrangement is the forma-
tion of a channel into the core of the particle with a diameter of
~17Aanda length of ~14 A; one of these channels may be a
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site of RNA extrusion during infection (68,95,96). Mutation
and deletions in the FG loop have shown to reduce the effi-
ciency of the capsid assembly (97,98). The propensity of
those FG loops to adopt distinct conformations is due to a
conserved Pro-78, which is preceded by a peptide that can
easily switch between a frans and cis conformation (95). The
pore size is basically modulated by the respective separation
distances between those flexible loops.

One hypothesis is that at equilibrium, these separation
distances are determined by the balance among the various
interactions forces among the (charged) loops, e.g., electro-
static, van der Waals, hydrophobic, entropic, and elastic
forces. At low ionic strengths, the electrostatic interactions
are very important and it is expected that the loops signifi-
cantly repel each other: the pore size is then large and so is
1/A°. The fact that 1 /A° does not vary from 1 mM to 20 mM
indicates that the flexible loops belonging to the proteins A,
B, and C are stuck to the most rigid part of the protein, thus
rendering impossible any further extension of the pore cavity.
For sufficiently large ionic strengths, the situation can be
reversed: the loops can approach each other and gradually
obstruct the channel with the decrease of 1/A° as a result.
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FIGURE 9 (A) Dimensionless electrophoretic mobility pen/e.ekpT as a
function of pH solution and ionic strength NaNO; (indicated). Equations
1-10, 12-14, and 18-37 are used with pg/F:SOmM7 6; = 8.5nm,
32 = 2.8nm, 53 = 2nm, w3 =C13 = 005 w3 = (23 = 057 aj = Onm,
(A°)"" = 1nm, pK3 = pK} = 4(pH; = 4), and pK§ = pK} = 8 (pHj = 8).
(B) Dimensionless electrophoretic mobility wen/eoe:kgT as a function
of pH solution for various values of 1/A° (indicated) at ¢® = 10mM.
Other model parameters as in panel A. It is emphasized that the ionic
exchange equilibria as given by Eqs. 35-36 are considered for the calcu-
lations set in this figure. The arrows indicate the location of the isoelectric
point.

The theoretical computations of the electrophoretic mo-
bility of MS2 bacteriophage as a function of electrolyte
concentration exhibit a maximum that is more or less pro-
nounced depending on the value of 1/A°. This may be ex-
plained as follows. For a given 1/A°, the decrease in
magnitude of the mobility upon increase of the electrolyte
concentrations up to 20 mM is the result of screening of the
fixed charges carried by the ionogenic sites within and at the
surface of the virus. Roughly speaking, at infinitely large
ionic strengths and at fixed 1/A°, the mobility tends to a
nonzero asymptotic value, which is the specific signature of
flow permeation within charged soft particles (27,46). For
MS?2 particles, this value of the dimensionless mobility is
~—3.5at 1/A° = 1.9nm and is reached for electrolyte con-
centrations well above 100 mM because of the large contri-
bution in charge brought about by the inner viral part (see
Tables 1 and 2 and the discussion above on the net charges
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FIGURE 10 Measured electrophoretic mobility men/e.:kgT for bacteri-
ophage MS2 as a function of NaNOj electrolyte concentration at pH = 7
(solid circles) and theoretical predictions for various values of 1/A° (dashed
lines). See text for further detail. In inset, the morphological unit composed
of three proteins A, B. and C with the arrows that indicate the modulations of
the pore size as governed by the electrolyte concentration level. For the
modeling, Egs. 1-10 and 12-34 are used with the p?, pK;, and &mn
(i=1,2,3) as reported in Tables 1 and 2.

carried by the proteic capsid and the RNA part at pH 7). This
charge makes the electrostatics still operative at ionic
strengths around 100 mM. As a result of the electrokinetic
behavior at low and infinite electrolyte concentrations, a
maximum in theoretical mobility is observed at intermediate
ionic strengths. The nonmonotonous variation of the elec-
trophoretic mobility of soft particles with large charge den-
sity is discussed in more details in Duval and Ohshima (35)
(see Supporting Information therein). The lower 1/A°, the
lesser the contribution of the inner viral part to the mobility of
the particle, the lesser the charge probed by the electroos-
motic flow within the particle, and the lower the magnitude of
[ at ¢® — oo with a maximum that becomes less marked.

Impact of solution pH

The dependence of the electrophoretic mobility on pH is
given in Fig. 11 for NaNOj ionic strengths of 1, 10, and 100
mM. Unsurprisingly, the mobility becomes more negative
when increasing pH because of the deprotonation of the
various sites listed in Tables 1 and 2. The results reveal a
slight decrease of the iep upon decrease of the electrolyte
concentration (iep ~ 3.9 for ¢* = 100 mM and iep ~ 3.4
forc® = 1,10 mM). From the values of 1 /A° obtained in the
analysis of u as a function of ionic strength, the theoretical
variations of g with pH were computed and are collected in
Fig. 11. It is emphasized that no further adjustable parameters
are required for these computations. Reasonable (1 mM) to
excellent agreement (10 mM, 100 mM) is met for all three
concentrations in the pH range pH = 5. The theoretical val-
ues of the iep are somewhat larger than those determined ex-
perimentally but do not vary significantly with ionic strength

Biophysical Journal 94(8) 3293-3312
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(iep ~ 4.3). For pH < 5, the model systematically overes-
timates the electrophoretic mobility. To clarify this, we per-
formed size measurements at various pH values and ¢ =
1 mM and 100 mM NaNOsj; electrolyte concentrations (94).
Those results clearly indicate the occurrence of a significant
aggregation of viral particles at pH =5, which is exactly in
the pH range where the theoretical predictions—obtained for
a strictly isolated and noninteracting virus—deviate from the
experimental data. By ‘‘significant aggregation’’, we mean
the pH range below which the number of isolated viruses
becomes less predominant as compared to the various ag-
gregate populations appearing due to diminished electrostatic
(repulsive) interactions at lower pH. The determination of the
mobility for viral aggregates is an extremely complex matter
because the structure of the aggregate intimately influences
the hydrodynamic flow field profiles within and around the
pool of aggregated particles as well as the electrostatic po-
tential distribution therein. On the basis of the studies re-
ported in Duval et al. (24), one may expect for an aggregate
an increase of the overall hydrodynamic permeability as com-
pared to that for an isolated virus. Such an increase in per-
meability would thus contribute in probing more efficiently
the RNA distributed within the viral particles that constitute
the aggregate, and doing so, lead to a decrease in the iep
value, which is indeed observed (i€Piheory = 1€Pexperiment)-
However, aggregation may also result in strong denaturation
of the capsid proteins at the outer surface of the viruses and
therefore induce significant modulation (reduction) of the

Biophysical Journal 94(8) 3293-3312

pore size. It is noted that for the set of pK values reported in
Tables 1 and 2, the point of zero charge at infinite electrolyte
concentration (y(r)—0) is for the RNA part and for the
proteic capsid, if considered separately, 2.9 and about 9, re-
spectively (values obtained from the solutions of the implicit
equations ¢;3(pH) = ¢23(pH) = 0 and c33(pH) = 0 with the
c¢i3 defined by Eq. 14). In the light of the discussion laid out in
the section ‘‘Physical meaning of the isoelectric point of a
multilayer soft particle’’, the measured and theoretical values
for the iep of the virus as a whole—which are closer to that of
the RNA constituent than that of the proteic capsid—confirm
that flow permeation within MS2 bacteriophage is so high
that the electroosmotic flow significantly probes the inner
RNA part. The fact that the iep of the isolated viruses does not
depend much on ionic strength is basically due to the com-
bination of §;+8, > 83 and large 1/A° (see analogies with
the trends in Fig. 8 C).

CONCLUSIONS

An original theoretical formalism is proposed for under-
standing on a quantitative level the electrokinetic properties
of soft particles built up by concentric layers that differ in
thickness, soft material density distribution, chemical com-
position, and flow penetration degree. The analysis is illus-
trated with numerical simulations of the electrophoretic
mobility under various conditions. Those clearly show the
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complex interplay between the coupled electrostatic and
hydrodynamic properties of the whole particle as governed
by the physicochemical characteristics of its constituting
layers. In particular, it is unambiguously demonstrated that
the concept of zeta potential is inappropriate for such type
of particles whose electromigration in an external field is
influenced by the structural and chemical details of the inner
layers. Also, the notion of isoelectric point is revisited and we
prove that it is generally a function of the ionic strength, flow
permeation degree, and extent of dissymmetry in the chem-
ical compositions of the various soft layers.

On the basis of this formalism, strictly valid for sufficiently
diluted suspensions of multi layer soft particles (absence of
interparticular interactions), we interpret the dependence of
measured electrophoretic mobility on pH and ionic strength
for bacteriophage MS2 composed of inner RNA encapsu-
lated by an outer proteic shell. The results indicate a strong
flow permeation within the virus with a large impact of the
RNA constituents of MS2 on its overall electrohydrodynamic
properties. At pH 7, where viruses are isolated, two ionic
strength regimes may be distinguished: a low electrolyte
concentration range where the typical flow penetration length
within MS2 remains constant, and a large ionic strength
range where the viral permeability gradually decays. Those
trends are qualitatively in line with the dynamics of pore size
as conditioned by the intermolecular repulsion among flexi-
ble loops of proteins within the shell capsid. The theoretical
predictions are further in excellent agreement with size
measurements of MS2 viruses that picture the occurrence of
aggregation at sufficiently low pH values (pH <5).

From the conclusions laid out in this study, one may expect
the propensity of infecting bacteria by MS2 viruses to be a
strong function of the physicochemical conditions of their
close environment (pH and ionic strength). For this reason,
understanding the biological activity of viruses as well as
their interactions with other mineral or organic compo-
nents—as occurring in filtration processes and transport
through groundwater—necessarily require reasoning beyond
the too simplistic concept of zeta or surface potential (as
involved in the Helmholtz-Smoluchowski equation). This
concept is strictly valid for homogeneous and impermeable
(hard) particles. Scrupulous analysis of the electro-
hydrodynamic properties of the (soft) virus is instead the first
mandatory prerequisite to achieve such degree of under-
standing.

APPENDIX

Details of the derivation of the semianalytical
expression for the isoelectric point of a soft
particle composed of two concentric step-like soft
layers (Eq. 46)

After arrangements, the linearized form of the Poisson-Boltzmann equation
(Egs. 27-28) is written for a soft particle that satisfies the condition ka > 1 :
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d*y(x)

0<x<§ : &

— (1 + Bepv) y(x) + Bepo, =0 (Al

N
81<X<51+82: dxz

— (1 +Bvy)y(x) +Bo, =0 (A2)

< o ()
xX>6 +6: ——5—y(x)=0.
dx
The boundaries associated to Eqs. A1-A3 express the zero charge at the
surface of the particle core (x = 0), the zero potential as a reference at
x— oo and the continuity of the electrostatic potential and electric field at
x =& and x = &, +6,. After calculations, the solution is given by

0<x<& :y(x) =Y, +Aexp(—&x) + Bexp(£,x) (A4)

(A3)

& <x<§ +86 :y(x) =Y, + Cexp(—&,x) + Dexp(£,x)

(A5)

x>8 + 8 : y(x) = Eexp(—x) (A6)
with & = (14 Bepr)'?, (A7)
&= (1+pm)", (A8)

Y, = Bepo/(£)’, (A9)

and Y, = Bo,/(£,)". (A10)

The constants A, B, C, D, and E are determined from the boundaries and are
yielded by the algebraic equations

_ Y,-Y + Cexp(_fzgl) + Dexp(fzgl)

A=B 2cosh (£,8) (ALD)
C = ,M (A12)

Z,
D — Z,+7s (A13)

2,

E=&{Cexp (6 +8)(1 - &)]
—Dexp [(5 +&)(1+&)]}, (Al4)
where Z; 5345 are defined by the expressions

Z, = exp(fzgl) [51 sinh (flgl) — &, cosh (5151)] , (A15)

Z, = (Y1 = Y1)& (1 +&)exp [fz(gl +8~2)]sinh(§18~1),
(Al6)
Zy; = (1—§&)exp (_fzgz) [51 sinh (5151) — &, cosh (§|(§1)]
—(1+ §z)exp(§2<§z) [51 sinh (f]gl) + &, cosh (glgl)} )
(A17)

2y = eXP(—fzgl) [f]Sinh(flgl) + &, cosh (5151)}, (A1)

and Zs = (Yl - Yz)fl(l - fz) exXp [_52(51 + Sz)]Sinh(gl&)~
(A19)
Substituting in Eq. 45 the expressions for the potential distribution derived

above and computing the integral leads to the result given in Eq. 46 in the
main text.

Biophysical Journal 94(8) 3293-3312
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