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with self-consistent mean-field polymer
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A detailed theoretical model is presented to interpret electrokinetic experiments performed on colloids with
uncharged polymer layers. The methodology removes many of the degrees of freedom that otherwise have to
be accounted for by adopting multiple empirical fitting parameters. Furthermore, the level of detail provides a
firm basis for future studies examining liposome surface chemistry and charge, surface-charge mobility, and the
dynamics of adsorbed polymer on fluidlike membranes. The model predictions are compared with experimen-
tal measurements of the electrophoretic mobilitystéalth liposomes with molecular weights of terminally
anchored polgethylene glycol (PEG) in the range 0.35—-10 kg midl [J. A. Cohen and V. A. Khorosheva,
Colloids Surf. A 195 113 (2001]. The experimental data are interpreted by drawing upon self-consistent
mean-field calculations of the polymer segment density distributions and numerically exact solutions of the
governing transport equatiofiR. J. Hill, D. A. Saville, and W. B. Russel, J. Colloid Interface S268 56
(2003]. The approach leads to excellent agreement between theory and experiment with one adjustable
parameter—the hydrodynamic siggtokes radiusas~0.175 A of thestatistical PEG segments wittKuhn)
lengthl=7.1 A. The remarkably small Stokes radius is demonstrated to be consistent with other applications of
the well-known Debye-Brinkman model and, consequently, this work reveals important limitations of the
mean-field hydrodynamic model. Despite such limitations, the “full” electrokinetic model is robust in its
predictive capacity. The molecular weights of the terminally anchored PEG span the range where the coatings
undergo a transition from mushroomlike to brushlike conformations, and the hydrodynamic size and electro-
phoretic mobility of the liposomes are demonstrated to be sensitive to the PEG chain length and the effects of
double-layer polarization.
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I. INTRODUCTION co-workers[1] recently used a novel combination of optical

Poly(ethylene glycol (PEG chains with hydrophobic end @PPing and microelectrophoresis to study enzyme kinetics
groups have found widespread use as coatings for lipid bion “Pare” lipid bilayers supported on a silica microsphere.
layer membranes, as have longer petitylene oxidg(PEO) While it is not yet clear that the bilayer surface characteris-

homopolymers for laticeIn biomedical applications, PEG icS are independent of the underlying solid support, the dy-
coatings are used to help conttektend the circulation time namics of the surface charge density and, hence, the reaction

of drug-carrying liposomes, often referred tosisalth lipo- ~ Kinetics can be characterized. This approach provides new
somes PEG layers are also known to inhibit the adsorption®PPOrtunities for studying how charged and uncharged poly-
of proteins(antibodies, thereby “protecting” the drug carrier Mers regulate protein adsorption, for example. _
from recognition by the immune system. _ The pnnmple _challenge in |_nterpret|ng such experlmgnts
Synthetic lipid bilayers are an ideal model system forlies in quanmauvely_ connecting the megsureq guantities
studying polymeric interfaces. This is due, in part, to the(€lectrophoretic mobility and hydrodynamic radiue sur-
high degree of control that can be exercised over the polymédfce characteristics. To this end, Brooks and co-workers have
grafting density and, hence, thgteric contribution to the developed gnd applied a variety of co_ntlnuurr_l_electroklnetlc
interaction potential. Similarly, thelectrostaticcontribution ~ Models to interpret the electrophoretic mobility of human
can be “tuned” by varying the stoichiometric ratio of charged®'ythrocytes[2,3], vesicles[4], and liposomeq5]. These
to uncharged lipids used in the liposome synthesis. In prin0dels have played an important role in quantitatively char-
ciple, the liposome size can also be controlled and, henc&cterizing the polymer-coated surfaces of the respective bio-

the effects of surface curvature on the polymer conformatiorllogica”y_ relevant colloids. An important limitation of_thes_e _
can be realized. models is, perhaps, that the polymer segment density distri-

A novel means of studying lipid bilayer surfaces is to butions are assumed to be steplike, i.e., the layers are uni-

support them on monodisperse microspheres. Galnedar af@f™: The models are also limited to flat interfaces, which
provides a reasonable approximation for colloids with radius

greater than Jum at physiological ionic strengths. It is well
known, however, that surface curvature is important when
the diffuse double-layer thickness is comparable to or greater
PEG and PEO chains need only be distinguished by the monoméhan the particle radius. These conditions prevail for thera-
used to synthesize them. peutic liposomes, which have radii of the order of 100 nm, as
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well as for PEG-derivatized proteins. Such limitations re-mean-field lattice theory [16]. There exist analytical
strict the theoretical interpretation of electrokinetic experi-[13,14,17-2Dand numerically exadtl3,21-23 solutions of
ments to high ionic strengths, whereas electrokinetic phevarious mean-field models for neutral polymer brushes. It
nomena are often much richer when viewed over a range aghould also be mentioned here that there exists a large body
ionic strengths, when the double-layer thickness traverses tha literature devoted to chargégolyelectrolyte layers(e.g.,
characteristic thickness of the polymer laysee[6]). [24-27).

The goal of this work is to bring together recent theoret- Mention should also be made of more direct calculations,
ical and computational advances in electrokinetic transportising Monte Carld28—37 and Brownian dynamicg32—34
phenomena with a rigorous theoretical description of inhosimulations, which address equilibrium and dynamic aspects,
mogeneous polymer layers and to use this theory to interpreespectively. In general, there exists good agreement between
relatively well-characterized experiments by Cohen andnean-field theories and the results of a relatively few direct
Khorosheva CK) measuring the electrophoretic mobility of calculations for neutral polymer brushes. The differences
liposomes with coatings of terminally anchored PEG mostly concern details of the region close to the grafting

The structure of adsorbed polymer layers depends, in parsurface and, of course, the various numerical prefactors, or
on the polymer chain length and flexibility, as characterizedack thereof, required for quantitative comparisons. The
by the numbeiN and (Kuhn) length| of the statisticalseg-  available evidence suggests that mean-field approximations
ments. Also important is the number of grafted chains pefor neutral, grafted chains are satisfactory from an at least
unit area, referred to here as the grafting densityd2, semiquantitative point of view.
whered is the characteristic distance between the points of Coatings of adsorbed PEO chaigsomopolymey are
attachment. In contrast to layers of adsorbed homopolymewidely used to sterically stabilize colloidal dispersions and
the structure of terminally anchored layers depends on thean also be used to induce flocculati@,3§. In contrast to
chains possessing a relatively short anchoring block or sulterminally anchored chains, adsorbed homopolymers give
chain. rise to a compact inner region, with a low-density outer re-

The anchoring block for the PEG chains addressed in thigion comprised of loops and tails. These layers have been
work is a terminalanionig lipid, phosphatidylethanolamine studied usingi) ground-state approximations to the solution
(PE). This macromolecule has the sartgngle negative  of self-consistent mean-field equatiof87,39 and(ii) self-
charge at the PE-PEG link as the phosphatidylglycé?@®)  consistent mean-field lattice theof§9—-41.
lipids that contribute to the surface charge of an otherwise The foregoing calculations of the equilibrium segment
neutral membrane composed (@ivitterionic) phosphatidyl-  density distribution provide the segment-weighted coating
choline (PC) lipids. This ensures that the bare and PEG-thickness, via moments of the segment density distribution
coated liposomes used in CK’s experiments have the samend the hydrodynamic thickness, via Brinkman’s equations
surface charge. In this study, the uncoated liposomes af@2-44. These can be measured using techniques based on
treated as bare impenetrable spheres, andtdredard elec- (i) thescatteringof neutrons and x rays, for example, aiid
trokinetic model[8,9] is used to establish theffectivesur-  hydrodynamicsas interrogated by capillary flow, viscometry,
face charge from measured electrophoretic mobilities. Therand quasielastic light scatterifg6].

a rigorous electrokinetic transport modg] and a self- In contrast to flows driven entirely by pressure gradients
consistent mean-field description of the polymer layers arer viscous shear stresses, electrically driven flows are sensi-
used to calculate the effect of PEG on the hydrodynamic sizéive to the segment density distribution throughout the coat-
and electrophoretic mobility. ing, not just at the periphery. The theoretical interpretation of

When the grafting density is low and, henckis greater electrokinetic experiments therefore poses a much more
than the characteristic coil sizd”, with »=0.5 for chains in  challenging and rigorous test of theory, and there is much
athetasolvent andv=3/5 for anathermalor goodsolvent  more to be learned of the surface and the transport processes
[10], terminally anchored chains adopt “mushroom” confor-that take place therg,6,45—4T.
mations. The nominal coating thickness is thén- IN” with Despite the extensive literature devoted to the “structure”
nominal segment volume fractiop=nI®~ 12N'™, wheren  of polymer layers, the influence of such coatings on the elec-
is the segment number density. When the grafting density igokinetics of polymer-coated colloids is not well understood.
high and, henced is less thariN”, the chains are forced to The nonlinear Poisson-Boltzmann equation and deformation
interpenetrate. Excluded volume causes the chains to extendf the diffuse double layer severely limit analytical theory.
giving rise to brushlike conformations withL’ O’Brien and White's[48] well-known approach to numeri-
~NI(a12)E@) and ¢~ (a1?)¥2~42", The “blob” model cally solve the “full” electrokinetic modefstandard modgl
adopted by de Genng&1] to arrive at the foregoingcaling  overcame these difficulties for bare colloids, and the bound-
theories forplanar brushes has been extended by Daoud anéry conditions have since been modified to account for trans-
Cotton[12] and otherd13,14 to account for highly curved port processes taking place in an infinitesimally thin surface
interfaces and charged polymer. layer[49,50. Nevertheless, when these so-called Stern-layer

Models that go beyond scaling theory have been develmodels are adopted to mimic the effects of surface-bound
oped to account for the effects of surface curvature, thgolymer, the interpretation of experiment remains empirical.
“strength” of the solvent, and the distributions of segments Recently, Hill, Saville, and Russ¢b] (HSR) solved the
and chain ends. These are based on self-consistent fields)l electrokinetic model for colloids with neutra{un-
such as the Dolan-Edwards self-consistent mean-fieltt  chargedl and charged(polyelectrolyt¢ polymer coatings.
tinuum theory [15] and the Scheutjens-Fleer self-consistentSince the model requires knowledge of the radial distribution
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of polymer segments and their hydrodynamic size andegments. The subsections therein discuss the structure,
charge, it has not yet been applied to quantitatively interprethickness, density, and permeability of the coatings. Section

experiments. Various approximate solutions have been devely addresses the remarkably small hydrodynamic size of the

oped, most notably by Ohshima, who set out a general fOH‘polymer segments. A summary follows in Sec. V.

of the full model and provided analytical solutions for vari-

ous asymptotic limits, neglecting double-layer polarization

(e.g., [51,52). Earlier, Levine and co-workerf2] used a Il. THEORY

numerical approach to address the effect of high surface po-
tentials, for large polyelectrolyte-coated colloigeuman
erythrocytes Janzen and co-workef§] applied this model
(by setting the polymer charge density to 2eto interpret

The procedure is to first calculate the equilibrium distri-
bution of polymer segments using a self-consistent mean-
field theory. Then, the segment density distribution is

the electrophoretic mobility of PEG-coated liposomes. More""d_OptG(j in the HSR electrokinetic model to specify the
recently, Saville[47] applied a semianalytical approach, Bnn_kman_ permeability and, he_nce, to _calculate the eff_ectl\_/e
pointing out the significance of double-layer polarization forParticle size and electrophoretic mobility. The electrokinetic

ers. Secs. Il A and Il C, respectively. Section Il B links the elec-

The numerical approach of Janzenal. for uniform, un-  trokinetic model to the effective coating thickness and elec-
charged polymer layers is similar to Ohshima’s analyticaltrophoretic mobility.
theory, but theshear planemay be displaced from the plane
of (surface charge. The thin region between the charged
surface and shear plane is hydrodynamically impermeable, ) ) o .
but permits ion diffusion. For flat interfaces, shifting the An impermeable spherical colloid is suspended in an un-
shear plane out from the plane @jossibly fixed surface bounded electrolyte. The particle surface is characterized by
charge lowers the effective surface potential and, hence, lowa uniform distribution of charge or surface potential, and
ers the effective surface Charge_ Janmmi_ app“ed their attached to the Surface IS a ra.d|a.”y yary|ng dlStI’IbutIOﬂ Of
model to infer the polymer conformation from measuredPolymer segments. In general, a fraction of the polymer seg-
electrophoretic mobilities. Because the layers were assumdBents may be charged, and the polymer and underlying sur-
uniform and the range of polymer molecular weights wasface charge may vary with the bulk electrolyte concentration.
small, their interpretation of experiments was limited in In this work, however, the polymer is neutral and the surface
many quantitative respects. Nevertheless, the study clear§harge is assumed constant. At equilibrium, i.e., in the ab-
highlights the significant effect that neutral polymer has onsénce of buoyancy and applied electric fields, the particle
the electrophoretic mobility and, furthermore, it provides adevelops a spherically symmetric diffuse double layer. Then,
Sound basis for the much more detailed Calcuiations pre\[\”th the application Of an electl’iC f|e|d, the particle iS set in
sented below. motion with a velocity that reflects characteristics of the

In this work, the HSR electrokinetic model is comparedelectrolyte, polymer coating, and particle. S
with experiment by adopting a self-consistent mean-field The electl‘OStatIC pOtentIal |.S Coupled to the d|Str|byt|On Of
theory to calculate the radial distribution of polymer seg-charge by the well-known Poisson-Boltzmann equation
ments. These distributions are used to specify the Brinkman N
permeability appearing !n the eIectrokinetic model. Cohen V== zn (1)
and Khorosheva's experimerts] are sufficiently well char- j=1
acterized that there remains ordye “unknown” parameter o )
with which to fit the full model over a wide range of PEG Where the potentials is scaled with the thermal energy per
molecular weights and bulk ionic strengths. The “fitting” pa- €/€mentary chargkT/e, andz; denote the valence of tfjéh
rameter is the hydrodynamiStokes radius of the polymer 10N SPecies. The densities of .the' counteriopswhich con-
(statistica) segmentsa,. Therefore, given the polymer graft- trl_bute to the net <_:harge density in the electrolyte, are scaled
ing density and molecular weight, and the underlying chargdVith twice the ionic strength
density, this work establishes a model to predict the hydro- N
dynamic and electrokinetic characteristics of a variety of 20=> ZJZnJoc (2)
spherical colloids with terminally anchored PEG coatings. In j=1
principle, the model can be applied to infer the amount of
adsorbed polymer and charge from measurements of th ; g
electrophoretic mobility, for example. Alternatively, given '106 electrolytg, the scaled ion densities decaynfd(?l)
the polymer grafting density and molecular weight, it pro-=_n2/(2|):0'5 in the bulk, f_or example. Througho_ut this sec-
vides the effective particle size. tion, lengths are scaled with the double-layer thickness

In Sec. I, the HSR electrokinetic model is described, fol- R N
lowed by a description of the self-consistent mean-field K= VkTee/ (2169, ®
model for calculating polymer segment density distributionswheree; is the dielectric constant of the solvent agds the
In Sec. lll, CK’s experiments with micron-sized PEG-coatedpermittivity of free space. For an aqueous solvent at room
liposomes are interpreted using the full theory, thereby estaliemperature, the double-layer thickness is typically less than
lishing the hydrodynamic radius of the statistical polymer100 nm.

A. Continuum electrokinetic model

heren” denotes ion densities in the bulk electrolyte. For a
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The ion transport equations are modeled as a rigid “random” configuration of spheres, with a

. drag coefficien{54,5
Npq(u_vj)_Zlep—V In(n)=0(=1,...N), (4 9 ! 3

_ _ N _ F oLt 3(J2)Y? + (135/64 s In s + 16.456h
where the fluid and ion velocitias andv; are scaled with a s~ 1+0.681p, - 8.4842 + 8.164°

characteristic velocity
. 2 when the volume fraction is less than approximately 0.4.
u* = eseo(KT/e) (7). ®) This formula accounts for drag force on the segments arising
Here, a is the “bare” particle radius and is the solvent from their hydrodynamic interactions. In the dilute limit

viscosity. For particles witta=100 nm in an aqueous sol- (¢s— 0), which is relevant in this work, Eq.12) recovers
vent, u* ~103ms?, and with ion diffusivities D; Brinkman'’s well-known formulg42]. The longer-range in-

12

~10° m2s?, the ion Péclet numbers homogeneity of the coatings is described by the self-
N consistent mean-field model discussed in Sec. Il C.
Npg = U™ /D (6) The surface charge density on the bare particle is as-

sumed constant and uniform, and imposes the surface bound-

1 . i ; g
areO(10*/(ka)); these indicate the extent to which convec ary condition

tion may deform the equilibrium double layer. Note that the
ion diffusivities D;=KT/\; may be obtained from the respec- Vi, n- (ee) V W--n=-catr=«a, (13

g‘éﬁéﬂgtgﬁcb;!“;?é ”;tf;j é ?itzrjl))l;/}[’égge/\i are the limiting wheree, is the dielectric constant of the bare particiendn _
Under steady conditions, the ion ;:onservation equation'sS an outward unit normal. Here, the surfacg—charge de_nsny
are ' is scaled withkesepkT/ e, and the plus and minus subscripts
indicate the solvent and particle sides of the surface, respec-
V.(np)=0(j=1,...N), (7)  tively. _ o
] ) ) If the potential at the surface of the bare parti¢lés
with fluid momentum and mass conservation governed bBépecified instead of the surface charge density, ther{E3).

the linearized Navier-Stokes equations provides the surface charge density. In the far field, the gra-
N dient of the potential approaches the applied electric field, so
V- Vp-Bnu-V)-xaXnzVy=0 (8 y— —E-rasr— o, (14
j=1
and where the electric field strength is scaled withkT«/e.

Other surface boundary conditions, which are not dis-
V. -u=0. (9) cussed here, ensure the impenetrability of the bare particle
and the no-slip condition at its surface. The far-field bound-

The particle velocity/ and the pressurg are scaled with™ 5y conditions ensure the proper decays of the electrostatic
and nu* k, respectively. Note that, in setting the third term potential, ion densities, and fluid velocit].

on the left-hand side of Eq@8) proportional tou-V, the
underlying bare particle and the polymer coating are as- B. Electrophoretic mobility and hydrodynamic size

sumed to move together as a rigid composite. The solution of the electrokinetic model presented above
The dimensionless function is obtained by first solving the nonlinear Poisson-Boltzmann
B(r) = [ xb(r)]? (10) equation for the spherically symmetric equilibrium distribu-
tions of ¢» andn;. Then, with the application of a weak uni-
appearing in Eq(8) is the square of the ratio of the double- form electric fieldE or far-field velocityU=-V, there results
layer thickness to th&rinkman screening lengthi, which  a system of stiff, linear ordinary differential equations whose
characterizes th@ocal) hydrodynamic permeability of the solution yields the perturbed electrostatic potential, ion den-
polymer coating. The resultingarcy drag forceaccounts for  sities, and fluid velocity. As shown in detail by Hét al. [6],
hydrodynamic drag arising from the relative motion of thethe far-field decay of the fluid velocity disturbance, together
polymer segments and interstitial fluid. with the particle equation of motion, leads to the dimension-
The Brinkman screening length may be related to thdesselectrophoretic mobilit§/
structure of the polymer coating by expressing the body _
force as the product of the polymer segment dengity and M = V3ne/(E2ese0kT) (15
the drag force on a single segmégt 677as(u—V)F,. When  anddrag coefficient
the segments are represented by spheres(®ttikes radius _
a,, the dimensionless drag coefficigff depends on the vol- F=f/(6maV), (16
ume fraction ¢s=n(4/3) wag. Equating nfg to the dimen- wheref is the drag force on the composite particle when it is
sional form of the Darcy drag term in EQq(8), translated in an unbounded electrolyte with relative velocity
(/€% (u-V), gives

2= 1/(n6maFy) = 2a§/(9d> Fo. (11 “The electrostatic boundary conditions do not affect the electro-
S phoretic mobility[48], so, in this work, the value of; is irrelevant.
In this work, thelocal distribution of polymer segments is  *The magnitudenot the sigi of the mobility is reported.
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V in the absence of an applied electric field. In this work, the 1
drag coefficient is interpreted by adopting effiective coat- FI(KT) = Vi In by + Vi1 In() + x(2 TIVina bz,
ing thickness

(20

L=a(F-1), (17)

wherea+L is the radius of a bare uncharged sphere with th
same drag coefficient as the charged coated sphere un
consideration. Note thdt >0 because ofi) the hydrody-
namic drag of the polymer segments giiigl electroviscous
drag due to electro-osmosis of mobile charge within the di
fuse double layef56]. In the absence of electroviscous ef-
fects, the effective coating thickness equals thalrody-
namiccoating thickness. The “actual” thickness of a steplike
(uniform) coating or the characteristic thickness of a nonuni-

oo - 1
form coating s denotetl” (s~ DIKT) =10 g + @{1 - Nﬂ] + 30~ bxs)
v2

(21)

here ¢1=n,v, and ¢,=n,v, are, respectively, the volume
é?ctions of solvent molecules and “monomer” segments,
with V,, the mixture volume angy the well-known(Flory)
x-parameter. Clearlyp; andn, are the solvent and polymer
f_segment number densities, respectively. The corresponding
chemical potentials, which are obtained by differentiatihg
with respect to the number of solvent molecules and mono-
mer segments, are

C. Self-consistent mean-field theory

The electrokinetic model described briefly above requiresand
knowledge of the radial distribution of polymer segments
which, in turn, specify the spatially varying Brinkman per- 0 vo| v lu,
meability. In previous applications of the model and in its (2 = )l (KT) = —= N_ln b2~ b\ 1=
various simplified forms, the segment density distribution viL b2 v2
has been assumed step liKg45,47,5], exponentially de-
caying[51], or diffuse[6].

This section describes a methodical approach for calculat-
ing the segment density distribution for terminally anchoredwhere the subscripts attachedytas,) indicate partial differ-
chains. The density is calculated from knowledge of fundagntiation. Pattanayek and Juvekas] show that
mental characteristics, such as the segment sthe number

+ PEx+ ¢2X¢2)] : (22

of statistical segmentd\, and the grafting density. The v 1 #s
approach is similar to the well-known lattice models of Fleer ur)/(kT) = {le(kT) - —Z,ull(kﬂ -—In ¢2] ,
et al. [16] but thecontinuumapproach adopted here is closer U1 N &y

to that of Dolan and Edward4.5] and the more recent cal- (23)
culations of Dan and Tirrel21] for curved interfaces.
The probability of a chain beginning at radial position  \ynich leads to
and ending at in s steps, with each step of lengthis
denotedG(r,r’,s). When this probability varies slowly on

the segment length scale, under the influence of an “exter- U(r)/(kT) = Y2 [=In(1 = ¢y) + x(1 = 2¢»)
nal” potentialU(r), it evolves according t¢15,57 U1
2 +(1- ) boxy ]|¢5- (24)
‘;—G = IEVZG +[1 -G, (18) 2
S

Note that ¢,+¢;=1 and ¢=nl® so ¢,=¢v,/I°. Equation
In the mean-fieldapproximation adopted in this world isto  (23) expresses the self-consistent mean-field potential for the
be determined self-consistently and is therefore expressed jfhomogeneous polymer layer in terms of data for homoge-
terms of the(local) segment density, which is often re-  neous(semidilutg polymer solutions. The ratio,/v; that
ferred to in terms of a volume fraction multiplies the chemical potential of the solvent gives the
b=n(r)3 (19) number of solvent molecules displaced by a single polymer
' segment. Thereford) can be interpreted as a free energy
wherel is the length of a segment. The contour length.is cost to transfer a polymer segment from the bulk to the in-
=NI, whereN is the number of statistical segments per chainhomogeneous polymer layer. This free energy excludes the
These statistical parameters are related to the number ofanslational entropy of the polyméthird term in Eq.(23)]
monomer segments or degree of polymerization in Sec. |ll Bbecause this is accounted for by solving ELB).
The self-consistent mean-field potential adopted in this Pattanayek and Juvekar obtained the coefficients of qua-
work is obtained following Patttanayek and Juvekar’s analy-dratic polynomials that capture the dependencey afpon
sis, which, in turn, rests upon Flory’s well-known theory for temperature and the polymer segment volume fractiyn,
homogeneous polymer solutions. According to the FloryThe composition dependence gfis reported to originate
theory, the free energy of mixiny,,n,/N polymer chains from hydrogen bonding between PEG segments and water
with V,n; solvent molecules is molecules. This gives rise to both “energetic” and entropic
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— N o
i ] o(r) = an(r)/(kDJ f G(r',a,9G(r,r',N-s)dr'ds,
] 0 a

("8
—T T
1

1 ] (26)

] wherea is a constant to ensure the correct grafting density.
. For example, the number of chains grafted per unit area of a
] spherical substrate with radiasis

scaled potential, U/(kT)
o

o= (I3a2N)‘1fC (r)redr. (27)

2 The polymer segment density distribution is calculated by
scaled segment density, nl’ solving Egs.(18), (24), and (26) in a spherical coordinate
system withr as the single independent variable. The bound-
FIG. 1. The scaled self-consistent mean-field potetfigkT) ~ ary and “initial” conditions applied in this work are

for aqueous PEO/PEG as a function of the scaled statistical segment

density,¢p=nl3=¢,I13/v,, at temperaturd=25 °C. The solid line is 1dG —Gatr=a (29)

the full expression based on Pattanayek and Juvekar’s correlation 2 0r

for x(¢»,T) [38], the dashed line is aD(¢,) accurate expansion of

the full expression, and the dash-dotted line is the full expressior‘"fmd

with x=0.48. Other parameters are,/v,=3.3, v,=0.273, | G(r,r’,00=8r—-r'), (29)

=0.71 nm, andp”=0.

respectively. More sophisticated boundary conditions, which
contributions to the free energy. The polynomial coefficiénts INCOrPorate an adsorption-energy parameieand account
were obtained by fitting Flory's model, via Eq&21) and for |nhomogene|ty of the_surface-lnt_eractlon region, can be
(22), to phase-equilibrium data from a variety of sources inapplled[37,3a. For repulsive interactions, however, the seg-
the literatureg(see[38]). Figure 1 shows how)/(kT) depends ment density distributions are insensitive to such details at
on ¢ atT=25°C No.te that, whiley is greaterthan 0.5 at distances beyond approximately one segment length from the
infinite dilution (¢—0), the éxpansion of Eq24) for small surface. Equatiorg28) is a suitable boundary condition for

. ©_p “hard,” impenetrable grafting surfaces and is equivalent to
¢z, With ¢, =0, is settingG(a-1/2,r',s)=0 [35].
_U B B 2 The solution of Eq.(18) is calculated using a Crank-
U/(kT) = Ul{¢2[1 2AX = Xg,) 1+ 212+ (312)xy,0, Nicholson finite-difference methofb8]. Because the self-

3 consistent segment density profile and, hence, the self-
- 3X</>2] +0(¢3)}, (25) consistent potential are initially unknown, an initial “guess”

with y~0.644, X¢2z0.163, andX¢2¢2“0-702 evaluated 'S made, which is then improved upon by iteration. At each

) . iteration, a fractiond of the “new” segment density distribu-
from oPattanayek and Juvekar's polynomialsfat=0 andT s aqded to a fraction 15 of the “old” distribution. The
=25 °C. At the relatively low monomer densities of interest

e . . convergence of this procedure dependsBoithe initial esti-

in this work(¢<Q.6), .F'g' 1 shows that EC(Z_S) provides an mate fore(r) or U(r)/(kT), and, of course, the dimensionless
excellen_t approximation to the full expressi@@¥). Note that parameters, N, vy/v,, v,/13, 012, anda/l that characterize
the leading-order term in E¢25) demonstrates how thef- the polymer Iayer]§

fectivevalue of y depends Ofyy,. At T=25 °C, for example, ’

its value at infinite dilution isy* =0.644-0.163=0.481, so ,

water is, indeed, amoderately “good” solvent for PEG at lll. INTERPRETATION OF COHEN AND KHOROSHEVA'S

this temperature, even thougli0) >0.5. The scaling theory EXPERIMENTS

for brushes pointed to in the introduction gives a nominal |n this section, the electrokinetic model is used to inter-
segment densityg~ (013)¥2"427=0.17 with 012=0.072  pret Cohen and Khorosheva’s experiments reporting the elec-
andv=3/5. While the mean-field potential given by E@4)  trophoretic mobility of spherical liposomes with coatings of
yields a relatively weak, repulsive potentialJ/(kT)  terminally anchored PEG. The composition of the liposomes
~0.025, it is shown below that brushlike conformations pre-was described briefly in the Introduction. Cohen and Khoro-
vail with o1?2~0.072 wherN =30 and, hence, the molecular sheva interpreted their data with a theory they developed for
weight exceeds approximately 1.5 kg ol flat surfaces(ka>1 and L>a). Their model invoked the

The connection betwee®(r,r’,s) and ¢(r) comes from  Debye-Hiickel approximati§rand relaxed continuity of the
the so-calleccomposition law[16,57]

- ®Here, o=d2 is the grafting density, not the dimensionless
“In a private communication, Professor Juvekar pointed out thasurface-charge density.

the temperature in Table | of Pattanayek and Juvekar’s pa@&gr ®In practice, the Debye-Hickel approximation is reasonable when
should be expressed in °C. |y <2.
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shear stress and, hence, the velocity gradient at the outer e
edge of a steplike polymer layer. They clearly acknowledged \
the limitations of this theory and used it to infer polymer AN
layer thicknesses andghydrodynami¢ permeability from
measured electrophoretic mobilities.

(=)
1
‘7
1

A. Cohen and Khorosheva'’s theory

scaled mobility, M
>
T
o
4
7.
1

It remains to establish the conditions under which CK'’s [ ROK
theory is accurate and, hence, whether it provides a reliable a
interpretation of the experiments. Before presenting the re- [ oo
sults of new calculations that solve the full set of electroki- o , 1
netic transport equations, with a self-consistent mean-field 10° 10° 10°
description of the polymer, let us first establish the limita- scaled reciprocal double-layer thickness, ka
tions of CK’s modeland verify the accuracy of the full 4
model.

Figure 2 compares Ohshima’s flat-platea— <~ and
L'/a— 0) theory[52] with the full model and CK’s simpli-
fied theory. The upper and lower subfigures are representa-
tive of characteristically thin and thick polymer layers, re-
spectively. The comparison of theory and experiment could
certainly be improved at lower ionic strengths by adjusting
the surface potential to mimic the effect of charge being
displaced behind a shear plafeg., [5,7]). However, the
primary interest here is to compare the analytical and nu-
merical calculations, so the experimental data are shown for
qualitative purposes and to demonstrate that the parameters 10
(see figure captionare consistent with CK’s fit of their scaled reciprocal double-layer thickness, ka
model to the data at moderate and high ionic strengths. For . -
clarity, the three theories are presented with the same param- FlG} 2. K The ¢ (Sﬁal.edl l.emCtrOphor?tr'f ”?Ob""yf M-
etersand constant surface charge. Clearly, the deviation of_ 37eV/(2¢:ekTB) of spherical liposomes with coatings of termi-

, ) . nally anchored PEG as a function of ttsealed reciprocal double-
CK’s model frqm _Oh_shlmas flat-plate model and, Indeed’Iayer thicknesska (aqueous NaCl aff=25 °C). The molecular
the full model, is significant.

- . . weights of the PEG arbl=1 (top) and 5 kg moi* (bottom), with a
Th? n,mb'“ty"omc strength relat'ons,h'p Squ?Steq k_)yparticle radiusa=1.75um and (constant surface charge density
Ohshima’s theory and the full calculations at high ionic a=-1.95uC cnT2 The dashed lines are Cohen and Khorosheva's

strengths suggest that the principle weakness of CK's modelimpjified theory[7] with parameters fitted to their experimental
arises from the discontinuous change in the hydrodynamigata (circles: L'=2.6 nm and¢=1.6 nm (top); L'=13.2 nm and
(sheay stresses at the outer edge of the coatings, rather tham:4.7 nm (bottom. The solid lines interpolate numerically exact
the finite ratiod.'/a andxa. As expected, Ohshima’s theory solutions of the full electrokinetic model with steplike segment den-
asymptotes to the full electrokinetic model at high ionicsity profiles (6/L=107) [6] (symbols discarded for clarityand
strength. While Ohshima’s formula for arbitrary surface po-Cohen and Khorosheva’s estimatesldf and €. The dotted and
tentials (dash-dotted lines given in the form of a series dash-dotted lines are Ohshima’s analytical the@ee text for the
[[52], Eq.(11.4.29], is slightly closer to the full theory than flat-plate limit in whichL/a— 0 andxa— o [52].

his simpler expression for low surface potentigtiotted

lines) [[52], Eq.(11.4.27] effectiveness of molecular diffusion in restoring the equilib-
- 1Py — Ty — o rium state of the diffuse double layer.
M = (3|¢/2)[1/cosHL'/€) = (k) "exp(= kL") Note that the segment density distributions adopted in full
x{1/(k€) + tanKL'/€)})/[1 - 1 «€)?], (30 model (Figs. 2 and 3were specified with a complementary
error function, which approaches the step functions in the

the f|n|t'e particle size and_, h_epce, the effects of pOIarIZ‘fj}t'or}:malytical theories as the characteristic width of the coating
are evidently the most limiting aspects of the analytical

edges vanishes. The results in Fig. 2, wiiL’ =103, dem-
theory whenka<500. ) .
o e onstrate that the numerical approach furnishes accurate solu-
The qualitative form of the mobility-ionic strength rela- f th . ; hen th |
tionship provided by the full model and, indeed, the experi—tlpns of the governing equations, even when there are large
o ' S _disparities in the length scales «™%, L', and 6.
ments, suggests that polarization plays a significant role in
decreasing the mobility of liposomes with low-molecular-
weight coatings(upper subfigure, Fig. )2at low ionic
strength. With thicker layerdower subfigure, Fig. 2 polar- The dimensional parameters that characterize CK's ex-
ization is attenuated because the polymer diminishes the coperiments are listed in Table I. While many of these, such as

vective contribution to the ion flux, thereby increasing thethe ionic strength, are relatively straightforward to measure

[
L
4
’
1

Ly

scaled mobility, M

B. Specification of the model parameters
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T T T T umesv; andv, of the statistical segments and solvent mol-
B N, == @=-2243/(xa) 0.2 nm behind shear surface .
\, <ees G==2243/(ka) 0.4 nm behind shear surface ecules, respectively.

\ — 0=-1910/(xa) at shear surface
N =+ M=(312)[| , 6=—1910/(xa) at shear surface

] 1. Liposome size

The diameters of the liposomes used in CK'’s experiments
were in the range 2—pom. The patrticle size does not appear
in their theory, becausea is assumed large enough for the
mobility to be independent of the radius. However, the par-
] ticle size is relevant at low ionic strengths, when the double
1 layer is not infinitesimally thin compared to the particle ra-

scaled mobility, M
>
T

[ \ ] dius. The particle radius adopted for the calculations in this
Qe -315"'- — work is a=1.75um. However, given the logarithmic scale
| " log,xa ’ over which the double-layer thickness varies with ionic

strength(1=0.5—100 mM, it is unlikely that small relative

FIG. 3. The (scaled electrophoretic ~mobility M changes in the particle radius could significantly affect the
=37eV/(2es,kTE) of bare spherical liposomes as a function of the resylts.

(scaled reciprocal double-layer thicknes& (aqueous NaCl al
=25 °C with radiusa=1.75um). The solid line is the standard 2. PEG grafting density
electrokinetic model with gconstant surface charge density

~-1.95 uC cni? residing at the shear plaie=a). The dashed and

dotted lines are from calculations with a surface charge demsity i : hai f imatel
~-2.29 uC cni? (corresponding to the “actual” surface charge 0 an average suriace area, per chain, ot approximately

residing 2 and 4 A, respectivelpehindthe shear plane. Symbols _700 A? or O(1) chains per Ilpo.some. This value Can _be
are experimental data of Cohen and Khoroshgiia Neglect of  inferred from the reported 1:9 ratio of PEG-PE to PC lipids
surface curvature at low ionic strength is emphasized by SmoluUsed to synthesize the liposomes and the known surface area
chowski’s well-known theory M=(3/2)|f] with o=~-1.95 per lipid (=70 A?). Clearly, the PEG-derivatized lipids must
uC cn? at the shear planédash-dotted ling be assumed to be uniformly distributed both within and
among all the liposomes.
and, hence, can be treated as “known,” many are not. These
include, for example, the surface charge density, the polymer
grafting density, and various statistical characteristics of the The surface potential can be inferred from the electro-
polymer chains—namely, the numbir lengthl, and vol-  phoretic mobilities of the bare liposomes using the well-

Cohen and Khorosheva estimate the average distance be-
tween the grafted chains to tie=26 A, which corresponds

3. Liposome surface charge density

TABLE |. Dimensional parameters used to interpret Cohen and Khoroshgfja'eeasurements of the
electrophoretic mobility of liposomes with terminally anchored PEG coatings. See text for details.

Surface charge densfty o -1.95uC cni?
Particle radius a 1.75um
Solvent dielectric constant € 78.5
Solvent viscosity 7 8.90xX 10* kg (mg)™2
Solvent density Ps 997 kg n3
Temperature T 298 K

lonic strength I 104-0.56 M
Na' limiting conductivity Aq 50.1 Sc mol™
CI” limiting conductivity Ay 76.4 Sc mol™t
Monomer molar mass M 44 g mor?t
Number of statistical segments per chain N 0.6210°M -32)/44
PEG molar mass M 0,0.35, 1, 2, 3, 5 kg mot
Statistical-segment length ¢ 0.71 nm
Monomer-segment length [~ 0.44 nm
Statistical-segment volume vy 0.27¢3
Solvent-molecule volume U1 0.08%3
Grafting density o=d72 (0.2681/0)?
Statistical-segment hydrodynamic radius as 0.175 A

%From the bare liposome mobilityat high ionic strengthand application of thestandard electrokinetic
model with the shear surface &ta.
PEit of the full electrokinetic model with a self-consistent mean-field description of the polymer.
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known standardelectrokinetic mode[48], which, for large  on macroscopically flat supported lipid bilayd690,61]. For
xa andlow surface potential{|, is accurately approximated liposomes, migration would increase the induced dipole, and
by Smoluchowski's formulav=(3/2)|¢{]. Numerical solu- it is well known that such polarization decreases the electro-
tions of the full electrokinetic model for bare liposores phoretic mobility, thereby decreasing the surface charge in-
show that the assumption of a constant surface charge fgrred from a model that assumes immobile charge. Such a
reasonable when the concentration of added @Cl) is  redistribution cannot affect the mobility to linear order in the
greater than approximately 6 midee Fig. 3 The calcula-  applied electric field strength, however, because the per-
tions were performed withr~-1.95uC cni?, which is  tyrhed charge distribution modifies theurface boundary
equivalent to an average surface area, per elementary, Univgsndition for the electrostatic potential, and such perturba-
lent surface charge, of approximately 28K at the shear  ions 4o not affect the electrophoretic mobil#8]. An un-
plane S . . ambiguous test for the significance of this nonlinearity would
The surface charge adopted in this work is, strictly Spe""kbe to report the mobility, particularly at low ionic strengths,

ing, an effective valueThe charge inferred by the electro- at several electric field strengths. If charge migration is sig-

phoretic mobility of many colloids tends to be lower than the ... - o .
actual charge because the charge resides behirghear nificant, then the mobility would decrease with increasing
¢ field strength.

plang i.e., a surface beneath which the fluid is immobile. |
the charge is independent of the concentration of ions in the 4. Statistical PEG segment length and volume
surrounding electrolyte, then the potentdlthe shear plane, o o )
|Z], necessarily decreases with increasing ionic strength. Fig- The statistical characteristics of the polymer chains, as
ure 3 shows that there exists no significant difference beSPecified by the number of segments per chain, and the
tween the mobility of bare liposomes with the actual chargdength and volume of the segments, are not straightforward
behinda shear plane and a diminished effective chaigbe to determine. However, they can be inferred from studies of
shear plane. Indeed, an effective charge densitycof dilute aqueous solutions of PEO. Devanand and S¢&&r
~-1.95uC cnmi? at the shear plangsolid line) yields mo- measured the radius of gyration of relatively long PEO
bilities very close to those witlr~-2.29 uC cni? located  chains in dilute aqueous solution, with molecular weights in
2 A (dashed ling and 4 A (dotted ling behind the shear the range 18-10° kg mol®. Their light-scattering experi-
plane. Recall, a charge density of —2,2€ cni? reflects the  ments yield a radius of gyration that scales according to clas-
stoichiometric ratio of charged to uncharged lip{ds9) and  sical theoretical predictions for flexible chains ilyaodsol-
the average surface area per lipid. vent, R,=0.218\0383:0031 at 30°C, with M the
The concave-down shape of the mobility-ionic strengthmolecular weight(g mol'). Unfortunately, there does not
relationship is indicative of double-layer polarization. The exist a tractable theory that permitsand N to be inferred
departure of Smoluchowski’'s mobility formula from the “ex- from these data. Rather, the parameters must be obtained
act” calculations for bare liposoméBigs. 3 and »demon-  underthetaconditions, when repulsive excluded-volume in-
strates that the diffuse double layer is not infinitesimally thinteractions are balanced by attractive dispersion forces.
compared to the particle radius. Furthermore, the departure The number of statistical segmentd, and the corre-
of the exact calculations from the experiments indicates thasponding statistical-segment lendtlwere obtained from a
the effectivesurface charge varies with ionic strength. Whencorrelation for the radius of gyration of PEO chains under
the surface potential is sufficiently high and the double layetheta conditionng=amM1’2, with M the molecular weight
sufficiently thick, the mobilitymay decrease with increasing (g mol!) and a,,=0.343 A (e.g.,[63]). Since the radius of
charge because of polarization and the resultingbility  gyration of an ideal chaiireal chain in atheta solveny is
maximum[48]. Nevertheless, with the prevailing values of well known to beRg:I(N/G)l’Z, the length of amonomer
|¢| and xa, the mobility should increase with the surface segment isl,~0.44 nm[31,64, and NI=(M/M)l,, with
charge. M=~ 44 g mol* the molecular weight of a PEG/PEO mono-
If the decrease in effective charge were attributed entirelymer, the Kuhn length i$:6|\/|mar2n/|mz0_7]_ nm. It follows
to an outward displacement of the shear plane, then thergatN~0.623\1/M,,, from which it is evident that each sta-
remains the question as to how and why the displacemenjstical segment comprises approximately 1.6 PEG mono-
varies with the bulk ionic strength. The results in Fig. 3 with mers.
charge residing behind a shear plane indicate that the dis- As described in Sec. Il C, giveN and| for chains with a
tance between the shear and charged surfaces increases frefbwn molecular weight, the self-consistent-field model re-
approximately 2 to 4A. Because the difference betweeryuires knowledge of,/vy, v,/1% andx(#,). The calculations
theory and experiment is small compared to the influence ofy this work were performed using the empirical correlations
the polymer, the role of counterion binding dharge regu-  of Pattanayek and Juvekg8]. They calculated the molar
lation is not addressed hefsee[59]]. volume of a PEO statistical segment from the density of
The charged lipids may migrate under the influence of theyqueous PEO solutions as measured by Hasse and co-
applied electric field. Such reorganization has been observegorkers [65]. At T=25 °C, their correlations givev,
=4.62 A%=0.27° with 1=0.71 nm. As expected from De-

"Solutions of the standard electrokinetic model are calculated byanad and Selser’s light-scattering measuremg2k Pat-

setting the polymer segment density to zero. tanayek and Juvekar’s analysis of thermodynamic data, as
®The dimensionless surface charge densityris—duy(r=r«a)/or presented in Fig. 1, for example, confirms that water is in-
~-1910/ xa). deed a good solvent for PEO/PEG at room temperature.
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0.5———po — — — 10— ——rrro— T —
590000, [ T

scaled segment density, nl’
mobility (10 *m/(Vs))

10 10° 10
scaled distance, (r-a)/l NaCl concentration (M)

FIG. 4. The radial segment density distributigr=nI*® of PEG FIG. 5. The electrophoretic mobility/ E of spherical liposomes
chains terminally anchored to the surface of spherical liposomegith coatings of terminally anchored PEG as a function of the bulk
with radiusa=1.75um as a function of théscaled distance from jonjc strength for various numbers of statistical segments per PEG
the surface of the bare liposome surfa@esa)/l. The circles(in- chain, N=0 (bare liposomg 4.5, 14, 28, 42, and 7(increasing
terpolated with solid lingsare calculations for various numbers of downward; the molecular weights of the PEG chains afle=0,
statistical segments per chaiN=4.5, 14, 28, 42, and 70, with 035 1, 2, 3, and 5 kg mdl, respectively. The solid lines interpo-
volv1=3.3, v,/13=0.27, ¢1?=0.072, andI=0.71 nm. The self- |ate numerically exact solutions of the full electrokinetic model
consistent mean-field potential is specified according to(E4). with a self-consistent mean-field description of the polymer seg-

ment density distributioneésymbols omitted for clarity The circles

A statistical segment length of 3.5 A has often been(with dotted lines to guide the eyare Cohen and Khorosheva’s
adopted for PEG in the biophysics literaturee.g., experimental dat§7], and the dash-dotted line is Smoluchowski’s
[5,7,31,66,6]). It is unknown to the author from where this well-known theory for a bare particle wittonstantsurface charge,
value originated and, indeed, what accuracy is to be inferred=(3/2)|¢|. See Table | for parameters.

In some cases, it has been used to characterize the monomer

length. It is often referred to as an approximate value and iare plotted with the axes scaled appropriately. For clarity, the
clearly inconsistent with the arguments above, which suggestata in Figure 4 are plotted without such scaling. Neverthe-
a value approximately twice as large. In support of the valudess, it is clear that the coatings suggested by scaling theory
adopted in this work and by Pattanayek and Juvekar is Ruge be brush like are, perhaps, much less homogeneous than
sel and co-workers’ survey of data in R¢68] giving |,  one might otherwise expect. Witk=70, the profile exhibits
=0.44 nm and=0.60 nm([35], Table 6.). The value of the characteristics of parabolic brush[17]. For these rela-

3.5 A has been associated with the Flory radius expressed #isely low-molecular-weight polymers, brushlike characteris-
R,::B.SI\I%/S A, with N,,, the number of monomers per chain. tics manifest much more distinctly in the scaling of the av-

It is therefore tempting to compare this with Devanad anderaged segment density and hydrodynamic coating thickness.
Selser’s[62] correlation,R,=0.218V1-8320-0314 ' Sypstitut-  These are examined in detail below, after the hydrodynamic
ing M=44N,, g mol? givesR,=1.93N>%*A, so if Rz is as-  radius of the segments is established via the electrophoretic
sociated with the mean-squared end-to-end distéhesd  mobility. Further details of the coating structure, including
we apply the ratioR=16R, for ideal chains, there results the distribution of end-segments, can be obtained from the
R:=4.8\%%% A which is somewhat closer to the indicated self-consistent mean-field calculations. These are discussed
RF:3,5N%}5 A. in the references pointed to in the Introduction.

C. Segment density distributions D. Electrophoretic mobility

Segment density distributions are shown in Fig. 4 for the The hydrodynamic radius of the polymer segmeaisjs
five molecular weights of PEG used in CK’s experiments.adopted in this work as the primary “fitting” parameter. Un-
From the scaling theory pointed to in the Introduction, alike the coating thickness and permeabildyjs assumed not
transition from mushroom conformations to brushlike struc-to vary with the polymer chain length. Instead, it is taken to
ture is expected whed~ IN”. With ¢1°=0.072 andv=3/5, be an intrinsic characteristic of the monomer, similarly to the
for example, the transition should occur whén- 10, so the  molar volumev, and the statistical segment lendgthThe
lowest molecular weight PEG witN=4.5 and, possibly, the electrophoretic mobilities shown in Fig. 5 were calculated
next shortest chains witN=14 should adopt Gaussian-like from the HSR electrokinetic model using the polymer seg-
distributions with a nominal coating thicknesé~IN®>and  ment density distributions shown in Fig. 4. With
segment densityp~0.072N?>. The longer chains, witthN  =0.175 A, the full model provides an excellent “fit" to CK’s
=28, 42, and 70, should adopt bushlike conformations withexperimental data over a wide range of ionic strengths and
L'~0.42N and ¢~0.17. PEG chain lengths.

Indeed, the transition from mushroomlike to brushlike The most significant difference between thedsplid
structure is evident when the segment density distributionsurveg and experimentcircles occurs at the lowest ionic
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strengths, for particles with the two thinnest layers and, pos- O
sibly, the bare liposomes. It is possible to improve the fit by \\o\_‘

allowing the effective surface charge to vary with the bulk
ionic strength, as demonstrated in Fig. 3 for bare liposomes.
Such an adjustment does not account for the influence of
low-molecular-weight polymer at low ionic strengths, how-
ever. The discrepancy might be attributed to lateral mobility
of surface charges and polymer, which is clearly not ac-
counted for in the present model. Recall, in CK’s experi-
ments, the charged lipids, which bear the surface charge, also
anchor the polymer. Therefore, it is not unreasonable to ex-
pect surface mobility to decrease with increasing molecular - -
weight, vanishing whed <IN"”. Furthermore, one should ex- 10 NaClconcle?mation(M)

pect the mobility of charged PEG-derivatized lipids to have a

similar (qualitative dependence on the bulk ionic strength as ~ FIG. 6. TheeffectivethicknessL of coatings of PEG terminally
the liposome itself. Clearly, the comparison of experiment2nchored to spherical liposomes with radass1.75um as a func-
and theory suggests that surface-charge mobility decreasHen of the bulk ionic s_,trength. Thg cwclgmterpolated with solid
the particle mobility. This may be attributed to polarization lines) a_re_from theoretical calcul_atlons with=4.5, 14, 28, 42, and
of the surface charge layer, and such a redistribution 0?0 statistical segments per chain. See Table | for parameters.

charge would manifest in gcaled particle mobility that vective flow and, hence, attenuates double-layer polarization.

depends on the applied electric-field StreUB*B]- - Moreover, the electroviscous contribution to the effective
Explanations based on shape fluctuations are difficult to__" .. : . o . ;
article size diminishes with increasing layer thickness.

justify because these liposomes are multilamellar and, pr Therefore, at high ionic strengths, polarization is negligible

sumably, much more rigid than unilamellar vesiclgee . . ' "
[69]). Furthermore, the electrophoretic mobility at values ofﬁgfnit:;?éfncéglscoatmg thickness approaches thgdrody

xa where Smoluchowski's theory is valid is well known to N . . .
be independent of particle size and shape. At present, the As shown in Fig. 7, the hydrodynamic coating thickness

influence of a nonuniform distribution of polymer and charge, . co>c> ak ~0.2NI when N>30. The thickness of the
throughout the lamellae is uncertain 1Phe¥)retical Stepsgtol_ower-molecuIar-weight PEG ~coatings 'is _significantly
ward understanding the distribution and influence of PEG_smaller than expected from the segment density distributions

lipids on curved bilayer membranes have been taken b§hown in Fig. 4. These layers are much more permeable than
Rovira-Bruet al. [70]; it is not clear that these results can be heir higher-molecular-weight counterparts. According to the

applied to large multilamellar liposomes, however. Finally, i,[present mean-field theory, the segment density distribution is

should be noted that the influence of polymer on the effectivenOt representative of a single PEG coil, but rather an average

dielectric constant in the layers has been neglected entirely e’ the relatively dense coils and intervening void space.

The polymer presumably lowers the effective dielectric con-}f he accuracy of these calculations clearly depends on

stant, thereby increasing correlations between ions in thwhether the mean-field approximations, for the polymer con-

electrolyte and on the underlying surface. Given the IOW?ormatlonand hydrodynamics, are reasonable. The compari-

polymer volume fractionsw,= ¢v,/13<0.15, it is difficult 10%E
at present to quantify this influence and, indeed, to distin- E
guish it from the(dominany hydrodynamic one.

N=70

effective layer thickness (nm)

E. Coating thicknesses, densities, and permeabilities

The effectivecoating thickness reflects polymer and elec-
troviscous drag when the particle is under translation in the
absence of an applied electric field. An increase in the effec-
tive size with decreasing ionic strength arises from electro-
osmotic flow that resists deformation of the equilibrium :
double layer. In Fig. 6, the electroviscous effect is clearly 0 L
evident at low ionic strengths for particles with low- 10 10 ) , o
molecular-weight polymer coatings. Increasing the double- PEG molecular weight (gmol

layer thickness, by decreasing the bulk ionic strength, in- g 7. ThehydrodynamichicknessL of coatings of PEG ter-
creases the characteristic ion diffusion time, and thisyinally anchored to spherical liposomes with radassl. 75 um as
increases the effectiveness of convection in polarizing the function of the PEG molecular mass. The circles are from theo-
double layer. Also, the high surface potentials that prevail atetical calculations witiN=4.5, 14, 28, 42, 70, and 140 statistical
low ionic strengths support a significant charge densitysegments per chain, and the line is a power-law Ifit
which, in turn, contributes to the electrical body force on the=0.9M%%® A, with N,=M/M,, the number of monomers per
fluid inside the double layer. Clearly, polymer slows the con-chain. See Table | for parameters.

hydrodynamic layer thickness (nm)
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TABLE Il. Quantitative interpretation of Cohen and Khorosheva'’s experiment$)liieir simplified analytical theoryCK) and(i) the
full electrokinetic model with a self-consistent mean-field description of the PEG segment density distiiB@MFR).

ck? SCMF (a,=0.175 A
M L’ ¢ as L (@'

(g morY) M/Mp, N (nm) @° (nm) A) (nm) ($)° (nm)
350 7 45 (2.9 - - - 0.42 0.55 1.4
1000 22 14 (2.6) (0.28 (1.6) (0.27) 2.0 0.36 1.7
2000 45 28 45 0.32 1.9 0.17 4.3 0.33 1.8
3000 67 42 7.3 0.29 2.9 0.077 6.5 0.33 1.8
5000 113 70 13.2 0.27 4.7 0.032 11 0.32 1.8

4CK caution that their theoretical interpretation is not reliableNbr 350 and 1000 g mot (reported here in parentheges
Based on a uniform distribution of segments betweena anda+L’, with [=0.71 nm.

“Calculated fromag=13/(6mwpt?).

The effective coating thickness at high ionic strength, i.e., in absence of electroviscous effects.

®Based on a uniform distribution of segments betweea anda+L’.

'Based on a uniform distribution of segments betweea anda+L, with a;=0.175 A.

son of theory and experiment rests on the electrophoretitarly large values of for the two coatings with the highest

mobilities presented in Fig. 5. It is therefore helpful to com-molecular weight polymer. Of course, the corresponding val-

pare the results Wlth those inf(_arred from other simpler theOUeS ofaS to be inferred from CK’s data also vary consider-

retical interpretations of experiment. ably with N. When compared to the full model, it appears
Cohen and Khorosheva’'s model suggests that each mongso+ ck's overestimate of’ has been compensated for, in

mer contributes 0.128 nm to th@ctua) coating thickness. part, by an underestimate @, Indeed, the values oé,

In the high-molecular-weight limit, their theory leads to Coat'fnfer'red from CK’s analysis are very srr’1all.

ings approximately 30% thicker than suggested by the ful Because the coatings from the self-consistent mean-field

model. At lower molecular weights, but still in the brush lculations are inhomogeneous. the seament densities re-
regime, their coating thicknesses are in reasonable agreeme(fﬂ . 9 ' 9
orted in column 9 of Table Il are average valie®s ob-

with the full model. However, the permeabilities and Stokes” : o
radii vary considerably, which is clearly inconsistent with {ained by dividing the number of segmeqtsaﬁoN, by the
expectations for brushes. volume enclosed by the underlying bare liposome and a con-
Janzen and co-workef®] inferred a layer thickness of Ccentric sphere with a radius equal to thyedrodynamicadius
3nm for PEG coatings with a molecular weight of (4/3)ma{(1+L/a)*>-1]. The Brinkman screening length re-
1 kgmol! (N=~14) with a grafting densitycl?~0.072. ported in column 10 is based on this average segment den-
Note that the hydrodynamic layer thickness from the fullsity, i.e.,(¢)~ (6mag¢)/1%) V2 Of course, in the full model,
model is 2 nm, with chains extending as far 4s=8.6 nm ¢ varies(radially) with the segment density.
from the grafting surfacésee Fig. 4. Clearly, it is difficult to As expected{¢) and (¢) are independent oN when
compare uniform, steplike layers with more realistic, nonuni-N > 14. The transition from mushroomlike to brushlike struc-
form layers. Neither Janzegt al. nor CK reported hydrody-  tyre suggested here is consistent with the region over which
namic layer thicknesses. _ L increases linearly witl in Fig. 7. For the thinnest coating,
Recall, if the polymer segments are modeled as sphericalyy s ynrealistically high and, hence, the corresponding

Stokes resistance centers, then the Brinkman screenln\%lue of(€) is unrealistically low. This is because the hydro-

length is ¢ =(F6mah) 12, with the drag coefficienF ~1 N ) o
_ Lo dynamic thickness is much smaller than the characteristic
when ¢s=n(4/3)ma’<1. If the segment density distribution
$s=n(4/3)mas g y idth of the segment density distributidri ~IN*, as can be

is assumed uniform, then the nominal coating thickness aniy' . o : -
segment density are related by the “known” grafting density’€"ified by identifyingL on the abscissa in Fig. 4.

and polymer molecular weight. We may therefore infer from

CK'’s coating thicknessds’ and Brinkman screening lengths

€, an averagescaleq segment dens_ityj):nll3 and hydrody- IV. HYDRODYNAMIC (STOKES) RADIUS OF A

namic segment ra_dlueg. These are listed in (_:oIL_Jmns 4-7 of STATISTICAL SEGMENT

Table Il. The nominalscaled segment density in column 5

was calculated from CK'’s values af using the values of

(column 3 and 1=0.71 nm adopted for the self-consistent Recall, the statistical segment length for PEO/PEG in this
mean-field calculations. Because CK’s analysis yields coatwork is 1=7.1 A, and the length of a C-C bond is 1.54 A.
ing thicknesses that are close to those obtained from the fullearly, the hydrodynamic radius of the statistical segments,
model, the resulting segment densities are comparable. Hoves~0.175 A, is remarkably small. While a clear quantitative
ever, the permeabilities vary considerably, yielding particu-explanation is elusive, the result is consistent with other
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TABLE Ill. Representative characteristics of polymer layers from electrokinetic studies. The hydrodynamic radius of the segments,
applies to either monomer segments or statistical segments, depending on the assignment of aWAMig ¢ N in columns 3 and 4,
respectively. The segment densitys consistent with the assignmenta&fto monomer or statistical segments.

M d L’ n 14 as
Polymer (g molY) M/M, N A) A) (M) A) A) bs=n(413)ma’ Ref.
PEG 1000 22 - 26.5 26 2.0 16 0.17 210° CK [7]
PEG 1000 - 14 26.5 26 1.3 16 0.27 @0 CK [7]
PEG 1000 - 14 26.5 20 1.7 17 0.18 X10° This work
PEG 1000 22 - 26.5 30 1.7 4.9 2.2 0.04 Janeeal. [5]
glycocalyx - - - - 75 0.072 13 7.0 0.06 Levire al. [2]

4CK caution that parameters inferred by their model for this molecular weight may not be as accurate as for the higher molecular weights
(see Table Ii; nevertheless, this choice facilitates a comparison here with the parameters of daakéline 4).
bHydrodynamic thicknessk.

independent applications of the Debye-Brinkman theory. Bethe polymer segment density specified using the well-known
cause the Brinkman permeability is usually adopted as th&cheutjens-Fleer lattice theory agas in this worl a Debye-
primary fitting parameter, the Stokes radius must be inferre@rinkman description of the flow. They adopted a semi-
from previously reported permeabilities and segment densiempirical relationship for the Brinkman screening length,
ties. _ o ¢?=ca¥(¢; '~ 1), whered, is the polymer volume fraction in
Table Il summarizes characteristics of polymer layersie jth Jayer of the lattice and is the so-called elementary

from studies where electrokinetic theory has been used t%yer thickness. For PEO and, hence, PEG, they reported
interpret experimental data. The hydrodynamic radius of a2=0.51.0 nm2=0.5 nn? and pointed out that setting the

PEG segment from CK'’s study was obtained from their re- _ S
ported values off and the segment density based on the "oromer length té,=a/2 (two monomers per lattigenith

number of segments per chai) the coating thicknesk’ a=1.1 nm allowed theoretical calculations and experimental

and the grafting densitgi™2. The resulting hydrodynamic ra- data to _be superp(s)sed. Ir_1 this wo_rk, the staFisticaI_ segment
dii, for either monomer segmengine 1) or statistical seg- volume isv,~0.28% S0 ¢ in the lattice theory is equivalent

— 3 : 2— 2
ments(line 2), are comparable to the value obtained from thel® Mv2=0.2/I°  Therefore, —equating (*=ca’/¢; 10

full model (line 3). Recall, in CK's study, botif andL’ were ~ 1/(67a), as ¢—0, yields a;=¢/(6mnca?)~0.103 A,
adopted as fitting parameters. In striking contrast are the hywhich is clearly very small. Alternatively, i is interpreted
drodynamic radii of the segments adopted in the other tw@s being equal tow,l3, with n,, and I, respectively, the
studies(lines 4 and 5for PEG and glycocalyx layers. These (numbey density and length of the monomer segments, then
authors specified the hydrodynamic size of the segments arff=ca?/[ny(a/2)3]. In this work, n=nl./I=n,4.4/7.1, so
adopted the coating thickness as a fitting parameter. Clearlg,=ny(a/2)%/[67n,(1/1)ca?]=0.235 A, which is also very
the different methodologies, applied with theoretical modelsmall.
that are fundamentally similar, lead to different interpreta-  Further independent justification for a small Stokes radius
tions of experiment. . _ comes from Mijnlieff and Wiegel[71], who applied the
Let us briefly examine theincorrecy notion that the  pepye-Brinkman model, with a Gaussian distribution of
anomalous hydrodynamic radius is an artifact of the spheripglymer segments, to calculate the sedimentation velocity
cal approximation of the polymer segments. Given that theynq intrinsic viscosity for dilute poly-methyl styreng
d_rag for(_:e on a slendéf>a.) rod with length 2. and ra- (PAMS) in cyclohexane. With a molecular weight of
dius & is fy=4mylV/in(lc/a) and f, =8mylV/in(lc/a) 2000 kg mot?, for example, thgmeasuregiradius of gyra-
when the flow is p_arallel and perpendicular to the directory;o s R,~39.5 nm undertheta conditions. Assuming a
respectively, equating aaverageforce on a rodf,+f,)/2 g4 sjan distribution of segments, they calculated the con-
to the average force on a spherg-fV, gives centration of polymer at the “center” of the coils to be
~0.0179 g ci®, with a Brinkman screening length there of
a;=I/In(l/a,). (31)  €=~9.43 nm. It follows that the monoménumbej density is
Nm=~0.15 M (M,,=~ 118 g mof?) and, hence, that the Stokes
Clearly, in the absence of hydrodynamic interactioas, radius of a monomer(l,,~2.5 A) is a,=0.065A; the
should be less than, but of a comparable magnitudk.tf, =~ equivalent Stokes radius of a statistical segment with Kuhn
for example, 2=1=7.1 A anda,=1.54 A, thena;=4.3 A,  length [=2.21 nm isa;=0.575 A. Note that the rati@y/|
so the value 0B =~0.175 A inferred from the electrokinetic =~0.026 for PAMS is very close to the value established in
model and experiments is clearly at odds with this simplethis work for PEO/PEGas/| = 0.025; it is not unreasonable
analysis. to expect such a proportionality based on simple hydrody-
Cohen Stuartet al. [39] compared measured hydrody- namic considerations. Once again, the hydrodynamic size of
namic thicknesses of adsorbed PEO layers with theory, wittthe segments is very small.
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In the polymer-physics literature, the Stokes radius isdrodynamics are qualitatively different from those prevailing
“hidden” in the hydrodynamic permeabilitfe.g., Debye- with neutral polymer. With neutral polymer, the fluid is sug-
Beuche[43] or the draining parameterin the well-known  gested to preferentially flow through regions of low segment
Kirkwood-Riseman theorysee[72]). For polymer coils, in-  density, thereby(substantially reducing the average drag
tense fluctuations in the segment density, and the long-ranggrce per segment. With charged polymer, however, at suffi-
nature of intramolecular hydrodynamic interactions may besjently high ionic strengths and with=n(4/3)mai<1, the
invoked to justify shortcomings of Debye-Brinkman theory. forces driving relative motion of the polymer and interstitial

Itis not clear that such Ilmltatlons a_pp_ly to polymer br_qshes’electrolyte are relatively insensitive to density fluctuations on
however. Indeed, mean-field descriptions of the equmbrlumboth large and small scales

structure of polymer layers are supported by experiments
that resolve the spatial inhomogeneity. This suggests that the
apparent shortcoming arises from the Debye-Brinkman
model and, in particular, its neglect of correlations between
(microscale fluctuations in the segment density and fluid
Ve|0city_ Arguments based on a breakdown of continuum hy_ This work presents the first theoretical prEdiCtionS of the
drodynamics at smallatomig scales are unlikely to resolve mobility of spherical, polymer-coated'soft” or “fuzzy”)
matters, since the hydrodynamic radii of ions and other smaltolloids based on a detailed model of the polymer segment
molecules are well known to be comparable to their physicaflensity distribution and numerically exact solutions of the
size. full electrokinetic model. Numerical calculations were used,
A comprehensive analysis of charged polymer layers igogether with experimental measurements of the electro-
beyond the scope of this work, but it is, nevertheless, interphoretic mobility of liposomes with terminally anchored
esting to compare predictions of the electrokinetic modelPEG [7], to infer a fundamental characteristic of the
with available data for associative diblock copolymers, aspolymer—theeffectivehydrodynamic siz¢Stokes radiugsof
reported by Cottet and co-worke{33]. These micellular the statistical segments. In principle, the model is now ca-
particles comprise a small, impermeable hydrophobic corgaple of predicting the mobilities and other single-particle
with a thick and permeable charged layer. When Donnagharacteristicge.g., diffusion coefficientof a variety of col-
equilibrium prevails inside the charged layer, i.e., at suffi-jpigs with terminally anchored PEG coatings, given param-
ciently high ionic strengths, and with a “corona” that is mucheters such as the size of the underlying bare colloid, the
thicker than the Brinkman screening length, the full electro-syrface charge, ionic strength, and the amount and molecular
kinetic model yields a remarkably simple result: the particIeWeight of the grafted polymer.
electrophoretic mobility becomes equal to the mobility of a  The remarkably small Stokes radius for PEG/PEO seg-
“free” polymer segment, and, furthermore, when the charggnents (a;~0.175 A with 1=7.1 A) is suggested to be an
density is proportional to the segment density the mobility isrtifact of the mean-fieldDebye-Brinkman description of
independent of the segment density distributisee[6]). For  the interstitial flow, and it was demonstrated that the small
example, equating the electrical body forte)zeE wherez  gjze inferred from the calculations is consistent with other,
is theeffectivevalence of a segment, to the Darcy drag forcepurely hydrodynamic, applications of the Debye-Brinkman
n(r)6mnasV, yields a dimensional electrophoretic mobility  theory. Despite such a shortcoming, the electrokinetic model
is robust in its predictive capacity, and it relies on few “un-
VIE = zd(6mnay), (32)  known” empirical parameters.

The theoretical interpretation of experiment suggests that
which is clearly independent of the segment density distribucorrelations between microscale segment density and fluid
tion. Indeed, the mobilities of polgtyrene sulfonateco-  velocity fluctuations significantly influence the effective
polymer aggregates reported by Cotetal, with widely  Stokes radius of the segments. For free and grafted neutral
varying molecular weight, segment density, and hydrodypolymer chains, such correlations arise from fluid preferen-
namic radius, differ by less than 10% in 40 mM sodium bo-tja|ly flowing through regions of relatively high permeability
rate electrolyte(x*~2 nm) [73]. Equation(32) and the (jow segment densilyat scales smaller than those appearing
measured mobility V/E~-35x10°m?/(Vs) give as in the Debye-Brinkman model. For terminally anchored
~2.732] A, and Manning’s counterion condensation theorypolyelectrolyte, at moderate and high ionic strengths when
[74] limits the effective linear charge density &l when  Donnan equilibrium prevails inside the layer, the drag force
Bl n=15" Here, lg=€?/(4mepekT)=7.1 A is theBjerrum  on the segments is much less susceptible to density fluctua-
lengthand g is the fraction of charged monomer segments. Ittions, and the effective Stokes radius of the segments is rep-
follows that|z| = (I,/1g) 8~ (2.5/7.1 8. Note that counterion resentative of their physical size.
condensation reduces the Donnan potential significantly and, A variety of colloids are well known to exhibit anomalous
moreover, the mobility remains finite with vanishing electro- electrokinetic behavior at low ionic strengths. This work did
static potential. Now, sincg is unknown, but is typically in  not invoke constructs such as dynamic Stern layeror
the range 0.8-1.0, the ratm/I is in the range 0.31-0.38. charge regulation Nevertheless, the present level of detail
Clearly, in contrast to the neutral polymers above, the effecshould assist future studies examining surface chemistry and
tive size of these charged segments is comparable to thedharge, surface-charge mobility, and the dynamics of ad-
physical sizgrecall Eq.(31)]. Evidently, the microscale hy- sorbed polymer on fluidlike membranes.

V. SUMMARY
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