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F or over half a century, alternating electric fields have been used to induce particle transport, furnishing the {-potential of
analytes with sizes ranging from a few nanometers to several micrometers. Concurrent advances in nanotechnology have
provided new materials for catalysis, self-assembly, and biomedical applications, all of which benefit from a thorough
understanding of particle surface charge.

Therefore, the measurement of the §-potential via electrophoretic light scattering (ELS) has become essential for nanoparticle (NP)
research. However, the interpretation of NP electrophoretic mobility, espedially that of ligand-coated NPs, can be a complex undertaking,
Despite the inherent intricacy of these data, key concepts from colloidal science can help to distill valuable information from ELS.

In this Account, we adopt PEGylated Au NPs as an illustrative example to explore extensions of the classical theories of
Smoluchowski, Hiickel, and Henry to more contemporary theories for ligand-coated NP systems such as those from Ohshima, and
Hill, Saville, and Russel. First, we review the basic experimental considerations necessary to understand NP electrophoretic
mobility, identifying when O'Brien and White's numerical solution of the standard electrokinetic model should be adopted over
Henry's dosed-form analytical approximation. Next, we explore recent developments in the theory of ligand-coated particle
electrophoresis, and how one can furnish accurate and meaningful relationships between measured NP mobility, £-potential, and
surface charge. By identifying key ligand-coated NP parameters (e.g., coating thickness, permeability, molecular mass, and
hydrodynamic segment size), we present a systematic method for quantitatively interpreting NP electrophoretic mobility.

In addition to reviewing theoretical foundations, we describe our recent results that examine how the unique surface curvature
of NPs alters and controls their properties. These data provide guidelines that can expedite the rational design of NPs for advanced
uses, such as heterogeneous catalysis and in vivo drug delivery. As a practical demonstration of these concepts, we apply the
ligand-coated theory to a recently developed noncovalent PEGylated Au NP drug-delivery system. Our analysis suggests that anion
adsorption on the Au NP core may enhance the stability of these NP—drug conjugates in solution.

In addition to providing useful nanochemistry insights, the information in this Account will be useful to biomedical and
materials engineers, who use ELS and {-potentials for understanding NP dynamics.

1. Electrophoretic Light Scattering

Nanoparticle (NP) surface charge is of fundamental impor-
tance to many research areas, including electrophoretic
deposition,! self-assembly,? and biological® applications.
In solution, the surface charge (which can be inherent to
the NP or the result of ion adsorption)4 is shielded by a
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diffuse layer of solvated counterions. The electrostatic sur-
face potential, termed the {-potential (¢), is highly dependent
on the immediate environment. Together, the fixed surface
charge and diffuse layers are termed the “double layer”.
“Smooth” interfaces exhibiting a disparity between the
electrokinetic and actual surface charge (e.g., as ascertained
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FIGURE 1. (A) Schematic (heterodyne) electrophoretic light scattering
(ELS) setup.’® (B) Negatively charged particle migrating with velocity v
when subjected to an electric field E between an anode (right) and cathode:
IT’EPH is the electrophoretic force, and T—'Drag isthe solvent drag force. Particles
migrate at constant velocity while experiending zero net force.'®

by titration) may be subject to anomalous surface conduc-
tion or Stern-layer conduction.®> Here, charge within the
Stern layer (i.e., behind the slipping plane) is mobile, allowing
the surface charge and, hence, the electrical force to dyna-
mically respond to an applied electric field. While such
models improve correspondence between theory and ex-
periments, ascertaining the Stern-layer model parameters
(e.g., ion mobilities and capacitances) is demanding.

NP -potentials are routinely obtained from electrophore-
tic light scattering (ELS), but interpreting the {-potential of
particles with sizes in the range 5-100 nm presents a
delicate challenge.® Ligand-coated NPs provide further com-
plexity, because the hydrodynamic size and surface-charge
shielding depend on the ligand conformation.

We begin by describing the theory underlying the most
common conversion of ELS mobility data to ¢-potential, build-
ing off the well-known, but not always appropriately used,
Smoluchowski formula.” We present two important extremes
of bare and uncharged polymer-capped NPs, accounting for
electrolyte ionic strength, polymer-layer thickness, and surface
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curvature. Gold nanoparticles (Au NPs) with a neutral ligand
polyethylene glycol (PEG) are adopted as an example, but the
discussion applies to other nanometer size analytes relevant to
macromolecular® and biomedical research.’

In an ELS experiment, a laser beam is split into reference
and excitation beams. The excitation beam is directed
through the sample (Figure 1A) while an electric field E is
applied to induce NP electrophoresis (Figure 1B).'® Upon
recombination of the scattered and reference beams, a
difference frequency is produced, which is measured by
the ELS detector to provide the particle electrophoretic drift
velocity v.'®"" Even though an alternating electric field
(at kHz frequencies) is often applied, the NP response at
sub-MHz frequencies is quasi-steady.'?

Au NPs furnish a valuable ELS example, because they are
an important analyte for the application of ELS to contem-
porary research. Daniel and Astruc recently reviewed the
history and physical properties of Au NPs, including practical
synthesis procedures.'* Au NPs are advantageous because
of their low toxicity and chemical inertness, allowing for
ligand-exchange reactions that provide further control
parameters.® In addition, ¢-potential measurements of
“bare”’® and polymer-capped Au NPs have been reported.'®~ '8
As a typical application of {-potential measurements and the
ELS technique, we address how understanding the surface
charge could improve the emerging field of PEGylated Au NP
based drug delivery.

2. Electrophoresis of Bare Nanoparticles

The particle electrophoretic velocity (Figure 1) is customarily
written'?

V = uE (1)
where u (a scalar for isotropic particles, but more gener-
ally a second-order tensor) is termed the electrophoretic
mobility. In turn, the mobility is often expressed in terms
of a ¢-potential (reported in mV) via Smoluchowski's
famous formula’

u=eeon ' (ka>1) )

where ¢ is the solvent dielectric constant (~80 for water at
25 °Q), g9 ~ 8.854 x 107> C* N"' m 2 is the vacuum
permittivity, and 7 is the solvent viscosity (~8.9 x 10~*Pas
for water at 25 °C). However, when converting the
measured mobility to a ¢-potential, considerable care
must be taken to obtain an accurate representation of
the surface charge.!" Moreover, the term “¢-potential” is
not always synonymous with the concept of “surface



charge”, because the former describes the potential at the
so-called “slipping plane” while the latter is the surface-
localized charge behind the slipping plane.® More gen-
erally, ¢-potential is better considered a measure of
“electrokinetic charge”.

We begin by considering a “bare” spherical Au NP with
radius a. The extent to which the immobile surface charge is
screened by the electrolyte is determined by several para-
meters, most notably the solution ionic strength. For aqu-
eous electrolytes at 25 °C, the Debye parameter « (whose
reciprocal « ' is termed the Debye screening length) for a
symmetric electrolyte with ionic strength / is*°

k (nm~1) ~ 3.3[I(M)]'/? 3)

While SmoluchowskKi's formula furnishes the Z-potential
of micrometer-sized particles especially well, it is inap-
propriate when xa < 1. Accordingly, Hiickel*' established

W= Seeon'E (2 <keT/e ka<1) (@)

where kgT is the thermal energy (~4.11 x 1072' J at
298K)and e~ 1.602 x 10~ '° Cisthe fundamental charge.
Here, viscous stresses arising form counterion migration
(electroosmosis) opposite to the particle motion are neg-
ligible because of the vanishing counterion charge den-
sity when «a < 1. Perhaps surprisingly, then, smaller
particles migrate slower than larger ones with the same
C-potential. Note, however, that the surface charge den-
sity is related to the Z-potential by'®

o — eeokgTC

e (1 +ka)

(1G] < ksT/e) (5)

where z is the electrolyte valence (for z—z electrolytes).
Thus, while smaller particles have a higher surface charge
density, they still bear a lower charge 4za®c ~ ¢a(l + «a)
under these conditions.

Henry?? unified the foregoing Smoluchowski and Hiickel
regimes, showing that

2
u = 3eeon 1efulka) (6)
where'®

fulka) = {1 +11—6(lca)2 —%(/ca)3 —%(Ka)4+9]—6(lca)5
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with E;(xa) being an exponential integral. The Henry
function 1 =< fylka) = 3/2 monotonically bridges the
Huckel and Smoluchowski limits for any value of «a.
Note, however, that the underlying Debye—Huckel line-
arization requires the magnitude of the Z-potential to be
less than the thermal voltage kgT/e ~ 25 mV (at 25 °C).
Moreover, the diffuse charge density is assumed to be
unperturbed by the particle motion. By solving the stan-
dard electrokinetic model' numerically, O'Brien and
White succeeded in removing these assumptions, show-
ing that a qualitatively different behavior prevails when
particles are highly charged.*®

Ohshima derived a convenient approximation to Henry's
formula®®

1

2(1 +9)° ®

fH(KG) =1+
with 6 = 5/{2kd[1 + 2exp(—«a)]}. Ohshima also provides
corrections for high Z-potentials when «a < 10 by ac-
counting for diffuse-layer polarization, and O'Brien®®
provides asymptotic approximations for the mobility
when «a > 1, accounting for diffuse-layer polarization
and multicomponent electrolytes. While ELS is restricted
to dilute samples, electroacoustic instruments are avail-
able to measure electrophoretic mobilities (and particle
size) in highly concentrated (turbid) dispersions.'?

Henry's formula furnishes the most widely adopted
relationship between bare NP mobilities and {-potential,
accounting for the NP size and solution ionic strength. A
contour plot of eq 8 is shown in Figure 2 identifying the
Smoluchowski and Huickel regimes. The inset identifies an
intermediate range (@ ~ 5—-100 nm and / ~ 10—150 mM)
where NPs are commonly applied in technological and
biomedical applications.®?° These regions are depicted in
Figure 2B as an expansion (compression) of the Debye
layer thickness upon decreasing (increasing) the ionic
strength.

We have assumed that (i) the NP ¢-potential is indepen-
dent of ionic strength and particle size (which has been
demonstrated experimentally for bare Au NPs®%) and (ii)
the other experimental parameters (i.e., temperature, vis-
cosity, solvent dielectric constant, and nonideal electrolyte
behavior) are known constants. Even with these assump-
tions, correctly interpreting ELS data is challenging.

For example, whereas Henry's theory furnishes a
monotonically varying mobility with respect to changes in
g-potential and «a, numerical solutions of the standard
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FIGURE 2. (A) Henry's factor fy(«a) colored according to the analyte
radius and solution ionic strength (both with logarithmic scales): the
Smoluchowski [fiy(«a) = 3/2] and Huckel [f(xa) = 1] limits are identified
by red and blue, respectively, with the rectangle identifying particle radii
and ionic strengths prevailing in common NP applications. (B) The
Debye layer thickness «~' colored according to the accompanying
Henry factor fy(ka) in (A).

electrokinetic model by O'Brien and White show that parti-
cles with different ¢-potentials can have the same
mobility.?® Interestingly, Khair and Squires recently demon-
strated theoretically (for ka > 1) that this “mobility max-
imum” vanishes at high ionic strengths if the model is
extended to account for finite electrolyte ion size.' While
similar conclusions might be drawn for soft particles, no
calculations have yet been undertaken; nor is it known
whether such inferences extend to particles with thicker
diffuse layers (xa < 50). Nevertheless, for NPs with |¢| < 50
mV, errors incurred by applying Henry's formula (adopting
the Debye—Hickel linearization and neglecting diffuse-
layer polarization) are generally comparable to instrumental
precision. For highly charged particles, however, mobilities
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FIGURE 3. PEG chains grafted to a Au NP core adopt a “mushroom”
configuration when the grafting density I'pgg is low (A) and extend into a
“brush” when Tpgg is high (B).3”

should be interpreted much more carefully to furnish mean-
ingful ¢-potentials and, thus, surface charge densities.

We have also assumed that samples are monodisperse
and, thus, free of aggregates. Since light scattering increases
with particle size,3? the mobility can be biased by the largest
particles in a polydisperse sample. Efforts to synthesize
monodisperse NP systems, and the complexities that come
from polydispersity (e.g., temporal changes in surface charge
and mass heterogeneity), are beyond the scope of this
Account, but are active fields of research for NP transport
in environmental and biomedical systems.

3. Polymer-Capped Nanoparticles

Many nanomaterials are not “bare”, as addressed by the
standard electrokinetic model, but are coated with a ligand
corona. The changes in particle size and other physicochem-
ical properties that accompany ligand attachment consider-
ably complicate the interpretation of ELS mobility in terms of
a -potential. For this reason, ELS data are often used to
identify qualitative changes in particle characteristics.>33*
However, understanding the hydrodynamics, electro-
statics, and polymer-conformation surrounding a particle
is essential for achieving optimal control of these materials
in applications.

To address concerns that arise during an ELS measure-
ment involving ligand-capped NPs, we adopt commonly
studied PEGylated Au NPs as an example. For these coatings,
electrolyte pervades the polymer corona,® which hydrody-
namically and sterically shields the Au NP core, increasing
colloidal stability when repulsive electrostatic forces are
weak compared to attractive van der Waals forces. The
influences of PEG conformation and shielding depend on
the grafting density I, ligand molecular weight M, and solvent.
Figure 3 illustrates the qualitative influence of T' on PEG



conformation in aqueous electrolytes. If T is sufficiently low
(panel A), PEG chains adopt “mushroom” configurations,®
whereas at high grafting densities (panel B) ligands minimize
their collective free energy by extending into a “brush”.3637

When correlating the electrophoretic mobility « to the ¢-
potential, one needs to consider how the ligands increase
hydrodynamic drag.>®~° They clearly increase the NP hy-
drodynamic size (the composite sphere has a larger hydro-
dynamic size than the Au NP core) and, thus, increase the
hydrodynamic drag force F prag (Figure 1). However, ligands
also decrease the electrophoretic force F gpy (Figure 1), be-
cause they hydrodynamically couple to the electroosmotic
flow, producing a Darcy drag force*' that increases the so-
called electrophoretic retardation force. These effects depend
on the ligand thickness L, the diffuse layer thickness <, and
the ligand hydrodynamic permeability, as quantified by the
Brinkman screening length /g.4" In general, the increase in NP
hydrodynamic size dominates when «L > 1, and the Darcy
drag dominates when «L < 1. In addition, the ligand may
chemically interact with the solvent, adding further charge.
For example, a methoxy-terminated (monofunctional) PEG
ligand remains effectively neutral in an aqueous solvent,
but charged ligands produce “polyelectrolyte” particles,
altering the NP mobility in an even more complex man-
ner than addressed here.'”3>3942 For PEGylated Au NPs,
which have an uncharged PEG corona, the decrease in
electrophoretic mobility that results from a decrease in
the total electrophoretic force (due to an increase in the
electrophoretic retardation force) and increase of the
hydrodynamic drag force can be misinterpreted as a
decrease in the Au core surface charge. The following
electrokinetic theories for soft composite spheres ad-
dress important shortcomings of the foregoing classical
theories for bare particles.

In transitioning to electrokinetic models for the un-
charged ligand-capped NPs depicted in Figure 3, we high-
light Ohshima's semianalytical theoretical prediction of the
electrophoretic mobility for soft particles with a weakly
charged core and an uncharged, permeable corona:*®

u = gse(ﬂf1 Cfo(ka,b/a,/g/b) (9)

where . is the core ¢-potential and fo is a dimensionless
function of three dimensionless parameters formed from
the core radius g, soft particle radius b, Brinkman screen-
ing length /g*' (identified by Ohshima as 1),%® and Debye
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FIGURE 4. Geometrical parameters describing ligand-coated Au NPs, as
required to evaluate eq 9 from (A) dispersed (total particle radius b,
hydrodynamic radius by, hydrodynamic layer thickness Ly, corona
Brinkman permeability /g, and segment hydrodynamic radius a¢) and (B)
dry (ligand grafting density T, ligand mass M, segment mass m, and core
radius a) NP samples, drawing on DLS, TEM, and TGA data.

length «~' (Figure 4). While a can be readily obtained
from transmission electron microscopy (TEM), b is com-
plicated, because the polymer layer, which is not neces-
sarily uniform, has a thickness L that depends on the
grafting density I' and the environment in which it is
measured. Note that the NP hydrodynamic radius by, can
be obtained from dynamiclight scattering (DLS), furnishing
the hydrodynamic layer thickness L, = b,, — a. A reason-
able approximation is to let L, ~ L — /g, which enables one
to estimate /g by approximating the porous ligand corona
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as a uniform, random configuration of spherical Stokes
resistance centers.*' Accordingly, the ligand segment den-
sity n and segment hydrodynamic radius as furnish

/g % = 6xnasF(¢) (10)

where the segment drag coefficient F ~ 1 + 3(¢/2)"? + ...
and the hydrodynamic volume fraction ¢ =ndnas3/3 < 1.4!
If the polymer layer is assumed uniform, or has a known
(radial) distribution, then n can be obtained from the
total ligand volume and knowledge of the monomer
segment mass m, total ligand mass M, and grafting
density I obtained from thermal gravimetric analysis
(TGA) (Figure 4). Finally, since by, depends on /g, b can be
obtained iteratively from knowledge of by, to obtain n
and /g. The foregoing calculation requires an empirical
determination of the segment size g, but has the ad-
vantage that if this size can be determined for one ligand
grafting density and molecular weight, then it is possible
to reasonably predict how changing the grafting density
and molecular weight will influence electrophoretic
mobility.3> Alternatively, one can simply adopt /g as
an empirical parameter for fixed M and I

Ohshima's eq 9 for electrophoretic mobility is plotted as a
function of L/a in Figure 5A for several representative values
of xa with /g/a = 3. (A Matlab function to evaluate
Ohshima's theory with other parameter values is avail-
able from the authors.) Here, the Au NP core {-potential &
is accounted for by scaling « with the Au NP core
Smoluchowski mobility eeqn~'C.. Note that Ohshima's
theory neglects diffuse-layer polarization and is further
limited to uniform polymer layers with low core ¢-poten-
tial (practically, |¢| < 2kgT/e ~ 50 mV). Numerically exact
solutions of the full electrokinetic model, obtained from
the MPEK software package are presented in Figure 5B
and C for two representative values of |¢| > kgT/e. (The
MPEK software package is available from corresponding
author RJ.H.*3) As expected, these numerically exact
solutions correspond exactly with Ohshima's solution
when || < kgT/e . The ostensible discrepancies at higher
Au NP core potentials reflect Ohshima's neglect of dif-
fuse-layer polarization, which becomes significant when
the Debye—Hiickel approximation breaks down.??>> Note
that Ohshima's theory tends to overestimate the scaling
factor (1 and 2/3, respectively, for the Smoluchowski
and Huckel limits), particularly with thin polymer layers
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FIGURE 5. PEGlylated Au NP electrophoretic mobility u scaled with the
bare Au core Smoluchowski mobility eso; ' ¢ versus the scaled poly-
mer-layer thickness L/a with /g=a/3 and ka=1 (solid lines), 2 (dotted), 8
(dashed), and 64 (dash-dotted). (A) Ohshima's theory®” for Au NP core
g-potential || < kgT/e. (B, C) Numerically exact solutions of the soft-
sphere electrokinetic model from the MPEK software package®® with
Cc=—2kgT/e (B) and —4kgT/e (C).



(L/a < 1) when the diffuse layer is thick (xL > 1, e.g,, low
ionic strength) and the core Z-potential is high (/S| > kgT/e).

Unfortunately, many NP systems do not satisfy the re-
quirements of Ohshima's theory, because the NP core sur-
face potential |G| > kgT/e ~ 25 mV and the polymer layer
may not be uniform. Moreover, the complex behavior of
end-grafted polymers on highly curved NPs makes it difficult
to accurately describe the segment density. Since these
complexities must be addressed to successfully apply elec-
trokinetic models, we now turn to the effect of NP surface
curvature on grafted polymer conformation.

4. Effect of Nanoparticle Surface Curvature

The ligand thickness is very sensitive to NP surface curva-
ture. Recently, it has been shown that PEG ligand stretching
due to surface curvature enhances Au NP decomposition in
cyanide environments.** Cederquist and Keating recently
highlighted the significant role that surface curvature plays
on the structure of DNA and oligonucleotides on Au NP
surfaces.*® Stretching can lead to significant deviations from
the ideal uniform segment density underlying eq 9, since
polymers that are ordered near the NP surface sample more
free space at greater distances. Such behavior has been
proposed as a means of rationally designing NPs for specific
applications, including pH sensitive nanoassemblies.*®

Dan and Tirrell studied uncharged polymer layers grafted
to curved surfaces using self-consistent-field theory (SCFT).*”
These calculations show that the density of chain ends is
sensitive to the inner core radius a. Biver et al. used scaling
principles embodied in the Daoud and Cotton blob model*®
for spherical micelles to develop a closed-form approximation
that captures the effect of surface curvature on the thickness
of end-grafted chains at grafting densities where the polymers
form chains of blobs at semidilute concentrations.®” Thus, at
moderately high grafting densities, the ligand thickness is
easily correlated with the grafting surface curvature, grafting
density, and ligand molecular weight, furnishing (at least
qualitatively) a hydrodynamic radius b,, ~ a + L.

Recently, the present authors'® investigated 6 nm
(diameter) Au NPs with PEG chains >1.0 kDa, finding that the
hydrodynamic layer thickness L;, (nm) ~ 6.0[Mpgc (kDa)]®"
with a high grafting density ' ~ 2.4 ligands nm 2. The scaling
exponent is in good agreement with the 3/5 exponent pre-
dicted by Biver et al. when a < L. These considerations
fumish a basis for analyzing the effect of NP core size on
composite NP radius. Figure 6 shows the predicted ligand
thickness for Au NPs with a fixed grafting density (2.4 ligands

Nanoparticle ¢ -Potentials Doane et al.
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FIGURE 6. PEG layer thickness (solid lines) for PEGylated Au NPs with
increasing Au NP core radius a versus PEG molecular weight Mpgg
according to the semiquantitative scaling model of Biver et al.>” Also
shown are the experimentally determined hydrodynamic layer thick-
ness'® L, (nm) ~ 6.0[Mpc (kDa)|*®" (red dashed line) and the PEG-chain
contour length (black dotted line). Au NPs with decreasing core radii a ~
12,2.9,and 0.71 nm (left to right) are placed to identify the PEG molecular
weight yielding a fixed composite sphere diameter 2b =28 nm.

nm~?) and varying PEG molecular weight for different sized
Au NP core radii. From the predicted layer thickness, and
knowledge of the ligand molecular weight and grafting
density, the polymer segment density can be estimated and,
thus, used to predict the layer permeability. It would then be
possible to calculate the electrophoretic mobility from numer-
ical solutions of the soft-sphere electrokinetic model.>> One
might even approximate the segment density as being uni-
form (which it is not when the grafting surface is highly curved)
and adopt Ohshima's eq 9 to ascertain the mobility.

Several interesting conclusions regarding polymer coated
NPs can be drawn from these data. First, recallingthat b=L + g,
one can “tune” the ratio of ligand and solvent occupied
volume to that of the core while maintaining a constant
overall size. For example, a particle radius b = 14 nm with
a~0.71,2.9,and 12 nm can be achieved with Mpg;~ 7.8, 2.8,
and 0.1 KDa, respectively, with the core to soft-volume ratio
increasing from 0.01 to 63%. Clearly, the rational design of
PEGylated Au NPs and a quantitative prediction of apparent
NP ¢-potential and hydrodynamic radius might be achieved
if the grafting density can be controlled during NP synthesis.
Second, knowledge of the ligand thickness and hydrody-
namic radius helps to elucidate the relative contributions
of electrostatic and steric forces on PEGylated Au NP
dispersions using DLVO theory, which has recently been
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undertaken for citrate-capped Au NPs.*° Considering the
interaction between two PEG brushes,® one can evaluate
the system thermodynamics to rationally predict (and
control) NP behavior in environments where electrostatic
stabilization fails. In addition, if one were to assume a uni-
form grafting density for an anisotropic hanomaterial, such
as a nanorod (NR), a different polymer layer thickness for
“flat” surfaces in comparison to “curved” surfaces would be
expected. Indeed, varying these physiochemical properties
has recently been proposed by Murphy et al. to be an
important direction for future research, including the synth-
esis of complex nanoarrays.”' Calculations such as those
presented in Figure 6 could direct selective ligand exchange
for new self-assembly techniques.

5. {-Potential Applications

In addition to using ¢-potentials to qualitatively predict the
extent of electrostatic stabilization and specific substrate
interactions, the NP surface charge can be inferred from
careful consideration of the chemical environment. Such
analysis has been demonstrated for citrate-capped Au
NPs.'> Here, we extend ¢-potential measurements for PEGy-
lated Au NPs to provide a quantitative description of the NP
surface and highlight applications to drug delivery.>>3

We recently reported the Au core ¢-potential of 6 nm
(diameter) Au NPs capped with 1, 2, 5, and 10 kDa
HS-mPEG.'® Although the apparent ¢-potentials furnished
by ELS mobilities using the Huckel theory were small, a
theoretical interpretation of gel electrophoresis data iden-
tified a g-potential for the “bare” Au core (i.e., the PEGylated
Au NPs without a ligand layer) of about —60 mV. These data
can be extended to predict the relative composition of the
Au NP surface. When «a =z 0.5, the surface charge density is
well described by'®

N 880kBT . CZe 4 Cze
o= 2o K [Zsmh <2kBT> +Etanh <4kBT)} (11)

Thus, according to eq 11, ~33 negative charges reside on
the Au NP surface at 40 mM ionic strength (' ~ 1.5 nm,
xa ~ 2). These surface charges are likely halides, which
are reported to adsorb onto Au (CI~ ions from Au NP
synthesis involving AuCl*~ salts and NaCl electrolyte). To
further assess this result, we considered Cl~ ions as sur-
face point charges, and PEG-ligands with a “footprint”
of ~0.35 nm? from TGA.>® Thus, assuming a pseudo-
spherical NP radius indicates that ~84% of the Au surface
is occupied by PEG, with ~3% occupied by Cl ™ ions. Given
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electrostatic and steric interactions, this view of the gold
surface seems reasonable. Moreover, from eq 11 with
constant surface potential, the surface charge increases
linearly with CI™ ion concentration, in agreement with
previous reports for larger bare Au NPs'® and isotherms
reported for Au electrode surfaces.>® Even at CI~ ion
concentrations of 100 mM, the total area occupied
by CI'~ ions due to isothermic adsorption increases to
only ~4.3% of the total Au NP surface.

Interestingly, ~33 negative charges is consistent with
previous reports from this group when loading PEGylated
Au NPs with 32 molecules of the photodynamic therapy
drug Pc4, with extensive characterization of the conjugates
in both cell and mouse studies.>>>3 In this drug—NP con-
jugate system, the noncovalent drug loading enables effi-
cient delivery, but requires a means of retaining the drug
during transport to the cell. From the application of ELS to
access the surface charge, it is apparent that the protonated
amino moiety of Pc4 would be easily stabilized by an
adsorbed halide ion, but not directly bound as for the sulfur
analogue.>® Thus, in addition to hydrophobic forces, which
drive the Pc4 molecule into the PEG layer, it seems that the
drug molecule can form an ion—contact pair, which stabi-
lizes the molecule during transport. Quantitative analysis of
ELS experiments will provide valuable information for future
research into the nature of the noncovalent NP—molecule
bond, as well as the optimization of drug stability and pay-
load, and, more generally, the design of nanomaterials for
biological applications.

6. Conclusion

Electrophoretic light scattering has emerged as a fast and
convenient tool for reporting the ¢-potential of capped NPs,
but there are subtleties and challenges that must be ad-
dressed to correctly interpret the measured electrophoretic
mobility. Far-reaching conclusions can be drawn by carefully
considering the molecular capping layer. Here, we focused
on “bare” particles and uncharged-ligand-capped particles
dispersed in symmetrical electrolytes. We reviewed do-
mains in which the Hiickel and Smoluchowski approxima-
tions are valid, and when Henry's formula and numerical
solutions of the standard electrokinetic model should be
adopted to interpret ELS data. We explored three complica-
tions to the “bare” NP that arise from uncharged polymeric
ligands. With NP properties (including core radius, grafting
density, and polymer permeability) obtained from comple-
mentary TEM, DLS, and TGA data, theoretical predictions of



the core ¢-potential could be achieved with knowledge of
the polymer-coated NP electrophoretic mobility. Through
this exploration, the promise of rational NP design was
reviewed, providing an outlook for ELS in characterizing
the surface properties of PEGylated Au NPs (including the
provision of relevant evaluation software) with an applica-
tion to help understand and optimize noncovalent drug—NP
conjugates.
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