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Zeta Potential — Electrostatics in Fluids
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Zeta potential describes the
electrostatic interactions of cells and
particles in a fluid environment. The
liquid layer surrounding the particle
exists as two parts; an inner region
(Stern layer) where the ions are
strongly bound and an outer (diffuse)
region where they are less firmly
associated. Within the diffuse layer
there is a notional boundary inside
which the ions and particles form a
stable entity. When a particle

moves (e.g. due to gravity), ions
within the boundary move it. Those
ions beyond the boundary stay with
the bulk dispersant. The potential at
this boundary (surface of
hydrodynamic shear) is the zeta
potential.



Interaction of Nanoparticles
with the Cell Surface Based on
Zeta Potential and Size

Nanoparticle +

Adapted from Campbell, Neil A., and Jane B. Reece. Biology. 6th ed. San Francisco: Benjamin Cummings, 2002.



Introduction — the importance of the
zeta potential

A. nanoparticle-nanoparticle interactions
B. nanoparticle-cell interactions

C. part of the initial nanomedical system-cell
targeting process

D. low zeta potential leads to low serum protein
binding and potentially longer circulation



Zeta Potential Properties of Nanoparticles

The zeta potential is the
electric potential at the shear
plane, which is the boundary
between the stern layer and
the diffuse layer.

This electrical property
determines if a colloidal
solution will agglomerate or
remain a stable suspension.

Zeta potential must be
determined and controlled at
each step in the construction
of nanoparticles.

Zeta potential of complete
nanoparticle is important for
controlling in vivo
interactions.
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Figure adapted from Zeta-Meter, Inc. Zeta-Potential: A Complete Course in 5 Minutes. Staunton: Zeta-Meter, Inc., 1997.




Characteristics of the zeta potential

» Zeta potential is the electrical potential at the hydrodynamic plane of
shear.

« Zeta potential depends not only on the particle’s surface properties
but also the nature of the solution (e.g. lonic strength, pH, etc.).

« Zeta potential may be quite different from the particle’s surface
potential.

« Small changes in ionic strength and pH can lead to large effects in
zeta potential.

» Zeta potential can be used to predict the monodispersity (or
agglomeration) of particles.

» High zeta potential (either positive or negative) ( > 30 mV) lead to
monodispersity. Low zeta potential (<5 mV) can lead to
agglomeration.

Most importantly, nanoparticles and cells interact
according to the magnitude of each of their zeta
potentials, not their surface charges!



Some factors affecting the zeta potential
that are important in nanomedicine

A. pH
B. Ionic strength

The local pH and ionic strength can vary greatly in the
different parts of the human body. These factors also
change within different regions INSIDE human cells.
So it is a challenge to design nanoparticles that have
the optimal zeta potentials by the time they reach their
final destinations.



Zeta Potential and pH
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Typical plot of zeta potential versus pH showing the position of the
isoelectric point and the pH values where the dispersion would be expected
to be stable



Effect of solution ionic strength or
conductivity on zeta potential

» Non-specific ion adsorption may, or may not, have an effect on the isoelectric point.

« Specific ion adsorption usually leads to a change in the isoelectric point
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Source: http://www.malvern.com



Measuring zeta potential by electrophoresis

If an electric field is applied across a sample containing
charged cells and/or particles, those cells and particles are
attracted toward the electrode of opposite charge

+ -0 ‘ = | =

Cells and particles move with a velocity dependent on:

. electric field strength
. dielectric constant of the medium
. viscosity of the medium

. zeta potential



By measuring the velocity of a
nanoparticle in an electric field its zeta
potential can be calculated

The velocity of a particle in a unit electric field is referred to as
its electrophoretic mobility. Zeta potential is related to the
electrophoretic mobility by the Henry equation:

Uz =2 ¢z f(ka)
3n

where UE = electrophoretic mobility, z= zeta potential,
¢ = dielectric constant, n = viscosity and f(ka) = Henry’s
function



Assumptions about slip layer diameter when
calculating Henry’s function for the zeta potential

Non-polar media Polar media

Smoluchowski
approximation

Hiickel
approximation

F(ka) > 1 F(ka) < 1.5

Schematic illustrating Huckel and Smoluchowski's approximations used for
the conversion of electrophoretic mobility into zeta potential

Adapted from http://www.silver-colloids.com/Tutorials/Intro/pcs21.html



Zeta potential represents the potential barrier
to cell-nanoparticle interactions
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Interaction: The net interaction curve
is formed by subtracting the attraction
curve from the repulsion curve.

Zeta Potential vs. Surface Potential:
The relationship between zeta

potential and surface potential depends
on the level of ions in the solution. http.//www.malvern.com



What is the best zeta potential to have for
nanomedical systems?

That is not a simple question, but in general it is good to have a zeta
potential of approximately -5 to -15 mV. Since most biological cells have
zeta potentials in this range you want your nanomedical systems to also be
slightly negative zeta potentials so that they do not stick non-specifically to
cells but interact through a receptor-mediated interaction that allows binding
of nanoparticles only when there is a receptor-ligand bond strong enough to
overcome a modest electrical repulsion.*

* If all you want is to have nanoparticles stick to cells in tissue culture for
transfection, the zeta potential can be positive. Just pay attention to the zeta
potential of the tissue culture surfaces!



Some zeta potential experiences

Prow, TW., Rose, W.A., Wang, N., Reece, L.M., Lvov, Y., Leary, J.F.
"Biosensor-Controlled Gene Therapy/Drug Delivery with Nanoparticles
for Nanomedicine" Proc. of SPIE 5692: 199 — 208, 2005.



Size and Zeta Potential Changes During LBL
Construction of Nanoparticles

Layer-by-layer (LBL) assembly of
NP with charged polymers
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Source: Prow et al. 2005.
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Effects of pH and dilution on NP zeta potential
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Source: Prow et al. 2005.



Summary: Zeta Potential Properties of

Nanoparticles
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= The zeta potential is the electric potential at the shear plane, which is
the boundary between the stern layer and the diffuse layer.

» This electrical property determines if a colloidal solution will
agglomerate or remain a stable suspension.

= Zeta potential must be determined and controlled at each step in the
construction of nanoparticles.

= Zeta potential of complete nanoparticle is important for controlling in
vivo interactions.

Figure adapted from Zeta-Meter, Inc. Zeta-Potential: A Complete Course in 5 Minutes. Staunton: Zeta-Meter, Inc., 1997.




V. "Zeta sizing" measuring size on a zeta potential instrument

“DLS” (Dynamic Light Scattering) is an
Inexact measurement!

In typical dynamic light scattering (DLS) instrumentation, there is a single detector
fixed at a single angle. The measured data in a DLS experiment is the intensity
autocorrelation curve. Embodied within the autocorrelation curve is all of the
information regarding the size distribution of the ensemble collection of particles in
the solution.

Deconvolution of the intensity autocorrelation curve to an intensity distribution is an
ill defined problem. As such, there is an inherent degree of uncertainty in DLS
derived intensity size distributions. This inherent uncertainty translates into peak
broadening or an apparent in the width of the intensity distribution.

For typical laboratory samples, this increase can amount to as much as a 10 —
15%. When Mie theory (or any other volume vs size algorithm) is applied to the
DLS intensity distribution, the algorithm cannot distinguish this apparent increase in
width from the true width. As such, all of the “size bins” in the intensity distribution
are treated as though they are real, i.e. a fraction of the sample that has a slightly
different size from that of the mean (see schematic shown in Figure 1).



Dynamic Light Scattering (DLS)

Intensity correlation provides diffusion coefficient &
hydrodynamic size

"% 'H [ = Scatlering veclor

R, = Radius
T = Temperature

k = Boltzmann constant

f !j F!ljl q 4’ [} = Dhffusion coeliicient
A 1 = Solvent viscosiy

-
.
a

%? i _"‘--H glt)={T{t](t + <))/ A1)y oy
E | \ glt)=A+Y Bel ™ . N Re~Gmp
[ 12 L1 i i
. .|'|I. E (18 | II .I
g1 II"-. e W | I|
-ﬁ X '_H--”- — n II || I|I
&) w1 ot i | -I it |-§n L |
"I:'lﬂ E'.l#fl Fiune [z

http://www.malvern.com



DLS measurements compute the hydrodynamic
diameter from the Stokes-Einstein Equation

STOKES-EINSTEIN EQUATION
dH) = 3l
3nnD
d(H) = hydrodynamic diameter

(VA | T | A |

Boltzmann’s constant
absolute temperature
viscosity

diffusion coefficient



Laser Zetasizer Optical arrangement

0 e -
Nano S90 o @ Some Different
Nano £590 80" B

configurations
Attenuator @ Of D LS
o L] A%tm systems

e
Detector
n E’d o I Digital Signal Processor
wine E @ | Correlator . e
Cell
Optical configurations of the
Zetasizer Nano series for
(3 dynamic light

scattering measurements




Types of data obtained from DLS
measurements
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Example: Number, volume and intensity distributions of a bimodal
mixture of 5 and 50nm lattices present in equal numbers



Actual NP size distributions are usually better than

their Measured DLS distributions!
Size Distribution by Intensity
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Figure 1: Schematic showing a comparison of a
DLS measured intensity distribution to the number
distribution for a 62 nm latex.
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