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Introduction Field-flow fractionation (FFF) is a size-based separation

) : : . technigue covering the entire range of macromolecules
One of the primary challenges in developing effective q g g

: ) o and nanoparticles from 1- 1000 nm in diameter. Coupling
formulations for the nanoscale delivery of therapeutics is

FFF to online multi-angle light scattering (MALS) and DLS

particle characterization. Standard techniques such as . . e R
detectors provides detailed, quantitative size distributions

dynamic light scattering (DLS), particle tracking analysis
(PTA) and transmission electron microscopy (TEM)
typically suffer from tradeoffs between simplicity, detail
and sampling efficiency. For example, DLS is simple to
use, and can sample a large particle ensemble, but only
provides semi-quantitative, low-resolution size distribu-
tions; on the other hand, TEM offers exquisite structural
detail, at the cost of complexity, laborious sample prepa-
ration and very small ensembles that lead to high
statistical uncertainty.

and structural information, sampled over large ensem-
bles, for good statistical robustness. Spectroscopic and
other types of online detectors may be added to obtain
compositional information and more. Since FFF systems
incorporate standard chromatography modules, the
measurements are fully automated, and fractions may be
isolated and collected for additional off-line analysis. It is
a unique property of FFF that very little sample prepara-
tion is needed, because the separation method itself
eliminates most impurities, and inherently performs dialy-
sis into the carrier fluid.
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Figure 1. FFF-MALS-DLS system components and organization. The DLS detector is embedded in the MALS detector.


http://www.wyatt.com/Theory/DLS
http://www.wyatt.com/Theory/FFF
http://www.wyatt.com/Theory/MALS

These capabilities of FFF-MALS-DLS provide a pathway to
meeting the requirements of regulatory agencies for
enhanced characterization of liposomal drug formulations
and other nanoparticle delivery systems ™* and have led
to the development of international standards literature
for nanoparticle characterization such as ISO TS 21362
and ASTM WK 68060, as well as methods published by
the NCI-NCL and EU-NCL>®,

The system described here is implemented in Wyatt Tech-
nology’s FFF-MALS-DLS platform comprising an Eclipse™
FFF flow controller and separation channel, DAWN™
MALS instrument, WyattQELS™ DLS module, Optilab™
differential refractometer and standard HPLC compo-
nents, illustrated in Figure 1. For particles above 30 nm in
radius, a wide-bore flow cell is installed in the MALS
detector in order to provide the most accurate online DLS
measurements. The entire setup is controlled by the
VISION™ software suite
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Nanoparticle separation with FFF

Field-flow fractionation was invented by Calvin Giddings
in 1966 7. However, it took several decades until commer-
cial FFF instrumentation became convenient, robust and
popular in analytical laboratories, primarily in the
asymmetrical-flow FFF (FFF) format described herein.
The advent of nanoparticle-based drug and gene delivery
formats has increased the demand for its unique
capabilities.

The flow FFF principle, described in Figure 1, was
described by Giddings in a review article &. Briefly, separa-
tion takes place in an open channel consisting of two
long, narrow blocks bolted together with a spacer in
between. The spacer is a polymer foil with a typical thick-
ness of just 200 to 500 um. Flow within this thin ribbon-
like channel is laminar, with a pronounced parabolic flow
profile that drives particle separations.
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Figure 2. Separation mechanism in an FFF channel, consisting of a semi-permeable membrane and a controllable lateral flow restrictor which forces
some of the solvent to flow through the membrane. The size-dependent balance between diffusion and cross flow leads to different height
distributions for different sizes. Smaller particles are swept out of the channel earlier than larger particles, which remain close to the membrane and

experience a lower flow velocity.

The bottom block comprises a semi-permeable mem-
brane supported by a frit. The membrane is permeable to
solvent but not to the analyte; this essential function is
guaranteed by selecting the appropriate membrane pore
size, expressed as a molecular-weight cutoff (MWCO)
ranging from 1 kDa to 100 kDa. The particle-containing
carrier fluid flows parallel to the membrane, but a
constriction at the end of the channel forces some of the
fluid to pass through the membrane, creating a “cross-
flow field” that concentrates the particles towards the

membrane. Diffusion acts as a counterforce that drives
particles back up into the channel, resulting in a height
distribution above the membrane that depends on the
particle’s translational diffusion coefficient D;, and hence
hydrodynamic radius Ry, as well as the cross-flow
velocity®. Separation arises from differential transport
velocity in the laminar flow profile according to the parti-
cles’ height above the membrane.
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In FFF, the particle retention time tz depends on Dy, the
channel thickness w, the cross-flow rate F.(which is con-
trolled by a precise flow controller), and the detector flow
rate Foue. If the flow rates are constant over time and
retention is sufficiently high, the retention time is, in good
approximation, given by Eq. 1°:

w? F, Eq. 1
out

Retention time, zone broadening and dilution of the
sample at the channel outlet for more complex flow
profiles can be calculated by standard fluid dynamics .
Computer simulation of the separation process enables
virtual optimization of the separation method, as well as
calculation of diffusion coefficients based on the
measured retention time 1. An example of the excellent
separation capabilities of FFF is shown in Figure 3.

FFF separation channels include analytical and semi-
preparative scales. The latest development in FFF is the
incorporation of an electrical field, applied perpendicular
to the membrane. Charged particles exhibit a shift in
height above the membrane, and a corresponding shift in
retention time, that varies with applied field strength,
from which the electrophoretic mobility pe and zeta
potential may be calculated. This method can reliably
determine pe for several components simultaneously,
providing an indication of the charge distribution **
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Figure 3. FFF separation of a series of latex standards ranging from
25 nm to 150 nm in radius. The size of each eluting fraction, deter-
mined online by MALS, is indicated by red symbols.

Online nanoparticle analysis

Separation of nanoparticles is just the first stage in their
characterization. The ability to perform a variety of online
measurements on the purified and nearly monodisperse
fractions flowing through one or more detectors means
that each species can be analyzed thoroughly for physical
and compositional properties.

Multi-angle light scattering (MALS)

MALS measures the time-averaged intensity of light scat-
tered by the nanoparticle ensemble into multiple scatter-
ing angles, defined relative to the direction of propaga-
tion of the incident laser beam. A MALS instrument typi-
cally incorporates between three and eighteen photodi-
odes to detect scattered light, though an eighteen-detec-
tor configuration is most common for nanoparticle appli-
cations. All the photodiodes are placed in a single plane,
oriented perpendicularly to the polarization of the laser
beam, as shown in Figure 4.

The application of MALS analysis to determine molar
mass and size (rms radius, a.k.a. radius of gyration) is well
known 3. The relationships between scattered intensity
(reduced Rayleigh ratio, R), scattering angle #and analyte
properties such as molar mass M, refractive index incre-
ment dn/dc, concentration ¢ and rms radius Rg, are
summarized in Equations 2 and 3, in the limit of dilute so-
lutions. K'is an optical constant related to the illumination
wavelength 4 and refractive index of the carrier fluid no.
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Figure 4. Basic multi-angle light scattering geometry. Detectors are
placed at multiple angles relative to the illuminating beam, within the
plane perpendicular to the light’s polarization vector. Additional
detectors monitor the beam intensity and transmission through the
flow cell.

In the limit of sub-wavelength sizes and assuming
(no/no- 1) << 1, a collection of N uniform particles of
volume V and refractive index n,, produces the excess
Rayleigh ratio given by Eq. 4 *:
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Analysis of P(6) yields the root-mean-square radius Rg,
which is related to the particle’s overall structure and in-
ternal mass distribution. For specific, known particle
shapes or conformations, Rg can be related to physical di-
mensions, e.g. the length of a narrow rod or the radius of
a spherical shell, and hence the volume term V can be
calculated 3. If V, n, and no are known, the number of
particles N in the scattering volume—and hence the par-
ticle concentration—may also be derived. This analysis
has been demonstrated to be quite accurate in compari-
son with concentration determined by TEM, as seen in
Figure 5 for influenza viruses *°.
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Figure 5. Top: size and number density analysis of influenza virus by
FFF-MALS, overlaid on LS chromatogram. Bottom: comparison of FFF-
MALS size and integrated particle concentration with values
determined by imaging (table data based on reference ).

If the particles are large enough relative to A then it may
also be feasible to determine the general particle shape
(spherical, ellipsoidal, etc.) by fitting P(6) to known angu-
lar functions that include additional terms in the expan-
sion of Equation 3. This capability has been applied to
characterization of thin-disk and cylindrical unilamellar
liposomes . Explicit forms of the angular dependence of
light scattering exist for several basic shapes including
spheres, rods, ellipsoids and random coils **#17, This
analysis has been applied to a carbon nanotube in Figure
6, demonstrating a distinct failure of the sphere model fit
and success of the rod model. In order for the fits to be
robust enough to estimate shape, at least one sample
dimension should be an appreciable fraction of the wave-
length, e.g. 100 nm if the MALS wavelength is 660 nm.
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Figure 6. Estimating shape from the angular scattering function. The
sample is a rod-shaped carbon nanotube. Left: the angular data are fit
poorly by a sphere model. Right: the data are fit well by a rod model.

In addition to particle size and concentration, under
dilute conditions typical of FFF the scattered intensity
may also be related to the molar mass of a macromole-
cule flowing through the MALS detector (**) by Eq. 2.

The concentration c is typically measured by an upstream
or downstream detector based on UV/Vis extinction or
differential refractive index. Hence the same MALS instru-
mentation can be used to characterize both nanoparticles
and macromolecules in a complex sample, separated

by FFF.

Wyatt Technology’s ASTRA™ MALS analysis software
provides calculations for molar mass as well as size and
spherical particle concentration, and these may be deter-
mined at each eluting FFF fraction in order to obtain
detailed size distributions. MALS is also commonly
employed in-line with size-exclusion chromatography to
characterize macromolecules such as proteins and
polymers, providing absolute molar mass and size that do
not depend on calibration of the retention volume with
reference standards.

It is noteworthy that MALS measurements can take place
on sub-second time scales, making this technology an
excellent candidate for process analytics of preparative
and full-scale production processes. Using the
ultraDAWN™ real-time MALS detector for process moni-
toring and control, the average rms radius may be deter-
mined up to 30 times per minute to verify uniform nano-
particle production, identifying process deviations early
on in order to minimize waste and discarded lots of
precious material. Real-time MALS has also been demon-

strated for monitoring molar mass and aggregate break-
through in the purification of therapeutic monoclonal
antibodies *&.

Dynamic light scattering (DLS)

Dynamic light scattering (DLS) is also known as photon-
correlation spectroscopy (PCS) and quasi-elastic light
scattering (QELS). In DLS, rather than measuring the time-
averaged intensity as a function of angle, size is deter-
mined by analyzing the rapid intensity fluctuations occur-
ring on time scales of microseconds and milliseconds.
These fluctuations arise through the Brownian motion of
the particles: the wavelets scattered by individual parti-
cles combine coherently at the detector, and as the parti-
cles diffuse, the relative phases of the wavelets change
and the detector experiences rapid intensity fluctuations.

The rate of fluctuations is directly related to the particle’s
translational diffusion coefficient Dy, which can in turn be
converted via the Stokes-Einstein equation (Eq. ) to a
measure of size known as the Stokes radius or the
hydrodynamic radius Rh.

R, =
n 6mD,

For a spherical particle, Ry is the radius of the particle’s
envelope, regardless of internal structure. For a non-
spherical particle, Ry is the radius of a sphere with approx-
imately the same overall volume as the particle; the more
the particle’s shape deviates from spherical, the smaller
the actual volume of the particle relative to the hydrody-
namic volume Vi=4nRh3/3. For example, when the axial
ratio of an ellipsoid is 3:1, the actual volume of the ellip-
soid is roughly 30% smaller than the measured V4, as
estimated from material presented in Tanford’s classic
textbook™.

Standard DLS measurements are made on unfractionated
samples (batch mode). While an average Ry is simple to
determine, size distributions by this technique are subject
to low resolution and ambiguity due to the complex,
under-determined mathematical analysis involved. On the
other hand, FFF fractionation of the sample by size prior
to DLS measurement greatly simplifies and enhances size
determination, since it can be assumed that each eluting
fraction is practically monodisperse. Since FFF can
separate particles that are quite close in size, FFF-DLS size
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distributions are robust and fully quantitative, providing
far more detail than batch DLS. The qualitative distinction
between size distributions of a liposome sample,
measured by batch DLS and FFF-DLS as shown in

Figure 7, are obvious.
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Figure 7. Comparison of liposome sizing by batch DLS and FFF-DLS. Left:
batch DLS measurement of two liposome samples, empty and filled;
Right: FFF-fractograms with overlaid DLS measurements of the two
samples.

Multi-detection

The combination of MALS and DLS, with the addition of
other online detectors, expands the range of analyses

Table 1. Some representative shape factor values

possible with a single FFF run. The most common and
practical detection methods used with FFF for nanoDDS
are described below.

Shape factor

The shape factor pis the ratio between Rg, determined by
MALS, and Ry, determined by DLS. Its value has been
calculated for simple structures such as uniform spheres
or ellipsoids, hollow spherical shells, rods, random coils
and more. Several examples are provided in Table 1 for
the shapes depicted in Figure 8.

Figure 8. Some simple structures for which shape factors have been
calculated: uniform sphere, spherical shell, prolate ellipsoid and rod.

Structure Re Rn Shape factor
Uniform sphere with radius R 3 R 0.77
R —
5
Hollow sphere with radius R R R 1
Spherical shell, R 3 [1-p5 o, R p=05—>p=0.82
= ratio of i diusrit 5+ 1-p3
p ra|09|nnerra ius ri to 54 1-p p=09—p=095
outer radius R
Uniform rod, 1, 1 o, L/2 2 p=2-—>p=0.85
p = length / diameter = L/d 2437 2p? ln(p)+°-312+0'265‘%
b p=10-—>p=1.55
Urllfor.m pr(?Iate. ellipsoid, b 142/p2 b 1_1%2 p=2—->p=0.83
p = axial ratio b:a 5 23

In (p+ pz_l) p=10->p=136




In the context of nano-drug delivery, where a hollow de-
livery particle such as a liposome or VLP is expected to
incorporate a drug or gene payload in the core, this struc-
tural parameter can differentiate between empty and full
nanoparticles. Since the lipid bilayer of a liposome is typi-
cally about 4- 5 nm thick, an empty liposome with a typi-
cal radius of 50 nm can be expected to have a p value of
roughly 0.95. In fact a value of 0.93 was found by Vree-
land et al for unilamellar liposomes 2.

Figure 9 illustrates the further analysis of empty lipo-
somes and filled liposomes from Figure 7, measured by
FFF-MALS-DLS. Since FFF separates according to hydrody-
namic radius, it is not surprising that the samples

exhibit the same Ry values (Figure 7b, as measured by
online DLS) at each elution volume, even though the
specific size distributions differ. On the other hand, the R,
values for each elution volume in the fractogram clearly
differ (Figure 9 left), with filled liposomes presenting
smaller Rg values relative to empty. The shape factors
derived from the ratio of Rg:Rn (Figure 9 right) are, as
expected, quite different.
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Figure 9. Empty and filled liposomes analyzed by FFF-MALS-DLS.

a) fractograms overlaid with Rg values; b) shape factor analysis.

If a liposome is known to contain drug—for example by
spectroscopic analysis—but still appears as a hollow
sphere by shape factor, it can be inferred that the drug is
incorporated into the lipid shell rather than the
hydrophilic core.

Elongated objects are characterized by shape factors
greater than ~ 1.1, as reflected in the FFF-MALS-DLS
analysis of two heterogeneous particles, one spherical
and one rod-like, shown in Figure 10.

UV and Fluorescence

Standard HPLC UV and fluorescence detectors may be
added in-line with FFF. They may be used in several ways:

e To determine concentration of a sample containing
an appropriate chromophore or fluorophore

e To determine full or partial sample composition via
the absorbance or emission spectrum.

e To determine sample composition by combining the
UV or fluorescence data with other signals, e.g. with
refractive index data in the ‘conjugate analysis’ below.
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Figure 10. Shape factor analysis of uniform spheres and elongated
particles. Top: theoretical shape factor values for rods and ellipsoids
with given axial ratio (rods: length to diameter; ellipsoid: major to
minor axes), based on Table 1. Bottom: FFF-MALS-DLS analysis of two
types of particles constituting uniform spheres and rod-like particles,
indicating ratios of length:diameter in the range of 5:1 to 10:1.



Conjugate analysis

The combination of two concentration detectors respon-
sive to different sample properties—for example, a UV
detector and an Rl detector—can be combined with
MALS to determine not only the overall molar mass but
the molar mass of each component in the conjugated
molecule 2° or bi-component particle. This concept can be
applied to a nano-formulated drug to determine the
composition ratio of a complex drug such as a liposome
or polymersome loaded with DNA, RNA, protein or small-
molecule therapeutics. The greatly different responses of
lipids, polymers such as PLGA, nucleic acids or proteins in
the UV spectral range ensures sufficient contrast to
perform the analysis. This technique has been applied to
drug-loaded liposomes 26, virus-like particles containing
nucleic acid payloads ?” and polymersomes with
proteinaceous cargo %
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Figure 11. Comparison of two orthogonal methods to determine en-
capsulation efficiency of a small-molecule drug in a polymersome. Blue
symbols: by quantification of free drug passing through the membrane,
using a UV/Vis detector; green symbols: by analyzing the molecular
weight of the drug-loaded nanoparticles relative to empty
polymersomes. Reproduced with permission, Albena Lederer.

Encapsulation efficiency

Analyses of encapsulation efficiency and free:bound drug
ratio are of singular importance in developing and estab-
lishing dosing guidance for a safe, effective drug nano-
carrier. Free proteins or nucleic acids can be separated
and quantified relative to the content of a nanoparticle
carrier quite readily by FFF-MALS 2, but quantifying small
molecules is more of a challenge: they will escape the

channel by passing through the membrane, but since
they are often quite hydrophobic, they will also adhere to
the membrane. A method introduced by Boye et al. %°
quantifies the amount of free drug in solution by means
of a UV/Vis detector on the cross-flow outlet and com-
pares to the total drug introduced in the formulation; the
membrane is pre-conditioned to prevent drug adsorption
by saturating it with drug substance. In addition, drug
loading in the carrier can be quantified directly using the
conjugate analysis. A comparison of these two orthogonal
methods in Figure 11 indicates close agreement %°.

Conclusions and Outlook

The challenges posed by complex drugs, such as nano-
formulations of small molecules and gene vectors, require
advanced approaches to particle characterization. FFF-
MALS-DLS provides solutions to many of these challenges,
and is increasingly recognized as an important analytical
technique for R&D in this field.

While the use of FFF with light scattering for characteriza-
tion of size distributions is well-established, recent work
has offered a glimpse of its potential for more advanced
analyses that lie at the heart of developing and commer-
cializing pharmaceutical nano-formulations. Further
adoption of FFF-MALS-DLS in the pharmaceutical commu-
nity will go hand-in-hand with advances in the instrumen-
tation and software for increased robustness, ease-of-use
and support of extended multi-detector analysis.

To learn more about the theory, technology and applica-
tions of FFF-MALS, please visit wyatt.com/FFF-MALS.

Click the button below to request information on Eclipse
and DAWN instruments.

Request information
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