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Field-flow fractionation of proteins,
polysaccharides, synthetic polymers, and
supramolecular assemblies

This review summarizes developments and applications of flow and thermal field-
flow fractionation (FFF) in the areas of macromolecules and supramolecular assem-
blies. In the past 10 years, the use of these FFF techniques has extended beyond
determining diffusion coefficients, hydrodynamic diameters, and molecular
weights of standards. Complex samples as diverse as polysaccharides, prion parti-
cles, and block copolymers have been characterized and processes such as aggrega-
tion, stability, and infectivity have been monitored. The open channel design used
in FFF makes it a gentle separation technique for high- and ultrahigh-molecular
weight macromolecules, aggregates, and self-assembled complexes. Coupling FFF
with other techniques such as multiangle light scattering and MS provides additio-
nal invaluable information about conformation, branching, and identity.
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1 Introduction

Growth and development in fields such as nanomaterials
and biotechnology have challenged existing analytical
techniques in a myriad of new and different fronts. These
samples are often complex with a wide distribution in
molecular weight (MW), size, shape, charge, density, che-
mical composition, degree of branching, or microstruc-
ture (to name a few). Information about each of these dis-
tributions is used to determine their effect on materials
properties or to verify products of new synthetic routes.
In the biological field, the presence of protein aggregates
is sometimes desirable and at other times not [1–3]. Ana-
lytical techniques have to be able to cope with samples
that possess a high degree of heterogeneity and sizes that
may reach upwards of several micrometers. A separation
step is often necessary to produce fractions that are more

readily analyzed by light scattering, microscopy, MS,
NMR, etc. Separation techniques capable of handling sam-
ple mixtures with large (micron-size) components
include sieving, disk centrifugation [4], CE [5], capillary
hydrodynamic fractionation [6], and the family of field-
flow fractionation (FFF) techniques [7, 8].

FFF was introduced in 1966 as a method for separating
larger sample species such as macromolecules, colloids,
and particles [9]. The open channel design (devoid of
packing material) lends itself to separations of particu-
late materials and shear sensitive samples. The FFF sep-
aration mechanism does not rely on adsorption or parti-
tioning making this technique less likely to suffer sam-
ple loss. In the 40 years since its inception, FFF has been
used in numerous applications including the separation
of nanotubes [10, 11], stem and cancer cells [12, 13],
pathogenic microorganisms [14–17], parasites [18–20],
inorganic and polymeric particles [21, 22] and the study
of processes such as cell apoptosis [23], surface adsorp-
tion [24–26], and hydrodynamic forces [27]. Two text-
books have been dedicated to FFF [28, 29] and review arti-
cles continue to be published addressing polymers [30,
31], proteins [32, 33], biotechnology [34], and particles (to
be published, Encyclopedia of Particle Technology http://
nanoparticles.org/encyclopedia/). The range of possible
applications for FFF is enormous.
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2 Separation mechanism and
implementation

FFF is an elution-based separation technique that is
implemented in an open rectangular channel as shown
in Fig. 1. Under laminar flow conditions, the flow velo-
city across the channel thickness w has a parabolic pro-
file with the highest flow velocity at the center of the
channel and slowest velocity at the walls. An external
field that is applied perpendicular to the separation axis
interacts to different extents with different sample com-
ponents. This field-induced transport toward the FFF
channel wall (so-called accumulation wall) is balanced by
a diffusion away from the wall. At equilibrium, a steady
state is established for each sample component at a
unique distance from the channel wall. The mean thick-
ness of this sample equilibrium layer is related to the
retention time and physicochemical properties of the
sample. A sample component that interacts more
strongly with the applied field and/or has a lower diffu-
sion coefficient, e. g., sample component B, will establish
a steady state closer to the accumulation wall and will
have a longer retention time than component C.

Different FFF techniques arise as a result of different
fields being applied. Sedimentation FFF uses a centrifu-
gal field and is a high-resolution separation technique
for submicrometer- to micrometer-sized particles [35].
However, its use for macromolecular analyses is limited
because current commercially available systems do not
provide sufficient field strength to induce retention of
these relatively low mass analytes. Electrical FFF has

been applied to proteins [36], DNA [37], and polystyrene
sulfonates [38], but has not been widely used because it is
not commercially available. This review focuses on the
most commonly used FFF techniques, crossflow and ther-
mal FFF (ThFFF), and their application to macromole-
cules and supramolecular assemblies in the last 10 years.

2.1 Crossflow FFF

Crossflow or flow FFF (FlFFF) utilizes a second fluid flow
to transport sample components across the channel
thickness to the accumulation wall [28, 29]. The entire
sample is displaced regardless of mass, density, size,
charge, etc. As a consequence, FlFFF is the most univer-
sally applicable FFF technique with applications encom-
passing macromolecules with MW of 103–109 Da and par-
ticles 50 lm in diameter [39]. For materials smaller than
l1 lm, separation occurs in the normal mode and the
retention time is inversely proportional to diffusion coef-
ficient D and proportional to the hydrodynamic dia-
meter. The order of sample elution for the normal mode
of operation is high diffusion coefficient (small particles
or low MW macromolecules) followed by decreasing D
(large particles or high MW macromolecules).

FlFFF is performed in rectangular channels in both sym-
metric and asymmetric configurations (Fig. 2a and b).
Symmetric FlFFF, which is the original configuration,
utilizes two permeable walls with the crossflow passing
through both channel walls. Asymmetric FlFFF was intro-
duced in 1987 [40] and has one permeable wall and one
solid transparent wall. Despite more complicated theore-
tical equations, asymmetric FlFFF has become the more
commonly used configuration because the transparent
wall allows a visual performance check of the channel,
higher efficiency has been observed [41, 42], and more
companies offer this design. FlFFF systems are available
through PostNova Analytics (www.postnova.com), Con-
Senxus (www.consenxus.com), and Wyatt Technologies
(www.wyatt.com). A third configuration that is not com-
mercially available uses a cylindrical tube such as a hol-
low fiber (HF) membrane [43–45] or a ceramic HF [46] (Fig.
2c). The field, in this case, is radial with the crossflow
radiating outwards over the entire internal surface of
the tube while the channel flow moves down the length
of the tube.

FlFFF has undergone a number of technical develop-
ments to facilitate its use for macromolecular and parti-
culate analyses. Frit-inlet FIFFF was introduced as a
means to quickly relax sample components to their
different equilibrium distances above the accumulation
wall [47]. Frit-outlet FIFFF was developed for on-line con-
centration prior to detection [47]. This feature addresses
the dilute nature of many biological samples and com-
pensates for some of the dilution that occurs during the
separation process. These approaches have only been
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Figure 1. FFF separation mechanism. (Reprinted with per-
mission from [31]; Copyright 2000 John Wiley & Sons.)
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demonstrated in symmetric FlFFF channels, but the con-
cepts could also be realized in asymmetric channels.

Diffusion coefficients and hydrodynamic diameters can
be calculated from measured retention times using exist-
ing theoretical FlFFF equations [28]. However, MW and
MW distributions require the use of calibration stan-
dards [48] or a detector capable of measuring MW of the
eluting sample. The most commonly used FlFFF detector
is the UV detector which suffices for many applications.
In the absence of MW calibration standards, the multian-
gle light scattering-differential refractometer (MALS-dRI)
detector combination is used to measure MWs and root
mean square radii (rms) of the eluting samples [49]. The
MALS-dRI detectors offer a simplification of the FlFFF

data analysis process. Slight nonidealities that affect
retention volumes are not critically important as the
MWs are measured by MALS. However, it is important to
note that the separations aspect cannot be completely
ignored, as low polydispersity samples are required for
accurate MALS measurements. In addition, when analyz-
ing large polymers (comparable to the size of the laser
wavelength), MALS data analysis and interpretation have
to be done carefully. A systematic study of the error esti-
mation is available for different fitting approaches [50].

2.2 ThFFF

ThFFF has been used mainly for separations of organoso-
luble polymers [30] and to a lesser extent separations of
particles [51, 52]. The “field” used in ThFFF is a tempera-
ture gradient (Fig. 3). One wall is heated using computer-
controlled heating rods and the other wall is maintained
at a lower temperature using a recirculating chiller [53].
The temperature gradient, arising from the temperature
difference between a hot and a cold wall, DT, causes ther-
mal diffusion of sample toward the accumulation wall
(usually cold wall). The retention time in ThFFF is propor-
tional to DT multiplied by the ratio of the thermal diffu-
sion coefficient DT to that of the normal diffusion coeffi-
cient. For homopolymers, sample species with higher D
(or lower polymer MW) values elute first. The thermal dif-
fusion process, on the other hand, is not sufficiently
understood to be used for calculating retention times.
Despite numerous empirical studies and proposed the-
ories [54–58], thermal diffusion remains an intriguing,
but highly useful, aspect of ThFFF separations. Composi-
tion-based separations have been demonstrated for both
polymers [59–61] and particles [62]. This topic is dis-
cussed further in a later section.

As it is not possible to accurately predict DT, ThFFF
requires MW calibration standards or use with detectors
that measure MW of the eluting components. Coupling
FFF with MALS-dRI and MALDI-TOF-MS has proven to be
mutually beneficial as these latter techniques require a
certain degree of monodispersity and chemical homoge-
neity in the sample [60, 63]. Other detectors that have
been used with ThFFF include refractive index and eva-
porative light scattering.
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Figure 2. Different variants of FlFFF. (a) Symmetric FlFFF
refers to a rectangular channel geometry with two permeable
walls and was the original FlFFF configuration, (b) asym-
metric FlFFF is also used in a rectangular channel geometry
but has only one permeable wall, and (c) HF FlFFF is per-
formed using a HF membrane or ceramic tube. (Reprinted
with permission from [31]; Copyright 2000 John Wiley &
Sons.)

Figure 3. Schematic of thermal FF channel and separation
mechanism. Thermal diffusion causes polymer migration
towards the accumulation wall while diffusion transports
polymers away from the wall.
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In recent years, miniaturized ThFFF channels have been
fabricated and used to separate synthetic polymers and
particles [64–67]. Conventional ThFFF systems are offered
by PostNova Analytics and the micro-ThFFF system is
available through Watrex (www.watrex.cz).

3 FFF studies of macromolecules and
supramolecular assemblies

Macromolecules of biological and synthetic origins have
been analyzed by FlFFF and ThFFF. The open channel
design makes FFF a gentle separation technique for high
and ultrahigh MW macromolecules (1010 Da), environ-
ment-sensitive samples such as protein aggregates and
ribosomes, and supramolecular assemblies such as lipo-
somes and lipid–DNA complexes.

3.1 Proteins, protein aggregates, and DNA

The capability of FIFFF to separate proteins was first
demonstrated by Giddings in 1977 [68]. FlFFF was subse-
quently used to separate additional proteins [2], wheat
proteins, monitor lipoprotein particle size distributions
for potential use as a biomarker for the coronary artery
disease [69], and investigate protein and DNA (linear and
circular) conformation [70, 71]. These earlier studies
were conducted with on-line UV detectors and relied
upon developed FFF theory or calibration curves for
transformation of the time-based fractograms into size
or MW distributions.

In recent years, FlFFF has been coupled to other detec-
tors, most notably, multiangle light scattering and differ-
ential refractive index or MALS-dRI. The combination has
proven to be mutually beneficial as the FlFFF provides
the essential “monodisperse” samples for MALS measure-
ments and MALS eliminates the need for MW standards.
In the separation of polymeric wheat proteins [72–74],
the fractogram showed a tailing peak. The MALS detector
determined that the molar mass of the component elut-
ing at peak maximum was l22 500–300 000 Da, whereas
the components eluting in the tail were near
10 000 000 Da [74]. The rms determined by MALS
increased from 20 to 40 nm across the fractogram. The
dramatic increase in MW compared to that in size sug-
gested that the high-molar mass components eluting in
the tail had a more compact conformation.

The separation of polymer wheat proteins by FIFFF
demonstrated the suitability of the technique for anal-
ysis of ultrahigh MW species, which were beyond the
limit of size exclusion chromatography (SEC). The open
FFF channel results in low shear rates and gentle separa-
tions and would also prove to be ideally suited for separ-
ating protein aggregates. Asymmetric FIFFF was recently
applied to a study that correlated the size of prion parti-
cles with infectivity. In this work, protease-resistant PrP

protein (PrPres) aggregates were fractionated and molar
mass, rms, and hydrodynamic radius (rh) were deter-
mined using on-line MALS and quasielastic light scatter-
ing (QELS) [75]. As shown in Fig. 4, the PrPres aggregates
covered an rms range from a10 to 250 nm and an rh range
of 5–200 nm. The molar mass was from 66104 to
16107 Da. The ratio of rms/rh is an indicator of the shape
of the aggregates. The ratios for the early fractions (8–19)
were about 0.9, which indicated a spherical or ellipsoid
shape. The ratios for the late fractions were higher than
1, suggestive of a more extended shape such as a fibril.
The light scattering results were consistent with trans-
mission electron microscopy images. Figure 4 also shows
the specific infectivity of the PrPres aggregates from frac-
tions 5 to 23. The infectivity peaked at fraction 12, which
corresponded to the aggregates with molar mass, rms, rh

at 5.356105 Da, 12 nm, and 13 nm, respectively. The
high specific infectivity of the small size aggregates sug-
gested that the efforts to disaggregate amyloid fibrils in
infected tissues may not be the right treatment approach
as the most infectious prion particles may become dis-
lodged.

The specific infectivity measurement of the fractionated
PrPres aggregates demonstrated an important characteris-
tic of FlFFF: a “gentle” separation method with the cap-
ability to maintain the biological activity of the analytes.
HF FlFFF was used to study two grades of urate oxidase
(uricase): a recombinant uricase drug from Aspergillus fla-
vus expressed in Saccharomyces cerevisiae (termed Rasburi-
case) and a reagent-grade uricase from Candida sphaerica
expressed in Escherichia coli (termed Sigma uricase) [76].
The fractogram of Rasburicase showed a single peak with
the retention volume corresponding to the tetramer
form of the protein. The fractogram of Sigma uricase
showed a bimodal peak with the retention volumes cor-
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Figure 4. Analysis of fractionated PrPres, a protease-resis-
tant form of the PRP protein. MALS-derived molar masses,
root mean square radii, hydrodynamic radius, and specific
infectivity are plotted for each fraction collected after separa-
tion by FlFFF. (Modified and reprinted with permission from
[75]; Copyright 2005 Nature Publishing Group.)
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responding to the dimer and tetramer, respectively. Frac-
tions of the Sigma uricase dimer and tetramer were col-
lected and analyzed by MALDI-TOF-MS. Very interest-
ingly, MALDI spectra showed the presence of uricase
monomer in both fractions, which suggested that the
MALDI process is breaking up the uricase oligomers. The
enzyme activity analysis of the collected FFF fractions
showed an increase in activity in the following order Ras-
buricase tetramer > Sigma uricase tetramer > Sigma uri-
case dimer. The lower specific activity of the Sigma uri-
case was partially attributed to the presence of the
dimers.

The maintenance of the drug activity is a direct reflec-
tion of the survival of the native structures of the pro-
teins after fractionation. FlFFF did not disrupt the nonco-
valent binding among subunits and between polypeptide
chain and prosthetic group. This was clearly proved in
the HF FlFFF analysis of apomyoglobin (Mb) with online
detection by ESI-TOFMS [44]. Figure 5 is mass spectra of
Mb separated by HF FlFFF and RP HPLC, respectively. The
RP HPLC-ESI/TOFMS shows a higher protonation level
than FlFFF-ESI/TOFMS, implying possible denaturation of
the protein by RP HPLC. The molecular ion was
17 566.69 Da in the HF FlFFF-ESI/TOFMS and
16 951.48 Da in the RP HPLC-ESI/TOFMS. The difference
between the two values was 615.21 Da, close to the nom-
inal molar mass of the heme group (615.23 Da). HF FlFFF
allowed elution of the intact protein with heme bound
to Mb.

3.2 Supramolecular assemblies

A supramolecular assembly is a multicomponent system
that is held together by noncovalent interactions, e. g.,
hydrogen bonding, van der Waals forces, electrostatic

interactions, etc. These forces are weaker than covalent
bonding making these assemblies sensitive to changes in
their environments. Examples of FFF investigations of
supramolecular assemblies are described in the follow-
ing section. The protein aggregates discussed in the pre-
vious section could have also been included under this
subheading.

3.2.1 Ribosomes

Ribosomes are cellular organelles composed of protein
and RNA and are the site for protein production. Exten-
sive studies have been done on ribosomes using AsFlFFF
[77–82]. Figure 6 shows an impressive fractionation of
the 70S ribosome from the 30S and 50S subunits and
tRNA and proteins. This degree of resolution made it pos-
sible to monitor ribosomal composition and tRNA levels
and correlate them to cell growth and protein produc-
tion levels [77, 81, 82]. The total analysis time of 16 min
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Figure 5. Comparison between
HF FlFFF-ESI/TOFMS and RP
HPLC-ESI/TOFMS of Mb. (a)
Multicharged ion spectrum from
HF FlFFF-ESI/TOFMS, (b) mul-
ticharged ion spectrum from RP
HPLC-ESI/TOFMS. (Reprinted
with permission from [44]; Copy-
right 2005 American Chemical
Society.)

Figure 6. Asymmetric FlFFF analysis of a ribosomal sample
taken at the exponential phase of cell growth. (Reprinted
with permission from [78]; Copyright 2003 Elsevier.)
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(6 min ribosome preparation, 8 min separation, 2 min
wash) made this a viable technique for at-line optimiza-
tion of cultivation conditions in bioreactors. Additional
experiments turned up a previously unreported 100S
particle that was believed to be a dimer of the 70S riboso-
mal particle [78].

3.2.2 Liposomes

Liposome size and size distributions were initially meas-
ured using FlFFF with UV detection [83]. The subsequent
use of MALS-dRI as detectors allowed investigative stud-
ies of the effect of different buffers on the sizes of plain
and encapsulated liposomes [84–87]. In addition, the
shapes of the plain liposomes, hemoglobin-encapsulated
liposomes, actin-encapsulated liposomes, and actin–
hemoglobin-encapsulated liposomes were estimated by
fitting different form factors to the light scattering inten-
sities. The loaded liposomes transformed from spherical
shape to disk-like shape as the concentration of the
encapsulated actin increased. These results were consis-
tent with atomic force microscopy measurements. Exten-
sive screening was performed on the extrusion mem-
brane pore sizes, actin concentrations, and hemoglobin
concentrations to identify an appropriate condition to
prepare liposome vesicles for use as blood substitutes.

3.2.3 Lipid: protein and lipid–DNA complexes

The “gentle” separation characteristic of FIFFF enabled a
study of the interactions between cytochrome c and the
lipid dimyristoylphosphatidylglycerol (DMPG) [88]. The
hydrodynamic radius of cytochrome c–DMPG complexes
at different pH were determined from the peak retention
volumes in the fractograms using a calibration curve
established from protein standards. The variation in
sizes at different pH showed the effects of different
modes of interactions (electrostatic or hydrophobic) on
the sizes of the complexes.

Self-assembled cationic lipid–DNA gene carrier com-
plexes of different charges were produced by combining
different ratios of cationic lipid:DNA. The resulting het-
erogeneous mixtures containing lipids, DNA, liposomes,
and lipid–DNA complexes were characterized with
respect to size distributions and time [89]. FlFFF-MALS
measurements showed that different size profiles were
obtained for different lipid:DNA ratios (Fig. 7). In addi-
tion, a dynamic system was observed with smaller parti-
cles and aggregates forming as the mixture aged. Particle
aggregation is of interest as it is one mechanism that
reduces cell transfection efficiency. This work sets the
stage for further studies involving nonviral vectors for
gene delivery.

3.2.4 Charged amphiphilic copolymer

The properties of the copolymer of poly(styrene-co-
methyl methacrylate-co-maleic anhydride) grafted by
PEG were studied by FlFFF [90–92]. The maleic anhydride
on the backbone can react with water to form carboxylic
acid and subsequently become charged under basic pH
conditions. The hydrophobic group can associate in
aqueous solution to form micelles; a tendency that is
counterbalanced by electrostatic repulsion from the
charges on the backbone. FlFFF was used to fractionate
polymers prepared in the solution with different ionic
strengths and pH. The sizes and populations of the
micelles determined by FlFFF correlated well with the
conditions of the aqueous solution. That is, an increase
in salt concentration facilitated the formation of large
size micelles because of “salt-out” effects and the maxi-
mum size occurred at a pH where the backbone was neu-
tral. FlFFF yielded the expected size distributions,
whereas the dynamic light scattering measurements
showed a bias toward the large size population because
of its stronger scattering intensity.

3.2.5 Poly(N-isopropylacrylamide)

Poly(N-isopropylacrylamide) (PNIPAM) is a thermo-
responsive polymer, which undergoes a coil-to-globular
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Figure 7. FlFFF of cationic lipid–DNA mixtures. Different
lipid:DNA ratios resulted in different fractograms and size
distributions. The y-axis represents the voltage output from
the MALS detector and has been normalized so that the frac-
tograms can be superimposed. (Reprinted with permission
from [89]; Copyright 2001 American Chemical Society.)
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transition as the temperature is increased. The swollen
chains collapse and aggregate at high temperature to
form particles. Asymmetric FlFFF registered a dramatic
size increase as the temperature increased and could
thus be used to determine the critical transition tem-
perature [93].

3.2.6 Microgels

The microgels, formed by N-vinylpyrrolidone, vinyl acet-
ate, and diethylene glycol divinyl ether, were character-
ized by FlFFF-MALS [94]. The polymers showed molar
masses from 103 to 107 Da. The polydispersity and molar
mass of the microgels depended on the concentration of
the monomers and crosslinker. Microgels are discussed
further in a later section on organosoluble polymers
using ThFFF.

3.3 Water-soluble synthetic polymers

FlFFF is the main FFF technique for studying water-solu-
ble polymers. The effect of experimental factors, such as
injected mass, ionic strength of the carrier liquid, and
flow conditions, on the fractionation performance were
investigated using neutral (polyacrylamide [95] and pull-
ulan [96]), negatively charged (polysulfonate [95]), and
positively charged (polyvinylpyridine [95]) polymer stan-
dards. It was observed that the elution times of polyelec-
trolytes were reduced when the sample load was
increased. The degree of the decrease was mitigated
when high ionic strength carrier liquids were used.
These observations were attributed to the strong inter-
molecular electrostatic interactions inherent in polyelec-
trolyte systems. In contrast, neutral polymers such as
pullulan exhibited increased retention times with
increased sample loads. This may be due to hydrody-
namic interactions between the polymer molecules [96].

A study of poly(ethylene oxide) (PEO) showed interesting
results in that low molar mass PEO behaved differently
in Na2SO4 and K2SO4 solutions [97]. Increases in sample
loading had a slight effect on the retention time in
Na2SO4 solution but a remarkable decrease in K2SO4 solu-
tion. PEO behaved like a polyelectrolyte because the
potassium ion is tightly associated with the polymer.

The hyphenation of MALS with FlFFF provides direct
determination of the molar mass distribution and size
distribution of the polymers and makes conformation
analysis possible. The suitability of FlFFF-MALS for poly-
mer analysis was verified with polymer standards, such
as polysulfonate [98], pullulan [99, 100], dextran [100,
101], polyacrylamide [102], and poly-diallyldimethylam-
monium chloride [101]. Since these initial studies with
standards, FlFFF applications have been expanded con-
siderably to investigate polymers of commercial import-
ance.

3.4 Water-soluble natural polymers

The behavior of various types of polysaccharides in the
FlFFF channel followed the same trend as those reported
for neutral and charged water-soluble synthetic poly-
mers [103]. The power of FlFFF-MALS was explored to
characterize the high- and ultrahigh-molar mass compo-
nents in these “natural” polymer samples.

3.4.1 Starch

Starch consists of amylose (AMY) and amylopectin (AMP).
The differentiating characteristics are that AMY is a lin-
ear chain and AMP is a branched chain and has a higher
molar mass. The two components in corn starch,
resolved by FlFFF-MALS, gave 4.86105 and 4.56108 g/mol
as the MW of AMY and AMP, respectively [104]. The rms–
MW plot indicated that the conformation of AMP, as
expected, had a more compact structure than the lower
molar mass components (AMY). Another study of AMP
from waxy corn starch yielded an rms range of 250–
1250 nm and molar masses from 107 to 109 g/mol [105].
In this case, the FFF separation occurred in the hyper-
layer mode rather than the normal mode that we have
described throughout this paper. The hyperlayer mode
occurs when the diameter of the sample species is large
relative to the diffusion distance. The separation is no
longer based on differences in diffusion but rather on
diameter. Larger particles elute first because their cen-
ters of mass protrude further from the accumulation
wall and thus occupy faster velocity streamlines than the
smaller particles. This FFF mode of operation occurs in
the vicinity of 1 lm and can be shifted to smaller or lar-
ger diameters depending on flow velocity and field
strength [106]. The AMP rms of 1250 nm or 1.25 lm fits
the scenario for hyperlayer mode separation and the
observed elution order was from large to small sizes.
Similar to previous observations for synthetic water-solu-
ble polymers, cationic potato AMP also showed a depend-
ence of the elution on the ionic strength of the carrier
liquid and the injected mass [107]. The fractograms
exhibited tailing in low ionic strength carrier liquid
which disappeared when a carrier liquid with 40 mM
salt was used. The reproducibility of the fractionation
was also improved. The Mw of the sample was 5.26107 g/
mol with the rms range from 100 to 400 nm.

Modified starches, hydroxyethyl and hydroxypropyl
starch, have also been analyzed [108]. Low sample recov-
eries (60–84%) were obtained due to loss of the low-molar
mass components (radii a8 nm) through the membrane
accumulation wall or to incomplete resolution from the
void peak. Selective loss of the small size components
resulted in overestimated MWs.
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3.4.2 Cellulose derivatives

The initial FlFFF-MALS study of ethylhydroxyethyl cellu-
lose (EHEC) uncovered the presence of an ultrahigh-
molar mass component in the vicinity of 108 Da [109]. In
a subsequent study involving EHEC samples from three
different viscosity classes, programmed field strength
FlFFF was employed [110]. By varying the crossflow rate
from high to low, resolution could be maintained for the
early eluting components and retention times decreased
for the late eluting components. This strategy, which is
similar to solvent strength programming in HPLC, is use-
ful when separating highly polydisperse samples. Fracto-
grams and molar masses of the three EHEC samples are
shown in Fig. 8. Both of the lower viscosity class samples,
EHEC I and II, exhibited two components that encom-
passed a broad molar mass distribution from 104 to
109 Da. Impressively, the high resolution analysis was
completed in only 30 min. The slopes of log rms versus log
M plots for both EHEC I and II revealed that the high-
molar mass components (a107 Da) had a random coil con-
formation, whereas the ultrahigh-molar mass compo-
nents (>107 Da) possessed a hyperbranched structure. The
higher viscosity class EHEC III showed the presence of
one peak and had lower polydispersity (56105 to
56107 Da). A constant conformation corresponding to a
collapsed coil was observed. In order to more closely
examine the molar masses at the front and tail of the
EHEC II peak, the sample load was increased 4.5 times to
450 lg. It was noted that the increased sample load could
cause a deterioration in separation resolution; which in
turn, would explain the irregular behavior observed over
a span of 2 min when the molar mass did not increase
with time as previously observed in the lower sample
loading experiment. This reinforces the importance of
obtaining good resolution in the separation step preced-
ing MALS measurements.

Methyl cellulose, methylhydroxyethyl cellulose, and car-
boxymethyl cellulose were also studied by FlFFF-MALS
[111]. They all showed the presence of ultrahigh-molar
mass components with compact structures.

3.4.3 Hyaluronan

Hyaluronan or hyaluronic acid is a long unbranched
polysaccharide, composed of repeating dimeric units of
glucoronic acid and N-acetyl glucosamine and has MWs
ranging from a hundred thousand to several million Dal-
tons. It is a naturally occurring macromolecule that
lubricates joints, maintains the shape of eyeballs, and is
a key component of connective tissue. It also forms the
basis of cosmetic injectible fillers that temporarily
remove the appearance of wrinkles. Interest in this poly-
saccharide stems from its many uses while the high MW
and polydispersity make it a challenging analytical pro-
blem. The molar mass and rms of a series of hyaluronates

were measured by FlFFF-MALS and showed excellent
agreement with results obtained from batch-mode light
scattering measurements. This agreement suggested
that the samples were not lost or degraded by the FFF pro-
cess [112]. The effects of field programming and ionic
strength of the carrier liquid were investigated [113]. A
salt concentration of 0.1 M was necessary to obtain accu-
rate results. The molar mass of the samples were from
104 to 106 g/mol and the rms radius were from a10 to
200 nm.

3.4.4 Gum arabic

Gum arabic is composed of approximately 80% arabino-
galactan (AG) and 20% AG–protein complex (AGP). AG,
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Figure 8. Asymmetric FlFFF-MALS of three different viscos-
ity classes of ethylhydroxyethyl cellulose, EHEC I, II, and III.
The solid lines represent the RI traces of the fractograms
and the circles are molar masses. (Reprinted with permis-
sion from [110]; Copyright 2003 American Chemical
Society.)
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found in the heartwood of trees of the genus Larix, has a
narrow MW distribution and is highly branched. The
interest in this polysaccharide stems from its biocompat-
ibility and its ability to inhibit cell adhesion and infec-
tion or inflammation. Figure 9 shows the separation
results of gum arabic obtained using SEC and FlFFF [114].
The two components, AG and AGP, were completely
resolved by FlFFF as shown by the two peaks at 5 and
18 mL, whereas SEC only showed partial separation with
the peaks appearing at 13 and 16 mL. As a result, the
molar mass of the AG component was overestimated
while the AGP component was underestimated by SEC-
MALS analysis. Correct measurement of the size of the
AGP component was also not possible because of the
interference by the AG peak. From FlFFF-MALS measure-
ments, the MWs of AG and AGP were 2.46105 and
2.66106 g/mol, respectively. The size of AGP was 26 nm.

3.4.5 j-Carrageenan

j-Carrageenan is used as an emulsifier or thickener in
food and can undergo coil-helix-rod-gel transitions as
regulated by salt type or temperature [115, 116]. The
helix conformation was formed through the binding of
two polymer chains. Upon further aggregation, the helix
evolved into a rod structure and eventually a 3-D gel net-
work. A doubling of the molar mass recorded by FlFFF-
MALS indicated the transition from coil to helix. The gra-
dual transition from helix to rod was observed as an
increase in molar mass from 105 to 107 g/mol.

3.5 Organosoluble polymers

3.5.1 Ultrahigh MW and microgels

In the FFF family, ThFFF is the technique used to charac-
terize polymers in organic solvents. FlFFF channels com-
patible with organic solvents have only recently been
introduced. ThFFF is complementary to SEC in that the

former is better suited for high-MW polymers and the lat-
ter for low-MW polymers. The crossover point, with
respect to resolution, is l105 Da [117]. Like FlFFF, ThFFF
can handle samples with extremely broad polydispersi-
ties.

The development of ThFFF has been slow in terms of
application to industrial polymers. This may be due to (1)
the incomplete understanding of the relationship
between retention time and thermal diffusion and (2)
the conventional approach of using a calibration curve
constructed from polymer standards. The universal cali-
bration methods were developed in an effort to enhance
the analysis capability [118, 119]. Surprisingly, the stud-
ies of ThFFF hyphenated with MALS are scarce, in con-
trast to the explosion of FlFFF-MALS investigations.

Rubber has been the focus of a series of papers [120–122].
ThFFF-MALS analysis of a styrene-butadiene rubber
showed an ultrahigh molar mass component between
107 and 108 g/mol [120]. This component, which
accounted for 10% of the sample, was not detected in
SEC-MALS analysis. An important conclusion of these
studies was that the filtration step performed prior to
SEC separation removed a significant portion of the sam-
ple and led to erroneously low-MW averages.

Recently, ThFFF-MALS was applied to samples of poly(vi-
nyl acetate) that had been prepared by emulsion poly-
merization. The polymer contained nanogels and micro-
gels. Figure 10 shows the elution profiles and the meas-
ured molar mass of an unfiltered and a 0.5 lm pore-size
filtered sample. At early elution volumes (a2 mL), a
strong scattering signal was observed for the unfiltered
sample. The decrease in molar mass in the first 2 mL sug-
gested that the large size polymer aggregates were elut-
ing in the hyperlayer mode. The fractionation proceeded
in the normal mode after 2 mL as indicated by the
increase in MW. The unfiltered sample showed at least
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Figure 9. Comparison of the sep-
aration of gum Arabic by SEC (a)
and FlFFF (b). Solid and dotted
lines represent dRI and light scat-
tering traces, respectively.
Sphere and triangle symbols
represent the rms radius. (Re-
printed with permission from
[114]; Copyright 2000 Elsevier.)
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one order magnitude higher molar mass than the fil-
tered sample. Additional experiments done using binary
solvents resulted in complete suspension of the entire
sample. This indicated that the nanogels/microgels con-
sisted of associated polymer chains rather than cross-
linked polymers. These results demonstrate the advan-
tage of ThFFF in analysis of ultrahigh molar mass poly-
mers and the importance of analyzing an unfiltered sam-
ple.

3.5.2 Composition separations

ThFFF has proven to be a useful method for measuring DT

for different polymer–solvent combinations. This has
enabled certain commonalities to surface and new ther-
mal diffusion models [56, 123] to be introduced. One
finding common among DT studies is that polymer–sol-
vent interactions are important. Consequently, retention
times can be significantly shifted by changing the separa-
tion solvent [53, 124, 125]. Figure 11 is a plot of DT versus
polystyrene MW [126]. This plot shows that DT is indepen-
dent of MW and dependent on the solvent. Figure 11 also
suggests that polymers possessing the same MW but
different compositions can be separated. For example,
polyisoprene and polymethylmethacrylate of the same
MW will have more than two times difference in reten-
tion time if the ThFFF separation was performed in
toluene.

ThFFF separations by composition have been demon-
strated with mixtures of polystyrene and poly(2-vinylpyr-
idine) [60]. This allowed each polymer to be analyzed by
MALDI-TOF-MS using different optimum conditions that
were tailored for each polymer. Selective MALDI ioniza-
tion and detection have been reported for polydisperse
(polydispersity index >1.2) polymers and polymer mix-
tures [63]. The use of ThFFF to produce more homoge-
neous fractions prior to MALDI is an important step in
obtaining accurate MALDI measurements. MALDI-MS, on
the other hand, provides MW information and confirms
the identity of the polymer thereby eliminating the need
for ThFFF standards [60].

ThFFF has also been coupled with SEC in a 2-D separation
involving a mixture of polystyrene, polybutadiene, and

i 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.jss-journal.com

Figure 10. ThFFF-MALS/dRI analysis of poly(vinyl acetate).
(a) Light scattering (908) and dRI fractograms, (b) molar
mass. Gray traces correspond to the 0.5 lm pore-size fil-
tered sample and black traces correspond to the unfiltered
sample. Solid and dashed lines represent dRI and light scat-
tering fractograms, respectively. Cross symbols represent
molar mass. Conditions: DT = DT0(t1 – ta)/(t1 – ta)2; DT0 =
558C, t1 = 15 min, ta = –1 min; flow rate, 0.1 mL/min; carrier
liquid, ACN; injection volume, 20 lL.

Figure 11. Relationship between thermal diffusion coefficient DT and molecular weight (MW) for different polymer–solvent combi-
nations. Polymethylmethacrylate (PMMA), polystyrene (PS), polyisoprene (PI and THF, methylethylketone (MEK). (Reprinted
with permission from [126]; Copyright 1989 John Wiley & Sons.)
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polyTHF [61]. Same-size fractions were obtained using
SEC. These fractions were then injected into a ThFFF
channel and separated by composition as shown in Fig.
12. As more polymer mixtures are used to obtain specific
materials properties, multidimensional separations
such as that shown here may become more common
place.

4 Conclusions
Forty years after the first publication, flow and ThFFF are
emerging as the separation methods for high- and ultra-
high-MW macromolecules, nanometer- to micrometer-
size sample species, and complex heterogeneous sample
mixtures. These types of materials are difficult to sepa-
rate by other methods. FFF is a gentle separation tech-
nique that has been shown in many instances to retain
enzyme activity and cell viability. Elution profiles can be
used to monitor changes in size distributions of dynamic
systems such as supramolecular assemblies. Fractions
can be collected upon elution from the FFF channel and
tested for infectivity and transfection efficiency. Combin-
ing FFF with other techniques such as light scattering
and MS yields additional “localized” information about
conformation and identity of the eluted fraction.

With these characteristics and capabilities, why has FFF
not experienced explosive growth and become a main-
stream analytical technique? Part of this is due to timing.
FFF was introduced at a time when research interests
focused primarily on molecule-size entities and the
terms nanoscience and nanotechnology were unknown.

Another explanation may be FFF’s versatility. There are
many more forms of FFF (sedimentation, electrical, die-
lectrophoretic, magnetic, and acoustic) than the two dis-
cussed in this review. This versatility may be as much a
hindrance as an asset because determining the best FFF
technique for a particular application requires sufficient
knowledge about the other FFF techniques. This will
change as the number of publications in key application
areas increase. Finally, there has been limited availability
of commercial instrumentation. However, in the last
3 years, the number of companies offering FFF systems
has increased from one to four. These companies offer
light scattering detector options which will provide an
independent measure of MW and size for comparison
with values calculated using retention volumes and FFF
theory and compensates for nonidealities encountered
in the FFF process. With increased competition, this
should bode well for those considering research and
applications involving FFF.
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