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Abstract An overview is given of the recent literature on (bio)
analytical applications of flow field-flow fractionation (FIFFF).
FIFFF is a liquid-phase separation technique that can separate
macromolecules and particles according to size. The technique is
increasingly used on a routine basis in a variety of application
fields. In food analysis, FIFFF is applied to determine the
molecular size distribution of starches and modified celluloses,
or to study protein aggregation during food processing. In
industrial analysis, it is applied for the characterization of
polysaccharides that are used as thickeners and dispersing
agents. In pharmaceutical and biomedical laboratories, FIFFF
is used to monitor the refolding of recombinant proteins, to
detect aggregates of antibodies, or to determine the size
distribution of drug carrier particles. In environmental studies,
FIFFF is used to characterize natural colloids in water streams,
and especially to study trace metal distributions over colloidal
particles. In this review, first a short discussion of the state of
the art in instrumentation is given. Developments in the
coupling of FIFFF to various detection modes are then
highlighted. Finally, application studies are discussed and
ordered according to the type of (bio) macromolecules or
bioparticles that are fractionated.
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Introduction

The simple, soft, and fast separation mechanism of flow
field-flow fractionation (FIFFF) has made it a valuable
technique when size-based separations of macromolecules,
molecular aggregates, colloids, or solid particles are
required. Although after the first experimental study on
FIFFF by Giddings et al. [1], over 40 years ago, the
development and application of the technique was largely
limited to a small number of research laboratories, it is now
becoming competitive with other separation techniques.
This is at least partly related to the fact that robust and
reliable systems have been made available by different
manufacturers. Now, FIFFF systems are used on a routine
basis in industrial, pharmaceutical, environmental, and
clinical laboratories. Recently, detailed reviews have been
published on various applications of field-flow fractionation
in general, e.g., [2, 3].

In this review the emphasis is on analytical applica-
tions of FIFFF for the separation and characterization of
macromolecules and particles of biological origin. The
scientific literature from 2005 up to mid 2010 is covered.
After a short description of the state of the art in
instrumentation, applications to various macromolecular
compound types and to bioparticles and colloids will be
discussed.

Instrumentation

In most laboratories where FIFFF is applied, an asymmet-
rical FIFFF (AsFIFFF) system is used. The AsFIFFF
separation channel has only one wall which is permeable
for the carrier liquid; the cross flow, that is the underlying
force for the separation, is created as a part of the in-going
flow. AsFIFFF instruments are less complex than the
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original symmetrical systems (with two permeable walls and
a separate cross-flow delivery). The separation performances
of asymmetrical and symmetrical systems are comparable.
For the optimization of ASFIFFF separations, a special
approach is required [4]. In the choice of the channel
dimensions and the flow rates applied a compromise has to
be found between separation power and the detectability
(dilution) of the sample compounds to be separated.

Standard AsFIFFF channels have a volume of the order of
1-2 mL, and flow rates of the order of 1-5 mL/min are used.
In bioanalytical applications, in cases when only small
samples are available, sample dilution may be too strong
with such a standard channel. Therefore, miniaturization of
FIFFF has been studied by several groups. Yohannes et al.
[5] have shown that a relatively simple downscaling of the
channel volume, by a factor of approximately 10, is
possible without loss of performance. Permeable hollow
fibers have been studied as separation channels by
Reschiglian et al. [6, 7], by the group of Moon [8-10],
and in our laboratory [11]. With hollow fibers the volume
scale of the separation can be downscaled and the instru-
mental complexity reduced, and possibilities are foreseen to
develop “disposable” separation channels for, e.g., clinical
use. So far, however, hollow-fiber FIFFF (HFFIFFF) systems
have not been made commercially available.

% intensity

Reschiglian et al. [6] coupled an HFFIFFF system
through an electrospray interface to a (time-of-flight) mass
spectrometer. The HFFIFFF—electrospray ionization (ESI)—
time-of-flight mass spectrometry (MS) system could be
used for the separation and identification of intact proteins.
The carrier liquid could be optimized with respect to its
compatibility with ESI-MS. An additional benefit of the
coupling of the HFFIFFF system to the mass spectrometer
was the desalting of the sample that occurred during the
separation. When an ammonium acetate solution was used
as the carrier liquid, no multiple sodium adducts were
formed in the ESI, and the resulting mass spectra were
considerably simplified (see Fig. 1). In ASFIFFF systems,
detection can be performed with standard concentration
detectors as used in liquid chromatography (LC), such as
refractive index (RI), UV absorbance, or fluorescence
detectors.

The FIFFF techniques separate according to the hydro-
dynamic volume of the sample compounds. For additional
information on the size and shape of the separated
compounds, online light scattering techniques can be used.
Static light scattering detection, usually in the multiangle
light scattering (MALS) variant, is often used in a variety of
application fields. With MALS the molecular weight of
macromolecules and the radius of gyration of macro-
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Fig. 1 Time-of-flight mass spectra of myoglobin, with direct infusion (a) and after hollow-fiber field-flow fractionation (HFFIFFF) separation

(b). (Reproduced from [6], with permission)

@ Springer



Application of flow field-flow fractionation

1403

molecules and particles can be obtained. A new develop-
ment is online coupling of FIFFF with dynamic light
scattering (DLS), or quasi-elastic light scattering (QELS), a
combination that is now commercially available. With
online DLS the hydrodynamic size or the diffusion
coefficient of the separated species can be estimated
directly [12, 13].

An interesting new development is the use of FIFFF as
one of the separation techniques in a two-dimensional
liquid-phase separation system. The group of Moon [14—
16] worked on the coupling of isoelectric focusing (IEF)
and FIFFF for proteomics applications. In the first study,
IEF separations were first performed in a polytetrafluoro-
ethylene capillary; fractions were transferred to a HFFIFFF
system with a switching valve. Since the second-dimension
HFFIFFF separation was relatively slow, only a few
fractions could be taken. In the later studies, a multilane
ASFIFFF channel system was used. The separation of
proteins on the basis of their isoelectric point was
performed in an open thin segment in a channel that acted
as the beginning part of six parallel AsFIFFF lanes. With
this setup the relatively slow AsFIFFF separations of the
fractions could be done simultaneously. The IEF-AsFIFFF
multilane channel system developed was tested on standard
proteins and a human urinary proteome sample. The entire
proteome separation was achieved in less than 30 min using
two ampholyte solutions with different pH ranges.

Yohannes et al. [17] used ASFIFFF as the first dimension
in a comprehensive two-dimensional system. With a ten-
port interface valve, AsFIFFF fractions were transferred to a
gradient reversed-phase LC system. Since the gradient time
of the LC system was short (5 min including regeneration),
a fair number of fractions could be taken during the
ASFIFFF separation time of 120 min. The two-
dimensional system was applied to study egg white
denaturation (see Fig. 2).

Biomacromolecules
Starches and celluloses

Modig et al. [18] and Nilsson et al. [19] used an AsFIFFF
instrument with MALS and RI detectors to study the effect
of high-pressure homogenization on the molecular size and
conformation of hydrophobically modified starches. Differ-
ent starches, from potato and barley, had been modified
with octenyl succinate anhydride (OSA). These OSA-
modified starches are used in various food applications for
the stabilization of dispersions. High-pressure homogeniza-
tion is a commonly applied method to prepare emulsions.
From the changes in retention in the AsSFIFFF separation
and from the MALS signals it was very clear that the
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Fig. 2 AsFIFFF-high-performance liquid chromatography two-
dimensional separation of an egg white sample. RPLC reversed-phase
liquid chromatography (Reproduced from [17], with permission)

homogenization process caused a strong reduction in
molecular size. For the original samples molecular masses
from 23 to 86 MDa were found. After the homogenization
process the average values for the different samples ranged
from 7 to 12 MDa. However, apart from the observed
molecular breakdown (or the disruption of aggregates
present in the original samples) other conformational
changes were also observed. A comparison of the scattering
radius (as obtained from the angular dependence of the
MALS signal) with the molecular weight (as obtained from
the ratio of the scattering and the RI signals) of the
separated starch fractions showed that molecules of the
modified starches become more compact by high-pressure
homogenization. Before homogenization the density is of
the order of 10 kg/m’; after homogenization it increases to
20-100 kg/m>. On the other hand, the ratio of the scattering
radius to the hydrodynamic radius (as obtained from the
retention time) decreases upon homogenization. It appears
that homogenization makes the starch molecules more
spatially distributed. The authors explained these apparently
contradicting results with a model of the degradation
process that they described as a simultaneous “crumpling”
of the core and a “fraying” of the outer parts of the
macromolecules. Similar conformational changes upon
homogenization were found for (unmodified) waxy barley
starches [20]. Later work by the same group, performed
with ASFIFFF, showed that in emulsification processes the
larger OSA-modified starch molecules are preferentially
adsorbed on the cyclohexane/water interface [21].

Bowen et al. [22] used AsFIFFF with triple-angle light
scattering and RI detection to study the degradation of
waxy maize starches in extruded (solid) samples containing
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lipids. Samples were first dissolved in 95% dimethyl
sulfoxide/water, then precipitated by adding ethanol, and
redissolved in water at 140 °C under pressure. An
optimized cross-flow program was applied for the fraction-
ation, with water as the carrier solution. The parameters of
the extrusion process were shown to have a large effect on
the molecular size of the starches in the products. The
presence of (sunflower) oil in the sample apparently
prevented part of the breakdown of the starch molecules
during extrusion (see Fig. 3). A significant decrease of the
average molecular weight of the amylopectins was found
during storage only when the samples contained sunflower
oil and copper ions or free fatty acids. The starch
degradation was shown to be related to the lipid oxidation
occurring at higher storage temperatures. Molecular weight
determinations with ASFIFFF appeared to be difficult for
these samples. First, the recoveries, for starches as well as
for the pullulan standards used, were always below 70%.
Secondly, the molecular masses obtained by AsFIFFF were
significantly higher (of the order of 80-150 MDa) those
obtained by static light scattering (approximately 16 MDa).
However, the determination of the molecular weight or size
of starch molecules is notoriously difficult and ambiguous,
also with other analysis techniques [23].

Krentz et al. [24] determined the molar mass distribu-
tions and the size (radius of gyration) of highly cationized
starch derivatives with ASFIFFF-MALS. The starches had
been modified with 2-hydroxy-3-trimethylammonium-
propyl groups. Such modified starches are used as
flocculation agents in, e.g., wastewater treatment. The
relation between the amylose-to-amylopectin ratio, degree
of substitution, molar mass distribution, and flocculation
efficiency was studied. Here, again, the molecular size
determination was not straightforward. The elution patterns
obtained varied with the flow rates employed. Under certain
conditions an elution inversion (with the molecules with the
largest radius of gyration being eluted first) was observed.
The average molecular masses for samples of different
origin were found to be between 36 and 69 MDa, and the
radius of gyration was between 130 and 170 nm.
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Fig. 3 Light scattering (LS) signal in AsFIFFF of waxy maize starch

samples: native(i); after extrusion with fresh sunflower oil (ii); after
extrusion without oil (iii). (Reproduced from [22], with permission)
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The structural characteristics and branching features of
amylopectins were studied in detail by Rolland-Sabate et al.
[25] with AsFIFFF-MALS. Amylose-free starches from
different botanical sources were dissolved in dimethyl
sulfoxide, dried, and redissolved in water by microwave
heating under pressure. Water with sodium azide was used
as the carrier solution, and the fractionation was performed
with a linear cross-flow gradient. The elution recovery was
between 82 and 100% for the different starches. Molecular
masses were found in the range 100-300 MDa. From the
relation between the radius of gyration (obtained from the
MALS data) and the molecular weight (obtained from the
ratio of the scattering and the RI signals) over the size
distributions, conclusions could be drawn on the density
and branching of the different samples. Waxy maize starch
was found to have highest degree of branching. To get
meaningful results in these studies, the AsFIFFF conditions
had to be carefully optimized. Under the conditions
described, good recoveries and limited overloading effects
were observed. It was noted, however, that with a new
membrane from a different supplier, these results could not
be reproduced.

Most studies on the characterization of starches deal with
the polysaccharides after solubilization. However, Contado
and Wahlund [26] have shown that AsFIFFF can also be
applied to size the original granules of which starches are
composed. These granules are spherical or disk-shaped and
have diameters between 1 and 40 pum. For such large
particles ASFIFFF works in the steric or hyperlayer mode,
with the largest particles being eluted first. The fractograms
obtained in this study, for the parent samples and for
different fractions obtained by sedimentation procedures
and SPLITT fractionation, show a bimodal distribution of
the granule size of wheat and barley starches.

The separation capability of AsFIFFF with programmed
cross flow was tested for water-soluble hydroxypropyl
cellulose covering the molar mass range from 5.8 to
1,600 kDa [27]. It was possible to separate the entire range
of the molar mass distribution with both linear and
exponential decay cross-flow programs. However, the
separation with an exponential decay program was more
favorable when selectivity in the high molar mass range
was needed. Moreover, the exponential decay program
allowed the elution of the (unknown) largest component
present in the sample as the cross flow never reaches zero.

Functional polysaccharides

Linear polysaccharides, obtained from different biological
sources, are used as thickening, emulsifying, or stabilizing
agents in various applications and in pharmaceutical
products. Establishing the molecular size (distribution) of
these polysaccharides is important in product control.
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Lee et al. [28] studied the ASFIFFF characterization of
sodium hyaluronate. The effects of different cross-flow decay
patterns, the mobile phase ionic strength, and the injection
volume and concentration were studied. It was concluded that
with different flow programs, which may be linear, exponen-
tial or mixed, a successful fractionation of biopolymers with a
broad molecular weight distribution can be obtained. The
average molecular mass of the material studied was around
1 MDa. However, the quantitative results strongly depended
on the experimental conditions. The salt concentration of the
carrier solution appeared to have a large effect on the retention
of the (charged) hyaluronate molecules.

A series of papers have been published in which
ASFIFFF-MALS was applied to study the degradation of
ultrahigh molecular weight hyaluronate under the influence
of thermal treatment [29, 30], vy irradiation [31], and
ultrasonic, enzymatic or alkaline treatment [32]. Degrada-
tion products with molecular masses around 50 kDa could
be detected next to the original compounds with molecular
masses up to 100 MDa. Figure 4 shows as an example the
change of the molecular weight distribution of a hyaluro-
nate sample caused by ultrasonic degradation. Electron
irradiation (a method utilized to sterilize raw materials) of
scleroglucan, a branched polysaccharide, was shown by
Augsten and Mader [33] to not alter the chemical structure.
However, it caused scission of the long chains, which leads
to decrease in the molecular size of the parent scleroglucan
samples. The authors used gel permeation chromatography
and AsFIFFF for the size characterization. ASFIFFF was
found to be better suitable for the broad distributions of
scleroglucan samples.

Chitosan is a natural cationic polysaccharide that finds
increasing use in pharmaceutical applications, e.g., as an
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Fig. 4 Change of the molecular weight (MW) distribution of

hyaluronate by ultrasonic degradation. (Reproduced from [32], with
permission)

excipient or drug carrier. ASFIFFF-MALS-RI detection
was applied to characterize various commercial chitosan
types and batches of pharmaceutical interest [34, 35]. A
monomodal logarithmic Gaussian type of molar mass
distribution was observed for most of the chitosan types,
with an average between 40 and 100 kDa, with very high
batch-to-batch variations. Advantages of AsFIFFF men-
tioned in this study were the broad mass range that could be
covered, and the fact that samples could be analyzed
without purification. Online AsFIFFF-UV/vis—-MALS—
DLS investigations of DNA/chitosan complexes made it
possible to obtain in a single measurement the size and size
distribution of the complexes together with the content of
unbound polycation (chitosan). To facilitate the UV/vis
detection, the chitosans were labeled with rhodamine B.
ASFIFFF analysis revealed that 73% rhodamine-labeled
chitosan remained free in solution during the formation of
complexes, and that the size of the DNA/chitosan com-
plexes ranged from 20 to 160 nm [36].

A comprehensive study on the conformational changes
of o-carrageenan occurring in the presence of salts was
performed by Bourgoin et al. [37] using AsFIFFF-MALS.
A pronounced increase in the molecular weight of o-
carrageenan was found in the presence of 0.1 M Nal as
compared with 0.1 M NaCl. On the other hand, the radius
of gyration was not increased. These salt concentrations
apparently induced stronger molecular interactions and
consequently lead to compact structures of the polysaccha-
ride (coaxial helices).

The unique characteristics of ampholytic and amphiphilic
pullulan derivatives in solution give these compounds useful
industrial applications [38]. For the physiochemical charac-
terization of these compounds AsFIFFF-MALS—-QELS was
used [39]. The authors were able to detect some degraded
products and high-aggregation compounds produced during
the modification of the pullulans.

Storz et al. [40] used ASFIFFF in a study on the
physicochemical features of ultra-high-viscosity alginates.
Alginates are linear anionic polysaccharides. AsFIFFF was
used as a confirmatory technique for size-exclusion
chromatography (SEC), especially for the alginates with
the highest molar masses. A good agreement between SEC
and AsFIFFF results was found.

Proteins and protein aggregation

ASFIFFF combined with MALS is stated to be a robust and
reliable means for quantitative measurement of protein
refolding in biotechnology [41]. ASFIFFF could discrimi-
nate between the yields of different refolding protocols,
whereas high-performance LC could not. AsFIFFF-MALS
was also used to determine the size distributions of
inclusion bodies of green fluorescent proteins prepared
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under different culture conditions [42]. The typical size of
the inclusion bodies (the non-refolded fraction of the
recombinant protein) was found to be about 700 nm.
Heat-induced structural changes of monomers and aggre-
gates of immunoglobulin G (IgG) were monitored in detail
with AsFIFFF and online fluorescent dye detection [43]. In
this study, a fluorescent dye was added to the carrier
solution or the sample. High-performance SEC appeared to
perform better for the separation of monomers and dimers, but
ASFIFFF gave a higher recovery for larger aggregates. The
increased fluorescence intensity observed after heating of IgG
was attributed to aggregation of IgG as well as to structural
changes. IgG aggregation was also studied by Demeule et al.
[44]. In an acetic acid solution fairly stable aggregates were
found, whereas the aggregates formed in phosphate buffer
were more labile. The aggregates were easily disrupted
during fractionation. AsFIFFF-MALS was used to study the
aggregation of calsequestrin, a protein that plays a role in
calcium regulation in the sarcoplasmic reticulum [45]. The
experimental results supported the theory that calcium
binding proteins aggregate through dimer interaction.

In our laboratory we have used ASFIFFF to study the
heat-induced aggregation of (3-lactoglobulin, a milk protein
[I1]. A time-delayed exponential cross-flow program was
found to be optimal for the separation of protein monomers,
oligomers, and large aggregates in one run.

Prion protein particles (PrPs) are known to be infectious
and to lead to neurodegenerative diseases. Silveira et al.
[46, 47] applied AsFIFFF-MALS to study the relationship
between the size and the infectivity of protease-resistant
PrPs (PrP™®). Quantitative light scattering of fractionated
PrP™ revealed that their size ranged between 10 and
250 nm. The infectivity of PrP™ was highest for particles
of 17-27 nm, whereas the activity was substantially lower
for large fibrils and virtually absent for oligomers of five or
fewer PrP molecules.

Self-assembled aggregates of A} proteins and peptides
are crucial in the pathogenesis of Alzheimer’s disease. The
time-dependent amyloid A4, aggregation pattern was
studied with AsSFIFFF-MALS by Rambaldi et al. [48]. The
data obtained in terms of molar mass and size provided
unique information on the dynamic aggregation process.

Kang et al. [49] used frit-inlet ASFIFFF for the
fractionation of membrane proteins from cytoplasmic
proteins of prostatic cancer cell lysates before their mass
characterization by nano LC-ESI-MS-MS. The efficiency
of AsFIFFF for the prefractionation membrane proteins was
compared with that of a conventional ultracentrifugation
method. It was found that application of AsFIFFF increased
the yield of purified membrane proteins. The application of
ASFIFFF as a purification method was also reported by Li
et al. [50]. They used the method to clean up protein
complexes adsorbed to polystyrene particles.

@ Springer

Bioparticles
Lipoproteins

ASFIFFF has been shown to be a very promising technique
in profiling human serum lipoproteins and to study lipid
transfer mechanisms. Setala et al. [S1] used AsFIFFF to
follow the transfer mechanisms of phospholipids and
phospholipid transfer proteins between small unilamellar
lipid vesicles (SUVs) and high-density lipoproteins (HDLs).
Radiolabeled SUVs, proteins, and HDLs were allowed to
exchange lipids, and after the reaction the SUVs and HDLs
were separated by AsFIFFF. The AsFIFFF system was also
used to estimate the size of HDLs and SUVs.

Yohannes et al. [5] showed the separation of different
lipoprotein types with a miniaturized AsFIFFF system. The
results showed a shorter analysis time, a smaller sample
requirement, and low consumption of mobile phase with
the miniaturized system. The optimized AsSFIFFF system
was used to study low-density lipoprotein (LDL) aggrega-
tion and fusion after enzyme treatment.

Lipoproteins and associated cholesterol and triglyceride
abnormalities are strongly connected to coronary artery
diseases. Therefore, a correct size and shape characteriza-
tion of lipoprotein subclasses in the serum of patients, prior
to cardiovascular treatment, may improve diagnosis and
remedial methodology.

Rambaldi et al. [52] showed the feasibility of AsFIFFF—
MALS and HFFIFFF-MALS for size and shape character-
ization of lipoproteins from a whole serum sample. The
calculated sizes of HDL and LDL molecules were in
agreement with those of other methods.

Recently, the determination of cholesterol and triglyceride
patterns, associated with lipoprotein subclasses, was shown
by AsFIFFF with online enzymatic detection [53, 54]. The
effluent of the ASFIFFF system, which separated the
lipoprotein species on the basis of size, was merged with
enzymatic reagents specific for cholesterol or triglycerides.
The reaction products could be monitored with UV/vis
detectors, and quantitative concentration patterns were
obtained (see Fig. 5). The method developed opens up an
interesting perspective for fast lipoprotein profiling. Quan-
titative results for cholesterol and triglycerides in the serum
of healthy donors and patients were in good agreement with
the results of methods that are conventionally used in
clinical laboratories.

Viruslike particles

Recent developments in the field of biotechnology have
shown the potential use of viruslike particles (VLPs) in the
prevention of virus-induced diseases, in vaccination, gene
therapy, and drug delivery. VLPs are biomolecular nano-
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Fig. 5 Cholesterol and triglyceride profiles of a human serum sample
as obtained by AsFIFFF with enzymatic detection. (Reproduced from
[53], with permission)

particles formed by self-assembly of viral proteins. For the
most reliable and safest use of these particles in commercial
pharmaceutical products, advanced analytical tools are
required for their quantification and for stability, size, and
aggregation studies. The soft and gentle nature of the
separation principle of AsFIFFF, by which the structure and
conformation of analytes is preserved, makes it a very
valuable technique for the precise characterization of VLPs
[55]. It has been shown that with carefully selected cross-
flow programs, focusing times, and membrane materials,
samples of VLPs can be separated into fragments, mono-
mers, dimers, oligomers, and aggregates of VLPs (see
Fig. 6). Interaction between VLPs and between VLPs and
the membrane used in AsFIFFF may promote aggregation.
However, Chuan et al. [56] have shown that such
interactions can be minimized by optimizing the operating
conditions. In the same study it was shown that AsFIFFF in
combination with MALS provides more accurate size
distribution information for heterogeneous samples of VLPs
than transmission electron microscopy (TEM) or DLS. From
a study by Pease et al. [57] on VLPs from the nonenveloped
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Fig. 6 AsFIFFF—multiangle light scattering characterization of virus-
like particles. (Reproduced from [55], with permission)

virus family Polyomaviridae it was concluded that varia-
tions in the size of VLPs, caused by subtle changes in the
production processes, can be detected with greater speed
and precision with AsSFIFFF-MALS than with TEM.
ASFIFFF-based analytical characterization has become
indispensable for complete characterization of VLPs, as
reported by Citkowicz et al. [58]. From a single analysis of
DNA-VLP gene delivery vehicles by AsFIFFF, combined
with diode array-MALS—RI-fluorescence detection, a
complete picture could be obtained: the molar mass, the
hydrodynamic and gyration radii, the composition and the
purity of the final drug product. Lipin et al. [59] used
ASFIFFF-MALS and DLS to determine the quaternary
(aggregate) size distribution of glutathione S-transferase
purified viral protein. Soluble VLP aggregates were shown
to range from one to more than 50 pentamer architectures.
The authors also successfully used AsFIFFF to measure the
relative quantities of adsorption of differently sized VLP
aggregates on the resin during purification by affinity
chromatography [60]. An ASFIFFF-MALS method was
also used by Wei et al. [61] for the determination of the size
distribution and the total particle count of influenza virions
during vaccine preparation processes. The pros and cons of
ASFIFFF were compared with those of alternative analysis
methods.

Lipid vesicles

Liposomes or phospholipid vesicles can be used as drug
carriers in the bloodstream. The particle size and the
particle size distribution are the key factors in liposome-
based drug delivery systems that determine the encapsula-
tion efficacy, colloidal stability, bioavailability, and target-
ing ability. Hupfeld et al. [62] showed an interdependence
of fractionation parameters in size distribution studies of
phosphatidylcholine liposomes with AsFIFFF in combina-
tion with MALS, RI, and UV/vis detection. In this study it
was concluded that the retention behavior of liposomes was
governed by the flow conditions, as expected, but also by
the ionic strength of the carrier solution and by the sample
load. Moreover, sample loss due to adsorption on the
regenerated cellulose membrane had to be minimized by
membrane presaturation with a sample load of at least 2 pg
[63]. Tt was also shown that online quantification of
phosphatidylcholine liposomes could be improved by using
colored markers such as Sudan red by and UV/vis detection,
with higher sensitivity as compared with RI detection.
ASFIFFF-MALS studies provided insight into size changes
of liposomes under the influence of the osmotic pressure, by
determination of the effect of the ionic strength of the carrier
solution on the fractionation [64].

Liposomes are also applied in blood substitutes. Li et al.
[65] applied AsFIFFF-MALS-RI detection to determine
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the shape, size, and encapsulation efficiency of liposome-
encapsulated hemoglobin (LEHb) dispersions. The size
distribution of different LEHb types was determined by
ASFIFFF-MALS. From the MALS data it was concluded
that empty liposomes and “plain” LEHb are spherical,
whereas actin-modified LEHb has a thin-disk shape. Arifin
and Palmer [66] used experimental ASFIFFF data to
validate a theoretical model on LEHD size distributions to
obtain more insight into LEHb stabilization. Good agree-
ment was found for LEHb molecules extruded through
membranes with a pore diameter of 100 nm or larger, but
not with a smaller pore size. Yohannes et al. [67] studied
the stability of zwitterionic phosphatidylcholine vesicles by
measuring size changes of liposomes in the presence of
different chemical modifiers with AsFIFFF. No significant
change in diameter was observed after 5 months of storage
at 4 °C. After longer storage times, destabilized aggregates
were found. Recently, a method to measure the efficiency
of entrapment of dyes by liposomes, and to characterize an
ensemble of liposomes at a very low concentration (zero to
ten molecules), was described [68]. The method was based
on fluorescence fluctuation analysis and on AsFIFFF—
MALS. 1t is claimed that it can be used for accurate
characterization during the development of liposome
standard reference materials [66]. AsFIFFF with MALS
and online DLS was used to characterize vesicles of
controlled size produced in a microfluidic channel [69]. It
was found that the size distribution of the liposomes was
tunable over a mean diameter from 50 to 150 nm.

The nanometer-scale sized-based separation of exosomes
obtained from human neural stem cells by miniaturized frit-
inlet AsFIFFF was reported by Kang et al. [70]. Exosomes
are small membrane vesicles with a diameter in the range
30-100 nm. ASFIFFF coupled with MS required less
starting material for analysis as compared with gel-based
separation, digestion, and an MS-MS method.

Drug delivery particles

The determination of the physicochemical properties, and
especially the size distribution, of biodegradable com-
pounds in drug delivery systems is extremely important
because different organs are targeted by differently sized
particles. AsFIFFF with various detection modes leads to
fast and low-cost routine size analysis during synthesis and
purification of drug-carrying compounds. Contado et al.
[71] compared ASFIFFF and sedimentation ficld-flow
fractionation for the size characterization of polylactic acid
nanospheres that were used to encapsulate certain neuro-
protective prodrugs. The use to these two complementary
techniques led to finding the most suitable suspending
medium for polylactic acid analysis. The fractograms
obtained by ASFIFFF could be easily transformed into a
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particle size distribution. The size information obtained
from AsFIFFF appeared to be very accurate, especially for
nanoparticles smaller than 250-300 nm. For the size
characterization of poly(D,L-lactide-co-glycolide) nanosus-
pensions, Augsten et al. [72] used small-angle X-ray
scattering, photon correlation spectroscopy, and AsFIFFF—
MALS. AsFIFFF allowed easy detection of the maximum
particle size. High-quality size distributions could be
obtained with MALS owing to the AsFIFFF separation
applied prior to the size characterization. Good correlation
with photon correlation spectroscopy data was obtained.
The potential of AsFIFFF with RI detection was explored in
the quantification of the PEGylation (PEG binding) process
of gelatin nanoparticle drug carrier systems [73]. AsFIFFF
was used to separate the PEG in the reaction mixture from
the gelatin nanoparticles. The PEGylation could be quan-
tified from the RI detector signal for the unreacted PEG
peak. The maximum amount of PEG that could bind to
nanoparticles was determined (approximately 35% w/w).
An accurate size distribution of drug-loaded core/shell
nanoparticles, composed of a lipid core and pluronic shell,
using AsFIFFF was also reported [74]. AsFIFFF enabled
the separation of the drug-loaded particles, with a size from
100 to 600 nm, from small coreless polymeric micelles.
Polyamidoamine (PAMAM) dendrimers that are applied in
drug delivery systems have pH-dependent physicochemical
properties. ASFIFFF provides a generation-based separation
of these highly charged PAMAM dendrimers under acidic,
neutral, or even basic conditions (see Fig. 7), as reported by
Lee et al. [75]. AsFIFFF size analysis under neutral
conditions made it possible to study the interaction between
bovine serum albumin and PAMAM dendrimers. It was
shown that the apparent bovine serum albumin size
increased with increasing concentration of dendrimers, as
a result of the complex formation with the dendrimers.
Hydrolytically degradable nanogels, formed by copoly-
merization of N-isopropylmethacrylamide (NIPMAm) and
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Fig. 7 AsFIFFF separation of polyamidoamine dendrimer genera-
tions. RI refractive index. (Reproduced from [75], with permission)
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N,O-dimethacryloylhydroxylamine (DMHA), form a
unique class of drug delivery vehicle. AsFIFFF-MALS
was used to characterize the temperature- and pH-
dependent erosion of NIPMAm-DMHA nanogels in
various media [76]. AsFIFFF was used to separate the
particles from degradation products. Erosion-induced swell-
ing could be monitored from the increase in the radius of
gyration (by MALS), whereas the loss of mass from the
particles was evident from the decrease in scattering
intensity.

Natural colloids

Many applications of AsFIFFF have been reported for the
fractionation of natural colloids in aquatic media. Environ-
mental colloids play an important role in the mobility and
bioavailability of pollutants and trace elements. Natural
colloids can be composed of organic (humic and fulvic
compounds) and inorganic (clays, iron oxyhydroxide)
components. Dubascoux et al. [77] have investigated
ASFIFFF parameters to get maximum sample recovery
and satisfactory separation of (mostly inorganic) soil
leachates. The ionic strength of the carrier solution was
found to be a key parameter that can influence sample
recovery during fractionation. ASFIFFF-MALS coupling
was used to assess the colloidal dispersions and sedimen-
tation behavior of colloidal soil extracts in the presence of
carbonates [78, 79]. AsFIFFF and offline atomic force
microscopy have been used for quantifying fine (less than
5 nm) aquatic colloid properties [80]. The relative molar
mass distribution of the optical properties of chromophoric
colloidal organic matter in oceanic water was studied with
AsFIFFF-UV—fluorescence detection [81]. The relative
molar mass distributions were used to estimate the
number-average and weight-average relative masses and
polydispersity indices. The effect of the origin of the
seawater and the salinity on the relative molar masses of the
chromophoric and fluorescent components was studied.
Reszat and Hendry [82] have shown that online coupling of
a ASFIFFF system with a dissolved organic carbon (DOC)
detector provides better insight into the molecular weight of
DOC in natural groundwater and surface water samples.
The DOC results gave higher values for the molecular
weight than a UV detector. An explanation for this
discrepancy was that the UV detector is not sensitive for
aliphatic compounds.

The colloidal matter in water reservoirs is recognized as
a trace metal carrier. ASFIFFF coupled with inductively
coupled plasma (ICP)-MS has made it possible to study the
multielement composition and its size dependency of
natural colloids of diverse origins (soil leachate, seep water,
groundwater, sewage, river water and seawater [83—88]).
An example of the application of ASFIFFF-ICP-MS is

shown in Fig. 8. AsFIFFF with ICP-MS, AsSFIFFF with
TEM, and AsFIFFF with X-ray spectroscopy were used in
series to investigate the relationship between physical
properties (size) and chemical properties (composition,
surface chemical composition, and trace element associa-
tion) of aquatic colloids. Al, Fe, and Mn were found to be
the main components of colloids in the size range 0.01—
0.45 nm [89]. Stolpe et al. [90] utilized online AsFIFFF—
high resolution ICP-MS for the measurement of the
colloidal distribution of elements. The approach allowed
the identification of 45 elements and their simultaneous
quantification in a single run of (preconcentrated) natural
freshwater samples. The estuarine behavior of 0.5-50-nm
colloids was followed upon mixing of natural freshwater
with synthetic seawater [91]. Two types of nanoscaled
colloid carriers could be discerned, i.e., fluorescent dissolved
organic matter (FDOM) and colored dissolved organic
matter (CDOM). It was observed that the small (0.5-3-nm)
and Fe-rich FDOM colloids aggregated after mixing with
seawater to a size range above 50 nm, whereas CDOM
colloids were resistant to high salt concentrations. In another
study at least three classes of colloids were identified and
characterized in different water samples: 0.5-4-nm CDOM,
3-8-nm proteinlike colloids, and 5—40-nm Fe-rich particles
[92]. ASFIFFF combined with a radiotracer method made it
possible to follow the introduction of iron-containing
colloids into coastal seawater from peatland-draining rivers
[93]. Excitation—emission matrix spectroscopy of marine
CDOM after AsFIFFF size fractionation made it possible to
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Fig. 8 Element distribution over colloidal organic matter from the
low (a) and high (b) molecular mass colloid fractions of the effluent of
a wastewater treatment plant, as obtained by AsFIFFF—inductively
coupled plasma—mass spectrometry. (Reproduced from [88], with
permission)
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distinguish small proteinlike and large humiclike fluores-
cent materials in natural organic matter [94]. The monitor-
ing of uranium complexation with DOC in groundwater is
extremely important in nuclear waste management.
ASFIFFF-UV-ICP-MS appeared to be a useful technique
for determining in situ U-DOC association constants, even
in the very small sample volumes (20-50 pL) [95].

Conclusions

The literature study conducted has shown that today
FIFFF is applied on a routine basis in a variety of
application fields: in industrial and pharmaceutical
analysis, in biomedical studies, in food analysis, and in
environmental applications. As the main virtues of the
technique, compared with alternative separation methods,
the “soft” character of the separation process (which
makes it possible to fractionate fragile macromolecules
and particles) and the wide size or molecular mass range
that can be handled are mentioned. When used in
combination with MALS or DLS detection, valuable
information on the size and shape of macromolecules
and particles can be obtained. Coupling with MS or ICP-
MS is relatively easy. Such coupled systems have been
shown to provide valuable information for compound or
element identification, and on the relation between the
size and composition of macromolecules and particles.
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