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a  b  s  t  r  a  c  t

Field-flow  fractionation  (FFF)  is  one  of  the  most  versatile  separation  techniques  in the  field  of analytical
separation  sciences,  capable  of  separating  macromolecules  in  the  range  103–1015 g  mol−1 and/or  particles
eywords:
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ioparticles
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with  1  nm–100  �m  in diameter.  The  most  universal  and  most  frequently  used  FFF technique,  flow  FFF,
includes  three  types  of  techniques,  namely  symmetrical  flow  FFF,  hollow  fiber  flow  FFF,  and  asymmetrical
flow  FFF  which  is  most  established  variant  among  them.  This  review  provides  a  brief  look  at  the  theoretical
background  of  analyte  retention  and  separation  efficiency  in  FFF,  followed  by  a  comprehensive  overview
of  the  current  status  of  asymmetrical  flow  FFF  with  selected  applications  in the  field  of biopolymers  and
eparation
haracterization

bioparticles.
© 2011 Elsevier B.V. All rights reserved.
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Field-flow fractionation (FFF) is one of the most versatile sep-
ration techniques in the field of analytical separation sciences,
apable of separating macromolecular colloidal and particulate
aterials [1].  In 1966, Giddings first introduced the concept of field-
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flow fractionation (FFF) [2].  Since then, various subtechniques of
FFF emerged. The major subtechniques are sedimentation FFF, ther-
mal  FFF, electric FFF, and flow FFF. In all the FFF subtechniques,
sample separation is performed inside a narrow ribbon-like chan-
nel. The different techniques of FFF and their applications have
been exhaustively described in general reviews [1,3–11]. Briefly,
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1. Introduction
most of the FFF subtechniques have a channel with typical dimen-
sions of 20–50 cm in length, 2–3 cm in width, and 0.01–0.05 cm in
thickness. From the inlet, carrier liquid is pumped along the chan-
nel, establishing a parabolic flow profile (laminar Newtonian flow)
moving the analytes towards the outlet. An external force field is
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Fig. 1. Basic separation principle of field flow fractionation.

pplied perpendicularly to the direction of the carrier liquid flow,
orcing the sample components to accumulate towards the chan-
el wall, termed accumulation wall (Fig. 1). Depending on the field
pplied (centrifugal, thermal, electrical, and hydrodynamic), each
f the FFF subtechniques has different separation mechanism. Sep-
ration range for biopolymers is from 103 up to 1015 g mol−1 and
hat for bioparticles from 2 nm to 50 �m in diameter.

Flow field-flow fractionation (FlFFF), introduced in 1976 has
roven to be the most universal and most frequently used of all
FF techniques [12]. The universality comes from the fact that the
echnique employs a hydrodynamic field applied by means of a
econdary flow (cross flow) of carrier liquid perpendicular to the
ain flow [13]. Specifically, pumping a bulk liquid into the channel

hrough one of the porous walls creates a convective flux. The liq-
id then exits the channel through the opposite wall, the so called
accumulation wall”, that consists of a membrane placed on the
op of a porous wall. For this reason, retention time in FlFFF is, in
rinciple, dependent on diffusive flux, and the separation of macro-
olecules or particles occurs solely on the basis of differences in

iffusion coefficients [12]. There are two main types of flow FFF:
ymmetrical flow FFF and asymmetrical flow FFF. In addition, some
ariant techniques exist, such as hollow fiber FlFFF (HFFlFFF). In the
ase of HFFlFFF, the field is radial with the cross flow radiating out-
ards over the entire inner surface of the tube while the rest of the

iquid makes the channel flow.

The symmetrical flow FFF (FlFFFF) channel consists of upper

nd lower semi-permeable porous frits within the external blocks.
hen sample materials are introduced to a symmetrical FlFFF

hannel, they are pushed towards one side of channel wall (accu-
ulation wall) by the applied field (cross flow). The main channel
 A 1218 (2011) 4104– 4116 4105

flow is stopped during the relaxation period for the time needed for
the cross flow pump to deliver about one channel volume. During
this short period of time, sample components find equilibrium posi-
tions where the field force and the diffusion are counterbalanced,
and the sample components are differentially distributed along the
channel cross section/thickness according to their sizes.

In the asymmetrical flow field-flow fractionation (AsFlFFF) the
upper wall of the symmetrical flow FFF channel is replaced by an
impermeable glass plate. The bottom channel plate is permeable,
and made of a porous frit material (Fig. 1). AsFlFFF was  first intro-
duced by Wahlund and Giddings [14]. It was  optimized further in
the late eighties and the beginning of nineties [15–19].  In AsFlFFF,
the cross flow is generated directly inside the channel, where the
main flow coming from the inlet is divided to generate a cross flow
through a semi-permeable membrane that is located in the bottom
wall, while the rest of the longitudinal flow stream is directed to
the detector(s). The membrane pore size in AsFlFFF is selected in
such a way that only the solvent can pass through while the sample
particles are retained (Fig. 2). In AsFlFFF, the relaxation process is
called relaxation-focusing, i.e. the carrier liquid is allowed to flow in
from both the inlet and outlet of the channel and meet at one point,
the so-called focusing point. During this relaxation-focusing period
sample migration is temporarily halted for achieving equilibrium
after sample injection.

The focus of this review is on recent advances in asymmetri-
cal flow field-flow fractionation. Selected examples that illustrate
the benefits of AsFlFFF in the separation and the characterization
of biopolymers and bioparticles hopefully accelerate future the
exploitation of the technique.

2. Theoretical background in analyte retention

The theory of FlFFF applies almost directly to AsFlFFF, and it has
been described in detail in many publications [6,12–14]. Hence,
it will be described only briefly here. Two or three types of reten-
tion modes can be utilized within the same channel, namely normal
(Brownian) and steric/hyperlayer (Figs. 1 and 2). After sample injec-
tion, the sample molecules are distributed homogeneously across
the channel thickness (w), and are being pushed towards the bot-
tom of the channel by the applied external, hydrodynamic force
field. Finally, an exponential concentration distribution at the accu-
mulation wall is built up. Since the accumulation wall acts as a
barrier to the particles, the net movement of the sample species
towards the external field is caused by diffusion from an area of
high concentration at the accumulation wall to an area with lower
concentration. After a certain relaxation period, a dynamic steady
state is reached. A dimensionless retention parameter � is defined
as a ratio of l (the average distance between the sample particle and
the channel wall) to w. For FlFFF � is related to diffusion coefficient
D of the sample particle, channel void volume V0, cross flow rate
V̇c , and w by:

� = l

w
= DV0

w2V̇c

(1)

In Eq. (1), V0 and w are constants from the physical geome-
try of the channel, and V̇c is the measurable volumetric flow rate.
Separation of different particle zones in the channel is therefore
based solely on the differences in diffusion coefficients of the par-
ticles [12]. Due to the parabolic flow profile, particles will migrate
through the channel differentially according to their distance (l)

from the accumulation wall. Smaller particles, which are located in
the middle of the channel where the flow is faster, are eluted ear-
lier. Larger particles are relatively closer to the accumulation wall
and thus are eluted later. The retention ratio R, which is the ratio of
the retention time t0 of an unretained solute to the retention time
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Fig. 2. Principle of the separation o
eproduced with permission from Wyatt Technology Europe GmbH.

r of the retained solute, is dependent on � according to:

 = t0

tr
= 6�

[
coth

(
1

2�

)
− 2�

]
(R ≈ 6� if � < 0.1) (2)

Using the Eqs. (1) and (2) as well as the Stokes expression for
he diffusion coefficient, the hydrodynamic particle size dH in flow
FF can be obtained as:

H = 2kTV0

��w2V̇c

tr

t0
(3)

When the particle size increases beyond a certain limit (approx-
mately one micrometer), the hydrodynamic radius, rH (dH = 2rH)
n Eq. (3),  becomes greater than the layer thickness l. Therefore
rownian motion becomes negligible and the external field holds
articles firmly against the wall. The separation process is inverted,

.e. bigger particles emerge for detection before the smaller ones.
he first mode of operation, which is affected by Brownian motion,
s called the normal mode, whereas the second case is called a
teric/hyperlayer mode.

. Separation efficiency

As in chromatographic techniques, separation efficiency or band
roadening is related to the plate height (H) or to the number of
heoretical plates (N). Main factors affecting zone spreading in FFF
re non-equilibrium (Hn), axial diffusion (HD), instrumentation and
perational effects (Hi), and sample polydispersity (Hp), via the
elationship given in Eq. (4) [19–22]:

 = 2D

R
〈

V
〉 +

�w2
〈

V
〉

D
+

∑
i

Hi + Hp (4)

here D is the diffusion coefficient of the particles, 〈V〉 is the

verage fluid velocity through the FFF channel, and � is a non-
quilibrium dimensionless parameter. The first term represents
he contribution of the longitudinal diffusion and is generally neg-
igible, because most analytes have high molar mass or size and
onsequently have a small diffusion coefficient. The second term is
olymer and bioparticle by AsFlFFF.

the contribution of non-equilibrium effect (Hn), where � is a com-
plicated function of �. If � is small, the approximation � = 24 �3 can
be used [23,24]. The third term is the sum of instrumental contri-
butions (Hi) such as injection, detection, system dead volume, and
flow irregularities [25–27].  For a well-constructed FFF apparatus
that is being properly operated, the third term will also be small.
The fourth term Hp is the contribution of polydispersity to the plate
height [22]. The peaks for samples with wide particle size distribu-
tion are usually particularly broad because of the high selectivity
of the FFF method.

4. Asymmetrical flow field-flow fractionation

AsFlFFF is the most universal FFF method today, and it has almost
replaced the symmetrical version of FlFFF. It is well suitable for
the separation and characterization of biopolymers and biopar-
ticles, and it has found many applications in biology, industry,
food and agricultural products, pharmaceuticals, biotechnology,
and nanotechnology. Its wide applicability has been demonstrated
in the characterization of analytes ranging from solutes with
inherent molar masses of ∼103 up to about 109 g mol−1, and
of particles with dimensions of <2 nm up to about 50 �m.  The
lower size limit is determined by the molecular weight cut-
off of the membranes (∼103 g mol−1), whereas the upper size
limit is assessed by a threshold of about 20% of the channel
thickness, w [13].

While the conventional AsFlFFF utilizes a focusing/relaxation
procedure that requires sample migration to be stopped for a period
of time, the technique has been further developed to facilitate
its use for biopolymer and bioparticle analysis without focus-
ing/relaxation step. Frit inlet AsFlFFF (FI-AsFlFFF) was introduced
to eliminate the focusing/relaxation procedure [28]. During sam-
ple injection in FI-AsFlFFF, sample components are pushed toward

the accumulation wall by the action of a supplementary flow
through a small permeable frit element located near the injec-
tion port. Thus the analytes are hydrodynamically relaxed while
they are continuously carried to the separation process without
stopping the migration. Other technologies, such as focus-flow
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nd slot outlet, provide special applications in AsFlFFF instruments
29]. With the slot outlet the carrier liquid (free of sample) above
he sample layers is skimmed out so that only the concentrated
ample goes to the detector. This is especially useful for biona-
ytical samples with low concentration to increase the detection
ensitivity.

Miniaturized AsFlFFF channels have also been constructed with
ypical dimensions of 250–500 �m (thickness) × 9–11 cm (length)
ith a channel width of 7 mm at the sample inlet that tapers
own to 3.5 mm at the channel outlet [30–32].  By scaling down
he separation channel geometry, it is possible to achieve reten-
ion profiles in shorter time using less sample and carrier liquid
eluent). The resolution is similar in both miniaturized and con-
entional setup. In addition, both systems can be coupled to
LC–ESI-MS–MS [33].

. Optimization of fractionation variables in asymmetrical
ow field-flow fractionation

In AsFlFFF, almost any liquid solution (organic or aqueous sol-
ent) can be used as mobile phase. The technique is highly flexible
n terms of sample types, pH, ionic strength, and so on. It also pro-
ides a high selectivity in choosing flow rates, membrane types,
nd coupling to different types of detectors [34]. Although the
sFlFFF principle is simple, many operating parameters need to
e optimized, such as the type of the membrane, the choice of
lution solvent, ionic strength, pH, cross flow rate, working tem-
erature, and injected mass. These parameters affect the degree
f separation and sample recovery. Careful optimization leads to
igh recovery and good separation. Gimbert et al. [35] intensively
eviewed the types of membranes, flow rates, carrier compositions,
nd detectors used in AsFlFF. For a comprehensive information,
eaders are referred to this contribution. Table 1 summarises the
ost recent optimized parameters applied in AsFlFlFF for the

haracterization of biopolymers and bioparticles to achieve the
ighest sample recovery and good separation. For maximum recov-
ry, separation membrane should have appropriate pore size and
olecular weight cut off (MWCO) and a good surface homogene-

ty without any interactions with biopolymers and bioparticles.
he most commonly used membrane has been regenerated cel-
ulose (RC) with a 104 MWCO  [36]. Hupfeld et al. optimized the
perational parameters for liposomes with EgPC and soy-PC, and
eported that even RC membranes are prone to adsorption when
he sample concentration is less than 0.5 �g [37,38]. However, the
dsorption can be overcome by pre-saturation of the RC mem-
rane with sample load of 2 �g or above. For high sample loads,
dsorption was minimal, and the recovery was  improved. Lang
t al. [39] studied the impact of membranes on the separation
f negatively charged virus like particles (VLP). Three types of
embranes were tested, regenerated cellulose (RC), triacetate cel-

ulose (TC) and polyethersulphone (PES) [Table 1]. Recovery of
LP with an RC membrane was higher than with the other mem-
ranes. This could be related to the fact that the negatively charged
LP are electrostatically repelled by the negative charge of RC
esidues.

In addition to the membrane selection, experimental condi-
ions such as the flow rate, carrier composition and concentration,
H, and sample load found in recent studies are listed in Table 1.
he experimental conditions clearly depend on the sample type
36–43]. The common rule for selecting the experimental param-

ters is that retention time of analyte should neither be too
hort to avoid the elution in the void peak nor too long to
void excessive analysis time. Giddings et al. predicted already in
978 that retention volume (Vr) of an analyte should be higher
han 2 V0. [44]. Nowadays AsFlFFF equipped with field strength
 A 1218 (2011) 4104– 4116 4107

programming and miniaturized AsFlFFF provide shorter analysis
times.

6. Detection techniques used in asymmetrical flow
field-flow fractionation

UV–vis detector is the most commonly used in all the FFF sub-
techniques, because of its availability, simplicity and low cost.
However, the choice of UV–vis is not always straightforward for
quantitative work with particles or macromolecules, because some
compounds, such as cellulose and its derivatives or sugars, do not
at all or only slightly absorb the UV–vis light, or both scattering
and absorption contribute to the UV–vis response [38]. The scat-
tered signal is a complicated function of the size and shape of the
particles and it increases the detection signal resulting in enhanced
concentrations especially for large particles. In flow-assisted meth-
ods such as FFF and using a DAD UV/vis detector, Zattoni et al.
[45] obtained quantitative results for dispersed (macromolecules
or particles) samples. The universal dRI detector plays also an
important role in FFF applications, although its sensitivity and sta-
bility is not always the best. In addition, flow-through fluorescence
detector is an excellent choice for samples that have suitable fluo-
rescence properties [46]. The coupling of MALS detector to AsFlFFF
has become more and more popular since it provides the most
straightforward results in the determination of the molar masses
and sizes of a wide range of biopolymers and bioparticles. With the
help of MALS together with UV, the light scattering caused by UV
can be corrected. Also nano DLS coupled to AsFlFFF is nowadays
quite frequently applied in the measurement of the hydrodynamic
radius [47–49].

Mass spectrometry (MS) has already become an important
tool in the analysis of biopolymers and bioparticles. Also HFFlFFF,
the variant of FlFFF, has been on-line coupled with electrospray
ionization/time-of-flight mass spectrometry (ESI/TOFMS) [50]. The
system was applied to the analysis and characterization of intact
proteins. At the moment the interest in the off-line coupling of con-
ventional or miniaturized AsFlFFF with nanoflow LC–ESI-MS–MS is
emerging progressively [11,31,51–54]. The protein fractions col-
lected off-line can be digested followed by peptide analysis carried
out by nLC–ESI-MS–MS for shotgun analysis.

When other techniques such as LC or isoelectric focusing (IEF)
are on-line coupled with AsFlFFF, more proteins can be fractionated.
In our recent studies, we  used comprehensive two-dimensional
AsFlFFF–RPLC for the analysis of proteins from the white part of
egg (albumin part without egg yolk) [55]. With AsFlFFF (off-line)
four peaks corresponding to proteins with diameters of 4, 5.5–6.0,
7.5–8.0, and 10.0–11.0 nm were identified as lysozyme, ovalbumin,
ovotransferrin, and as a dimer of ovotransferrin. With a 10-port
interface valve, AsFlFFF fractions were transferred to a reversed
phase LC. The RPLC separation was  optimized with a gradient pro-
gram, and the cycle time of 5 min  was applied in order to obtain
sufficient separation of the FFF fractions. 2D AsFlFFF–RPLC enabled
the successful separation of 12 compounds (Fig. 3).

Kim and Moon [56] employed 2D IEF-AsFlFFF. First, the protein
standards were separated according to their pIs along an IEF chan-
nel located at the head of six AsFlFFF parallel channels. Then the
fractionated protein bands were directed to six multilane AsFlFFFF
channels for the size-based separation. The study was applied to
the 2D fractionation of the human urinary proteome sample under

two  ampholyte solutions with different pH ranges (pH 3–10 and
3–6). The entire 2D separation was  achieved in less than 30 min. The
collected protein fractions from 2D IEF-AsFlFFF were digested for
peptide analysis and then analyzed by nLC–ESI-MS–MS resulting in
the identification of 245 urinary proteins.
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Table 1
Collection of the optimized parameters recently applied in AsFlFFF for the characterization of biopolymers and bioparticles.

Analyte Channel, L
(cm), w
(�m)

Membranes
104 MWCO

Cross flow
(ml/min)

Focus flow
(ml/min)

Load
(�g)

Carrier Detectors Remarks Ref

Protein aggregates,
and particles

25 cm,
490 �m or,
15 cm,
490 �m

RC 2 1 (4 min) 4–6 PBS UV–MALS Recovery high
Separation efficiency
high

[36]

Liposome: EPC PC
LUV, Soy PC LUV

26.5 cm,
250 �m

C Gradient, 1
to 0.1, in
35min

2 (7 min) 10 10 mM NaNO3 UV–MALS-dRI Focus flow had a minor
effect on separation,
instead mass load,
cross flow, ionic
strength had the major
influence on separation

[37,38]

VLP  (nicotine
vaccine, NicQb)

25 cm,
350 �m

RC TC PES 2 0.2 (5–10 min) 20 20 mM PBS,
150 mM NaCl,
pH 7.0

UV–MALS Recovery of VLP: 96%,
with RC, 79% with TC,
30% with PES

[39]

Calsequestrin
aggregation

26.5 cm,
350 �m

PES 2 2.2 (5 min) 140 10 mM TRIS,
100–500 mM
KCl, 0–10 mM
CaCl2, pH 7.2

UV–MALS-dRI Recovery: 96–111% K1+

and Ca2+ optimized at
300 mM and 3 mM

[40]

Alginate
polysaccharide

27.5  cm,
350�m

RC 0.25 0.2(6.5 min) 100 50 mM NH4Cl,
50 mM NaCl; or
5  mM NH4Cl,
5  mM NaCl

MALS-dRI Recovery:79% (when
carrier was  50 mM
NH4Cl, or 50 mM
NaCl);recovery:96%
(5 mM NH4Cl, or 5 mM
NaCl)

[41]

Influenza virus
samples

26.5 cm,
350 �m

RC grad:
0.4–0 ml/min
in 35 min

0.6 (15 min) na 0.1 M
potassium
phosphate, pH
7.4

UV–MALS Focusing time and
cross flow optimized

[42]

VLP  from Sf9 insect
cells

26.5 cm,
350 �m

RC 0.5–1.25 1.5 (6 min) 20 10 mM Tris (pH
8.0), 50 mM
NaCl, 10 mM
CaCl2

UV–MALS Cross flow optimized
0.75 ml/min

[43]

Channel flow rate 1 ml/min except for VLP (nicotine vaccine, NicQb) 1.5 ml/min, and for VLP from Sf9 insect cells 0.75 ml/min.
RC,  regenerated cellulose; C, cellulose; TC, triacetate cellulose; PES, polyethersulphone.

Fig. 3. Fractograms obtained by AsFlFFF (on-line) for crude egg white. Color plot of AsFlFFF–RPLC analysis of egg white sample. The area marked with an asterisk (/) has been
zoomed to show the minor components. (a) is a slice of the RPLC separation at retention time 50–55 min  showing the separation of compounds with sizes corresponding to
6.1–6.9  nm.  (b) Slice of the AsFlFFF separation at RPLC retention time of 2 min, showing the size separation of ovomucoid (omcd) and G3 ovoglobulin (og 3). Flow rates during
the  elution period were Vout 0.08 ml  min−1 and Vcout 2.91 ml  min−1. Abbreviations: lz, lysozyme; og 2, G2 ovoglobulin; ot, ovotranferrin; ova, ovalbumin; and ui, unidentified
compound. (For interpretation of the references to color in this figure caption, the reader is referred to the web  version of the article.)
Reprinted with permission from Ref. [55]. Copyright 2007 American Chemical Society.
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. Asymmetrical flow field-flow fractionation applications
o biopolymers

Biopolymers are a class of polymers that are synthesized by liv-
ng organisms, namely proteins, nucleic acids and polysaccharides
57]. Biopolymers are distinguished according to their chemical
tructures and functionality. Understanding of their physicochem-
cal behavior and their response to external stimuli is important
n order to improve their functionality. Some factors of the exter-
al stimuli that affect biopolymer include temperature, electric and
agnetic field, solvent, mechanical stress and strain, ionic strength

nd pH. There are a vast number of established methods that help
o examine the physicochemical behavior of biopolymers [58]. At
he moment, size exclusion chromatography (SEC) is the most
ommonly used technique for the characterization of biopolymers
59]. This high throughput technique is sensitive, reproducible, and
elatively easy to use and validate. However, SEC has also some
imitations. It separates aggregates over a limited size range and
as a poor resolution for larger soluble aggregates, which may  be
luted out at the void volume. Analytical ultracentrifugation is an
lternative to SEC for analyzing biopolymers with a wide range of
ydrodynamic radius to obtain information about their size and
hape, and the thermodynamic information related to the molar
ass, conformation, association constants, and stoichiometry of

eactants [60–62].  Methods like capillary electrophoresis and gel
lectrophoresis are also frequently used for the fractionation of
iopolymers and bioparticles in accordance with their size [63–65].
sFlFFF is either alternative or complementary technique to SEC
epending on the application. It is a gentle method allowing the
ull range characterization of biopolymers starting from proteins
o large polysaccharides, either in native or aggregated (denatured)
orms.

.1. Proteins

As early as in 1976 FlFFF was considered to be a versatile method
n the characterization of biopolymers [12]. Since then, separation
peed, and separation efficiencies have been greatly improved. The
se of MALS detector with AsFlFFF/FlFFF provides accurate size,
hape and molar mass information of biopolymers including pro-
eins and protein aggregates, without the need of calibration with
tandards of known molar masses [66,67].

Another benefit of AsFlFFF–MALS is that the technique allows
he separation of monomer proteins from aggregates in one run,
nd the determination of the sizes and the molar masses of each
raction at the same time. The characterization of protein aggre-
ation is important especially in the case of therapeutic proteins.
ao et al. [36] and Gabrielson et al. [61] quantified the recombi-
ant humanized monoclonal antibody aggregate levels by using
EC, AsFlFFF and analytical ultracentrifugation (AUC). AsFlFFF and
UC provided more accurate particle sizes and molar masses on sol-
ble aggregates than SEC, and both AsFlFFFF and AUC techniques
roved to be reliable, powerful and versatile for the measurement
f protein aggregates in pharmaceutical industries and biotechnol-
gy applications.

Often external stimuli, such as temperature, pH or ionic
trength, enable proteins to form partially unfolded monomers or
ompletely denatured unfolded aggregates [68]. In some cases, self-
ssociation of polypeptides can lead to aggregation as an abnormal
rotein deposit, such as amyloid fibrils and prion infections. These
re insoluble fibrillar depositions in the brain signaling to neu-

odegenerative diseases. Amyloid �-protein (A�1–42) monomers
ssociate into soluble intermediates, such as oligomers and then
nto insoluble fibrils. The time dependent amyloid A�1–42 aggre-
ate formation was monitored by AsFlFFF–MALS, and the data
ndicated that the dynamic aggregation processes caused changes
Fig. 4. AsFlFFF–MALS fractograms from glucagon monomers and aggregates, fil-
tered and non-filtered samples. Carrier 0.1 N HCl.
Reprinted with permission from Ref. [67]. Copyright 2008 BioMed Central Ltd.

in the molar mass and size of the aggregates [69]. AsFlFFF con-
nected to MALS and DLS was implemented to study the abnormal
aggregation of prion, and the relationship between the size and
the infectivity of Prion Protease-Resistant (PrPres) [70]. Accord-
ing to AsFlFFF results, the molar mass of the PrPres aggregate was
6 × 104–1 × 107 g mol−1, the rms  size (Rg) 10–250 nm,  and the rh
size 5–200 nm.  From the earlier fractions, the ratio rms/rh was ∼0.9,
an indication of discoidal shape of the aggregates, where as for
the late fractions, rms/rh was >1, a more extended shape for such
kind of fibril. The AsFlFFF–MALS–DLS results were comparable with
transmission electron microscopy images. The infectivity of PrPres
was  highest for particles of 17–27 nm (3–6 × 105 g mol−1), whereas
the activity was substantially lower for large fibrils. AsFlFFF–MALS
was  also applied to the determination of the particle sizes of the
bacterial Inclusion Bodies (IBs) that contain amyloid-like aggre-
gates [71]. The data indicated that dynamic aggregation processes
were involved in the molar mass and size of the aggregates. Addi-
tional studies on prion aggregates and IBs can be found elsewhere
[7,11]. Glucagon, a 29-residue peptide hormone is used as a thera-
peutic agent, including the emergency treatment of hypoglycemia.
In vitro it has a tendency to aggregate and form fibrils and gels.
The physical instability of glucagon causes problems in formula-
tion, and in the delivery of its pharmaceutical product. Hoppe et al.
[67] investigated the initial aggregation formation, i.e. the seed
nuclei of glucagon in acidic and alkaline media by AsFlFFF–MALS,
SLS and DLS. DLS indicated bimodal distributions with 1 nm and
100 nm of radius for the monomer and aggregate, respectively. The
aggregate was removed by filtration from acidic but not from alka-
line solutions. After the sample filtration AsFlFFF–MALS allowed
the separation of monomers from aggregates. It was  possible
to quantify both bimodal distributions, and molar masses were
3.7 × 103 g mol−1 for the monomer and 1.9 × 106 g mol−1 for the
aggregate from both filtered and non-filtered samples (Fig. 4).

The pH and the ionic strength of carrier solution have been found
to alter the charge distribution of amino acid side chains of proteins
which either decrease or increase the protein–protein interactions.
Song et al. [72] noticed when they clarified the effect of carrier
composition (ionic strength and pH) on the retention of various
proteins that the retention and size of proteins increased with the
increasing ionic strength.

The Calsequestrin (CSQ) with native molar mass of
4 −1
4.53 × 10 g mol is known to sequester and release calcium

accumulated in the sarcoplasmic reticulum of muscle cells during
relaxation. The experimental studies carried out by Shadle et al.
[40] agreed with the theoretical calculations about the importance
of Ca2+ in the formation of different protein structures. First dimers
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ere seen with molar mass of 9.0 × 104 g mol−1, then tetramers
ith molar mass of 1.8 × 106 g mol−1 followed by higher order

ggregates. The effect of K1+ was slightly different, because the
imer was dominant over monomer, tetramer, and other aggregate
pecies.

The role of Mg  was also clarified on in the aggregation of
 therapeutic IgG (antibody A) with nominal molar mass of
.5 × 105 g mol−1 [73]. The protein was dissolved into two buffer
olutions, one containing 50 mM MgCl2 in 0.1% acetic acid, and the
econd one, 10 mM sodium phosphate buffer at pH 7.1. The protein
olutions were characterized by using DLS, AsFlFFF–MALS, fluo-
escence microscopy, circular dichroism, and fluorescence lifetime
pectroscopy. AsFlFFF–MALS showed in 0.1% acetic acid contain-
ng 50 mM MgCl2 88% monomer (1.6 × 105 g mol−1), 2% dimer, and
0% of higher molar mass aggregates (>106 g mol−1). In phosphate
uffer solution without Mg2+ ions, high molar mass aggregates
ere not seen, because the aggregates formed in phosphate

uffer were probably disrupted during FFF analysis due to weak
nteractions. The combination of several analytical techniques col-
ectively allowed a reliable assessment of protein self-association
nd aggregation phenomena. Samontha et al. [74] used AsFlFFF and
edimentation FFF (SdFFF) under such conditions that led to hen
gg white protein aggregation. At pH > 5 with protein concentra-
ion of 2%, and ∼25 mM ZnCl2, AsFlFFF and SdFFF could be efficiently
tilized to control the aggregate size of hen egg white protein.

Recently, AsFlFFF–UV–MALS was applied to clarify the effect of
eat on bovine serum albumin (BSA) [75]. In addition to the dif-

erent heating rates, different concentrations of NaCl and SDS, and
ifferent time of incubation were tested. Under non-heat stress, the
roteins produced monomers and dimers, whereas during the heat
tress, the third peak at about 63 ◦C (onset temperature) appeared,
ndicating that the proteins were denatured and started to form
ggregates. When the temperature increased beyond the onset
emperature, the molar mass and the particle size of the aggre-
ates further increased. The particle sizes of the aggregates were
ependent on the degree of heating, the time of incubation, con-
entration of the proteins and the concentration of salt. Because
hermal induction with SDS produced only one monomer peak, the
ddition of SDS at higher temperatures stabilized protein samples,
hereas sodium chloride resulted in increased aggregation. The
ydrophobic alkyl chain of SDS associated with the hydrophobic
arts of BSA, and the hydrophilic sulphate group of SDS was bound
lectrostatically to the positively charged amino acid groups of pro-
eins. In both cases the proteins remained negatively charged and
ggregates were not formed. The results agreed with those obtained
y Samontha et al. [74].

Thermally induced aggregation and conformational change of
mmunoglobulin (IgG) was  clarified by high-pressure size exclu-
ion chromatography (HP-SEC) and AsFlFFF [46]. Both techniques
ere connected to UV, MALS and to on-line fluorescent dye detec-

or. The dye was  added either to the carrier or to the sample. The
uorescence detector was more sensitive than UV or MALS detec-
ors for both IgG monomer and the thermally induced aggregates.
P-SEC provided a better separation for monomers and dimers,
hereas AsFlFFF enabled the analysis of larger aggregates of heat-

nduced IgG. After heating, the fluorescence was increased due to
he formation of aggregated IgG and the conformational change of
he protein.

.2. Nucleic acids
Research related to DNA delivery into cells is one of the central
ssues in molecular biology. DNA delivery is also a critical process
n in vivo applications such as gene therapy, vaccination, and drug
evelopment. Self-assembled cationic lipid–DNA complexes are
. A 1218 (2011) 4104– 4116

promising method capable to carry DNA across the cell membranes
and applied in gene therapy. The size of DNA and RNA is commonly
measured by gel electrophoresis and detected by ethidium bro-
mide, or Coomassie Brilliant Blue. Chromatographic methods and
FFF are also applied to the characterization of DNA and DNA  com-
plexes. Among the FFF methods, FlFFF/AsFlFFF are widely used to
characterize nucleic acids, just like in the work of Lee et al. where
heterogeneous mixtures containing lipids, DNA, liposomes, and
lipid–DNA complexes were characterized by FlFFF-MALS [76]. The
measurements showed that different lipid/DNA-ratios resulted in
different size profiles. FlFFF–MALS paved a detailed examination of
subtle changes in the physical properties of nonviral vectors and
provided a basis for the definition of structure–activity relations
for lipid–DNA complexes as novel class of pharmaceutical agents.

Ma et al. studied complex formation between DNA and chi-
tosan cationic polysaccharides [49]. The authors used on-line
AsFlFFF–UV/vis–MALS–DLS for the measurement of 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. AsFlFFF analysis
revealed that 73% rhodamine labeled chitosan remained free in
solution during the formation of complexes, and that the size of
the DNA/chitosan complexes ranged from 20 to 160 nm in hydrody-
namic radius. It was concluded that the AsFlFFF combined with DLS
allowed the characterization of small particles at low concentration
that were not detected by conventional batch-mode DLS.

7.3. Polysaccharides

The molar mass and molar mass distributions essentially
influence the functionality of polysaccharides in a variety of
applications. However, these substances are heterogeneous and
polydisperse [77]. Some are linear and others branched, some neu-
tral, and others charged. They can also self-associate and have such
a conformation in solution that is difficult to precisely define, e.g.
starch, or cellulose, whose polydispersity is large, and where large-
sized aggregates up to several hundred nm may  occur [78].

AsFlFFF with multiple detection is a powerful tool for obtain-
ing data of hydrodynamic radius, radius of gyration, molar mass,
polymer conformation, and branching degree, all properties impor-
tant for polysaccharides with complex structures. Comprehensive
reviews on the applicability of AsFlFFF to the characterization of
linear and branched starches, modified cellulose, polysaccharide
derivatives, glycoproteins (mucin, gum Arabic) are found in the
literature [7,10,11]. In AsFlFFF analysis, the correct experimental
conditions were established for the retention and characterization
of alginate polysaccharides [41]. Under these optimal conditions,
alginate molecular characteristics, MW 1.8 × 105 g mol−1 and Rgw

50 nm were obtained by AsFlFFF–MALS-dRI. Storz et al. used
AsFlFFF–MALS as a complementary technique to SEC in studies
of viscous alginates [79]. The results achieved with both these
techniques agreed well for the analysis of low molar masses
(<2.1 × 105 g mol−1). However, getting molecular mass information
for ultra-high viscous alginates with 2.1 × 105 g mol−1 or above was
possible only with AsFlFFF, especially when alginates were modi-
fied by covalent fixation of poly(�-caprolactone) pendant chains
onto the polysaccharide backbone via ester links [80]. Pitkänen
et al. analyzed aggregation behavior from arabinoxylan polysac-
charides in aqueous solution and compared results obtained by
using AsFlFFF–MALS with those obtained with HPSEC connected
to dual angle light scattering, viscometer and dRI detectors. [81].

The molar masses < 2.4 × 105 g mol−1 and Rg < 42 nm achieved with
these two techniques agreed well with each other, but three-fold
bigger aggregates were seen only by AsFlFFF–MALS.

Physically and chemically modified starches have been stud-
ied for various purposes. Depending on the type of derivatization,
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Fig. 5. (A) Elugrams (LS 90◦ responses) of amylopectins and their molar masses
versus the elution volume (Vi): (a) waxy wheat starch (black) and waxy rice starch
(gray); (b) amylose free potato starch (black) and cassava amylopectin (gray). The
thin  lines represent the LS 90◦ responses, and the thick lines the molar masses. (B)
G. Yohannes et al. / J. Chrom

egradation of the original starch structure may occur, result-
ng in a change of molar mass and Rg. It is therefore necessary
o know the molar mass and the possible conformation of the
erivatives. AsFlFFF–MALS showed a significant decrease of both
olar mass and Rg in studies of mechanical degradations caused by

igh-pressure homogenization and thermo-mechanical extrusion
82–84]. High shear rate may  break down the hyperbranched poly-

ers and reduce the fractal aggregates. In the chemical degradation
tudies of starch AsFlFFF–MALS provided the reduced molar mass
nd Rg values from cationic starch derivatives. Tailing was seen
n the elution profile due to attractive interaction between cationic
tarch molecules and the channel membrane, and repulsion among
ationic starch molecules.

Rolland-Sabaté et al. studied the nature of amylopectins
ranches from different botanical sources and glycogen from rabbit

iver [85,86]. Starches were dissolved in DMSO, and then resolubi-
ized using microwave heating under pressure. Glycogen sample

as solubilized in water. AFFFF enabled a good fractionation for
mylopectins and glycogen leading to detailed macromolecular
haracteristics (Fig. 5Aand B). Amylopectin Mw, Rg, and the hydro-
ynamic coefficient �G (the slope of the log–log plot of RGi versus
i) were within the ranges of 1.0–4.8 × 108 g mol−1, 110–267 nm,

.37–0.49, respectively. The data achieved for hyperbranched poly-
ers followed an ABC theory model. For rabbit liver glycogen
w and Rg were 1.39 × 107 g mol−1 and 28.7 nm,  respectively. The

elationship between Rg (obtained from the MALS data) and the
olar mass (obtained from the ratio of the LS scattering and the

I signals) over the size distributions provided the information on
he density and branching of the different samples. Waxy maize
tarch was found to have the highest degree of branching, followed
y normal maize amylopectin, cassava amylopectin, waxy rice
tarch and smooth pea amylopectin, waxy barley starch, and finally
mylose free potato starch. High mass recoveries were achieved
81.7–100.0%).

Souguir et al. introduced unique characteristics on ampholytic
nd amphiphilic pullulan derivatives that improve functional
roperties of the original pullulans depending on environmental
onditions (pH, temperature and salinity). The physicochemical
haracterization determined by AsFlFFF–MALS-QELS [87] revealed
he modified derivative of pullulans to have polyelectrolyte-like
ehavior. In pure water at the isoelectric pH, attraction between
ositive and negative charges led to relatively tight coiling of the
olymer. Far above and below the isoelectric pH, the polymers had
ighly expanded structure. These ampholytic polysaccharides have
pened a new avenue for adjustable and flexible systems with great
pplicability, especially in the field of drug controlled release.

AsFlFFF–MALS was successfully applied to various commercial
hitosan types that are modified from chitin polysaccharides that
ave applications in pharmaceutics, e.g. as excipient or drug car-
ier. Chitosan embraces a series of polymers that vary in molecular
eight from ∼104 to ∼106 g mol−1. Mao  et al. [88] investigated

he feasibility of AsFlFFF–MALS to measure the molar mass of chi-
osans, compared with the results obtained by intrinsic viscosity
nd SEC methods. The polymers were 2.5–10 × 104 g mol−1. Sim-
lar values were achieved by the three methods, although they

ere based on measurements of different parameters. The data
onfirmed that AsFlFFF–MALS is a powerful tool for the character-
zation of chitosans. Augsten and Mäder [89] extended the range
f molar mass analysis to ∼4 × 105 g mol−1. Most of the measured
amples followed molar mass distributions of monomodal logarith-
ic  Gaussian type. The conformational parameters were verified to
e molar mass dependent, ranging from open structures molecules
o theta coil conditions or an even more compact conformation.

Hyaluronan, also known as hyaluronate or hyaluronic acid (HA)
s biocompatible and biodegradable polymer with possible appli-
ations in drug delivery, ophthalmic surgery, wound healing, and
Elugrams (LS 90◦ (i) and DRI (ii) responses) of rabbit liver glycogen and its molar
masses (iii) versus the elution volume (thick line).
Reprinted with permission from Ref. [85]. Copyright 2007 American Chemical Soci-
ety.

tissue engineering. A series of papers have been published in which
AsFlFFFF–MALS was applied to study the degradation of ultrahigh-
molecular weight hyaluronate under the influence of thermal stress

[90], ultrasonic, enzymatic or pH [91]. Electron irradiation effect
was  applied to study scleroglucan degradation, because of its resis-
tance to hydrolysis, temperature and electrolytes [92], and via
AsFlFFF the presence of low and high molar mass fractions could
be proved.
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Fig. 6. Fractionation of VLP-NicQb AsFlFFF–MALS, UV signal (continuous line) and
molecular weight (dots) calculated from respective UV and multiangle light scat-
tering (MALS) signal (A). Transmission electron microscopy (TEM) picture of NicQb
112 G. Yohannes et al. / J. Chrom

. Asymmetrical flow field-flow fractionation applications
o bioparticles

Biological cells and microorganisms produce proteins and other
roducts known as bioparticles. The products are either excreted

nto the medium or accumulated inside the cells. Separation and
haracterization of cells, microorganisms and their products is
ssential to design products of biotechnological, biomedical and
harmaceutical interests. Bioparticles have a large variation in
ize, shape and composition. Determination of these properties is
herefore essential for optimization of the processing and design.
article sizing methods are widely available. Examples are light
icroscopy, electron microscopy, capillary zone electrophoresis,

edimentation analysis, the electric sensing zone method, and field-
ow fractionation. Each of these methods has its own  restrictions
nd applicability depending on the specific particle mixture that
eeds to be analyzed. This review discusses application of AsFlFFF.
he use of other methods has been extensively treated in literature.
ue to the combination of both normal and steric separation modes,
sFlFFF can be applied to the analysis of wide range of bioparticles,

ncluding proteins, nucleic acids, protein complexes, viruses, virus
ike particles, lipoproteins and liposomes, microbes, cellular organs
nd animal cells. The application of AsFlFFF to proteins and nucleic
cids is already discussed in Sections 7.1 and 7.2.

.1. Virus and virus-like particles

Viruses are among the first bioparticles studied by FlFFF/AsFlFFF
93]. Depending on size differences, a mixture of viruses and BSA as

 marker were separated by flow FFF. Virus-like particles (VLPs) are
n important class of bioparticles composed of self-assembling viral
roteins excluding their genetic materials [94]. These particles are
andidates for vaccines, gene delivery vehicle, and drug therapies
95]. The particles consist of an inactivated virus or a surface antigen
f a virus that is produced by a genetically modified microorganism.
o recover the VLPs, the cells have to be disrupted, thus creating a
ixture of cell debris and VLPs. It is clear that the production of

hese VLP bioparticles gives rise to a particle–particle separation
rom the rest of cell debris. A reliable advanced analytical tool is
herefore needed to control the process and to assure the quality
f the final product. The gentle separation mechanism of AsFlFFF,
y which the structure and conformation of analytes is preserved,
akes it a very valuable technique for the precise characterization

f VLPs.
The composition of VLP is classified by AsFlFFF into differ-

nt fractions, i.e. VLP fragments, monomers, dimers, oligomers
nd aggregates [39,96]. The presence of these fractions was
onfirmed by TEM analysis. AsFlFFF–MALS accurately quantified
nd determined the molar masses, 3.27 × 106, 6.27 × 106 and
.80 × 106 g mol−1 for the monomer, dimer and trimer, respectively
Fig. 6). The shoulder on the left side of the main peak comprises
LP oligomers or aggregates in the range of 107 or 108 g mol−1.
ompared to DLS and SEC, AsFlFFF exceeds the capabilities of these
ommonly applied methods with regard to the analysis of the phys-
cal properties of VLPs. The results demonstrated the high potential
pplicability of AsFlFFF for the investigation of VLP in pharma-
eutical product formulations. Further, AsFlFFF–MALS was used
o monitor the stability VLP with a model of a nicotine vaccine
NicQb). The data showed that, the stability of NicQb vaccines in
olutions was strongly influenced by solution conditions like pH,
onic strength, osmolarity, and the presence of excipients, such

s surfactants, polyols, sugars, and salts on the stability in liquid
ormulations. The stability was confirmed at pH 6.2

Wei  et al. studied influenza virions (avian influenza) for vac-
ine development. The vaccines were produced from the allantoic
uid of developing chicken embryo. The process of viral replication
(B).
Reproduced from Lang et al. [96]. Adapted by permission from Informa Healthcare:
[Drug Dev. Ind. Pharm.] (35 (2009) 83), copyright (2009).

that produced a heterogeneous mixture of infectious and non-
infectious viral particles with varying states of aggregation was
analyzed by AsFlFFF–MALS, SEC-MALS, TEM, and AFM [42]. With
optimized focusing time and cross flow, AsFlFFF–MALS proved to
be an effective tool for measuring total particle counts and the
number-weighted size distribution of influenza virions. The corre-
lation between the various methods for determining total particle
counts, infectivity and size distribution was  attained. Chuan et al.
also described AsFlFFF a reliable method for VLP analysis by com-
paring it with DLS and TEM [43]. The authors optimized AsFlFFFF
that did not cause significant aggregation, and provided an accurate
size and distribution information that was  not possible with TEM
and DLS. With the optimized AsFlFFFF, the batch consistency for
new vaccine products was monitored and unique information on
the whole population of the particles within a sample was provided.

AsFlFFF was employed for the development of a gene-delivery
vehicle based on VLPs derived from the human polyoma JC virus
[97]. The gene delivery vehicle was created by re-assembling the
recombinant protein VP1 pentamers in the presence of the desired
DNA. The newly formed VLPs encapsulated with the new DNA
showed delivering the gene of interest to target cells where it
was  translated into protein. With AsFlFFF combined with diode
array, fluorescence, MALS, DLS, and dRI detectors, it was possible
to characterize the intermediates and final drug products. From
a single analysis, the molar mass, root mean square radius and
hydrodynamic radius, composition, and purity of the samples were
determined.

In the work of Lipin et al. murine polyomavirus (MPV) was  used
as a representative sample of soluble protein aggregate i.e. a pre-
cursor of self-assembled VLPs [98]. AsFlFFF–MALS and DLS  were
used to monitor whether aggregation was  able to prevent enzy-
matic cleavage of tagged glutathione-S-transferase (GST) purified
viral protein (VP1). Both methods showed the protein existed as
soluble aggregate that can be filtered out through a 0.22 �m filter,
which implied that aggregation did not appear to affect the qua-
ternary structures of the VP1 pentamers. Further, AsFlFFF–MALS
quantified the molar mass distribution, and the results were 60 kDa
to 20 MDa  from the protein aggregates. AsFlFFF–MALS proved to
be an ideal analytical method to determine the size distribution of

the GST-tagged VP1 soluble aggregates. The authors also success-
fully utilized AsFlFFF- MALS to identify structural conformation in
murine polyomavirus virus-like particles (MPV VLPs), as a result of
encapsulation with genomic DNA and non-viral protein. Encapsu-
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ation of non-viral protein into MPV  VLPs also appeared to prevent
NA encapsidation, without modification of the VP1 sequence and
hile maintaining VLP assembly within the nucleus. From the
ork of Pease et al., VLPs derived from the non-enveloped murine
olyomavirus (MPV) were characterized by AsFlFFF–MALS, electro-
pray differential mobility analyzer (ES-DMA) and TEM. These three
echniques detected size differences due to subtle changes in the
roduction processes. The authors demonstrated that ES-DMA and
sFlFFF–MALS were able to quantify VLP size distributions with
reater rapidity and statistical significance than TEM, providing
seful technologies for product development and process analytics
99].

.2. Lipoproteins and liposomes

Plasma lipoproteins are lipid protein complex bioparticles that
re responsible for transport lipids, cholesterol and triglycerides
n blood. These bioparticles are divided into five major subclasses
n the basis of the density at which they float during ultracen-
rifugation. Lipoprotein subclasses are further divided according to
article size, electrical charge and apolipoprotein and lipid con-
ents.

AsFlFFF has been shown to be a powerful, sensitive analytical
ool in the study of lipid transfer mechanisms. Setälä et al. used
sFlFFF to follow the transfer mechanisms of phospholipids and
hospholipid transfer proteins (PLTP) between small unilamellar

ipid vesicles (SUV) and HDL [100]. Radio-labeled SUV, PLTP and
DL were allowed to exchange lipids, and after the reaction, the
UVs and HDL were separated by AsFlFFF. Rambaldi et al. studied
he feasibility of FlFFF–MALS as a method for size and shape char-
cterization of lipoproteins [101]. Their data was  in accordance to
iscoidal conformation. Variations in concentration, composition,
nd particle sizes of lipoprotein are factors in the development
f atherosclerosis, the leading cause of heart failure. AsFlFFF was
yphenated with on-line enzymatic detection, and was able to
uantify cholesterol and triglycerides associated to each fraction-
ted lipoprotein classes [102,103].  Results obtained from healthy
erum donors agreed well to values obtained by a clinical labo-
atory. Results achieved on serum samples from a healthy donor
nd from a patient affected by sepsis showed significant differences
n the profiles of cholesterol and triglycerides associated with the
ractionated lipoproteins. In the work of Witos et al. mono and dis-
ccharide sugars (20% m/m)  were applied to suppress the particle
izes of lipoproteins [104]. The authors used capillary electrophore-
is, dynamic light scattering and AsFlFFF to evaluate the effect of
ugars on lipoprotein particle size suppression. According to DLS
nd AsFlFFF results, the particle size of HDL was reduced by 30%
rom its native size, whereas the particle size LDL reduced only by
.7-4.3%. Sugars treated lipoproteins were successfully separated
sing capillary electrophoresis with uncoated capillaries.

Liposomes are self-assembled colloidal dispersions that mimic
ell membranes. An attractive feature of liposomes is that they
re biocompatible for drug delivery in various pharmaceutical and
iotechnological applications [105]. Physical properties of the lipo-
omes can be readily modified. Size, charge, rigidity, and surface
roperties can be altered by using different liposome prepara-
ion methods and lipid compositions [106], the concentration
f the molecules, and different surrounding properties, such as
emperature, solvent composition and ionic strength. The size of
he liposome in dispersions varies from 20 nm for small unil-
mer vesicles to about 200 �m for giant vesicles. Particle size

nd size distribution are characteristic factors for liposome-based
rug delivery systems that determine colloidal stability, encap-
ulation efficacy, bioavailability, and targeting ability. There are
everal analytical techniques including AsFlFFF useful for the deter-
ination of aggregated or non-aggregated liposome sizes. The
 A 1218 (2011) 4104– 4116 4113

retention behavior of liposomes during the liposome prepara-
tion was  examined by varying ionic strength and pH of carrier
solutions, sample overload effect, membrane type, concentra-
tion, flow rate and osmotic pressure [37,38,107]. MALS–UV-dRI
detectors allowed successful studies on the size of plain lipo-
somes, actin containing liposomes, and encapsulated liposomes
with hemoglobin [108]. From the MALS data it was  concluded
that empty liposomes and liposomes encapsulated hemoglobin
(LEHb) are spherical, while actin modified LEHb have a thin-disk
shape. AsFlFFF has been also used to characterize the liposome sizes
in the development of new stabilized particle/polymer/protein-
covered liposomes, such as liposome encapsulating hemoglobin
[108], and that of polyethylene glycol–lipid aggregates con-
taining various types of polyethylene glycol-functionalized
lipids [109].

Jores et al. introduced solid lipid nanoparticles (SLN) and
oil loaded solid lipid nanoparticles (also named nanostructured
lipid carriers, NLC) as novel carrier systems for cosmetic active
ingredients and pharmaceutical drugs [110]. The authors used
AsFlFFF–MALS combined with photon correlation spectroscopy
(PCS), laser diffraction (LD), and cryo transmission electron
microscopy (cryo TEM) to characterize the physical behavior of
SLNs and NLCs [110]. The results obtained with PCS indicated that
SLN and NLC differ from a nanoemulsion with respect to Brownian
motion due to asymmetric particle shapes. Non-spherical particles,
in the case of SLN and NLC, lead to higher polydispersity indices
compared to the nanoemulsion. In AsFlFFF the nanodroplets elute
much quicker than SLN-and NLC-platelets although their photon
correlation spectroscopy and laser diffraction data show similar
particle sizes (Fig. 7). In cryo transmission electron microscopy
platelet (for SLN), oil loaded platelet (“nanospoons”; for NLC) and
droplet (for nanoemulsion) structures were observed. In contrast to
literature reports, the investigated SLN appeared as thin platelets.
NLC was found to be as lipid platelets with oil spots sticking on the
surface.

8.3. Micron and submicron sized bioparticles

Cells and sub cellular bioparticles ranging from 0.5 to 50 �m in
size are considered to act as key players in the solution of human
diseases in several biological fields such as hematology, microor-
ganisms, biotechnology, molecular biology, neurology and cancer
research. Cell handling requires high specific cell manipulation
techniques with possibility for the separation and isolation [111].
Barman et al. [112] used FlFFF and separated red blood cells from
human, equine, canine, feline, and bovine. The size based separa-
tion achieved by AsFlFFF/FlFFF can help to collect purified fractions
for further culture of individual properties of cells, and diagnosis
of abnormalities. Saenton et al. [113] evaluated the potential of
steric/hyperlayer SdFlFFF, ElFFF and FlFFF for the separation of dif-
ferent bacteria types. Although SdFFF gave higher selectivity, all the
FFF subtechniques separated various strains of bacteria and differ-
entiated live bacteria from dead ones. The data indicated that FFF
techniques are good analytical techniques for cellular and microbial
separations [114]. AsFlFFF was  applied to characterize biosurfac-
tants extracted from bacteria that can be found in soil contaminated
by an oil spill [115]. From the retention data, dH and molar mass of
the biosurfactant was  49 nm and 2.3 × 105 g mol−1 when extracted
with n-hexane, and 39 nm and 1.13 × 105 g mol−1 when extracted
with the 2:1 mixture of chloroform/MeOH. Furthermore, FlFFF was
on-line coupled with ICP-MS for studies on uranium bound to bac-

teria as a function of pH [116]. At pH ∼ 5, binding U to bacteria
was  higher due to complexation of UO2

2+ with negatively charged
carboxyl groups at the bacteria surface. As the pH was increased,
uranium bound to the cell surface decreased, and the complex
was  not formed. Uranium carbonate and hydroxide passed through
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Fig. 7. Elution behavior of lipid nanodispersions by AsFlFFF, subsequently detected
by  LS (top curves: root mean square radii; bottom curves: intensities of scattered
light). Table at the bottom: z-average particle sizes of the nanodispersions obtained
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eprinted with permission from Ref. [110]. Copyright 2004 Elsevier.

he FFF membrane. AsFlFFF was also used to fractionate micron
ized bioparticles and utilised as pre-analytical technique for the
haracterization of size-dependent proteome patterns [31,33,52].
dditional studies on the applicability of AsFlFFF in proteomics
an be found elsewhere [11,53]. Recently, Kang et al. fractionated
embrane proteins from whole cell lysates of prostatic cancer

ell [117]. The authors compared results with those achieved with
onventional AUC method. Eluted lysates from AsFlFFF runs were
ollected into two fractions. The fractions and AUC were tryptically
igested, and the resulting purified peptide mixtures were ana-

yzed by two-dimensional cation exchange-reversed phase liquid
hromatography–electrospray ionization-tandem mass spectrom-
try (2D-SCX-RPLC–ESI-MS–MS). Because the number of protein
embranes identified by AsFlFFF and AUC were 172 and 127

espectively, it was concluded that AsFlFFF as a soft preparative
ethod was more suitable than AUC for the isolation of target
embranes from cell lysates and for the minimizing the loss of

ubcellular vesicles.

. Conclusions
The fundamental principle underlying classical application
f AsFlFFF to size based analysis and size based separation
1 nm–1 �m in diameter) is that � depends solely on the bal-
nce of diffusion coefficient and the applied field. The applied
. A 1218 (2011) 4104– 4116

field causes the particles to move through the flow profile in a
flowing liquid. This creates a differentiation of the particle veloci-
ties in the separation device that is the basis for their separation.
When the particle size is large enough (>1 �m),  separation is fea-
sible on the basis of the lift force. Due to the combination of both
normal and steric separation modes, AsFlFFF applications span a
wide range of biopolymers and bioparticles, including proteins,
nucleic acids, polysaccharides, viruses, virus like particles, lipopro-
teins, liposomes, microbes, cellular organs and animal cells. This
review describes different advances and approaches taken for the
separation and characterization of biopolymers and bioparticles
by AsFlFFF. Frit-inlet-Frit-outlet configuration, focus-flow and slot
outlet technologies, or possibilities of using miniaturized AsFlFFF
channels have been developed to facilitate its use for biopolymer
and bioparticle analysis. Upon down scaling the separation channel
geometry to miniaturized scale, it is possible to achieve retention
profiles within shorter time periods, with smaller sample amounts,
with lower mobile phase consumption, and it is found suitable for
coupling to nLC–ESI-MS–MS.

Coupling with other techniques such as MALS, DLS, fluorescence
and ICP-MS, which provide information about improved level of
detection, and the use of highly selective detectors, has widened
the applicability of AsFlFFF to several fields including food, phar-
maceutical and biotechnology. In food and agro industry analysis
AsFlFFF is applied to study protein aggregation during food pro-
cessing, and characterization of polysaccharides such as physical
and chemical modified starches which are difficult to characterize.
For these macromolecules detailed data regarding size and confor-
mation can be obtained with AsFlFFF–MALS-dRI. These results can,
in turn, be related to thickening and emulsification properties of
polysaccharides. In pharmaceutical, biotechnology, and biomedical
applications, AsFlFFF is used to separate monomer from aggre-
gates therapeutic proteins, to quantify antibody aggregates, and
to determine the size distribution of bioparticles, drug carriers,
biopolymers and bioparticles.

Many factors, such as temperature, solvent, mechanical stress,
ionic strength and pH, clearly play an important role in physical and
chemical characteristics of biopolymers and bioparticles. The effect
of temperature induced aggregation and conformational change of
BSA and immunoglobulin proteins. pH is seen to affect functional
properties of pullulan derivatives. Ionic strengths with Ca 2+ and
Mg 2+ induced aggregation of Calsequestrin and therapeutic IgG.
The influence of mechanical, thermal, enzymatic, pH and irradia-
tor caused degradation of ultrahigh-molar masses of amylopectins,
hyaluronates, or scleroglucans.

AsFlFFF is evidently a complementary or even alternative
technique to SEC for the analysis of ultra-high-molecular-
mass biopolymers, protein aggregates and cells. In the case
of IgG protein HP-SEC provided a better separation for
monomers and dimers, whereas AsFlFFF enabled the analysis
of larger aggregates. In the analysis of polysaccharides both
techniques gave similar results when the molar mass was
<2.5 × 105 g mol−1, whereas AsFlFFF was  better for the analysis of
ultra-high-masses.

Further optimization of the operational parameters in minia-
turized AsFlFFF is essential to apply it as a preanalytical method
that can be coupled online with MS  analyzers, and for comprehen-
sive applications in the areas of nanotechnology, proteomics and
biotechnology. The limited availability of separation membranes
suitable for the analysis of charged and neutral analytes both in
organic and aqueous solvents still slightly restricts the exploitation

of AsFlFFF. The recoveries, obtained e.g. for DNA complexes with
cationic liposomes by using the current separation membranes are
still below 70%. Hopefully new advances in membrane technology
will provide products enabling high recoveries in a wide range of
applications.
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