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Abstract

Field-flow fractionation (FFF) is a family of flexible analytical fractionating techniques which have the advantage that the separation of
analytes is achieved, solely through the interaction of the sample with an external, perpendicular physical field, rather than by the interaction
with a stationary phase. The rapid progress in pharmaceutical biotechnology goes along with an increasing demand in potent, high-efficient
analytical methods. Thus, FFF techniques are gaining increasing attention for their ability to separate and characterize populations of
polymers, colloids and particles of up to about 100 pm in size. It is the intention of this review to provide an overview on common FFF
techniques, to summarize inherent advantages and limitations and to introduce both established and challenging applications in the
(bio)pharmaceutical field. Thereby, asymmetrical flow FFF is addressed predominantly, since it is the most versatile applicable FFF

technique.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and underlying principles

FFF-conceptualized in the late 1960s [1]—occupies a
unique niche in the field of analytical fractionations because
it is virtually the only technique being capable of separating
materials from lowest nm-range over the entire colloidal
size range up to two-digit pwm-range with high resolution
[2]. Thereby, one obstacle to a widespread FFF utilization is
due to its greatest asset, its versatility, and this versatility
comes along with a price: there is no simple formula for
choosing the proper FFF technique and the optimal
separation parameters for a given application. One has to
understand the underlying mechanisms to perform a
separation problem by means of FFF. Although, optimal
conditions provided, applications and separation tasks
prevalently considered impractical or at least highly
challenging can be successfully approached.

The FFF sample separation is performed inside a
narrow ribbon-like channel. This channel typically reveals
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dimensions of £50cm in length and £2cm in width,
whereas the channel height can vary between 50 and
500 pwm. From the inlet, a carrier liquid is pumped through
the channel, establishing a parabolic laminar Newtonian
flow profile as in a capillary tube, propelling the samples
towards the outlet [3,4]. Perpendicular to the direction of the
carrier liquid flow an external field is applied, forcing the
sample components to accumulate at one of the channel
walls, termed accumulation wall. Under normal mode
conditions the sample components can be considered as
non-interacting point masses, with their center of gravity
near to the accumulation wall. Due to the established
concentration gradient, a diffusion flux in reverse direction,
i.e. back into the interior of the channel, is induced
according to Fick’s law. As a consequence of the two
rival parameters—the exerted field of force and the
opponent diffusion flux—a steady-state profile is generated,
and the equilibrium distributions of the sample components
across the channel can be expressed by a mean layer
thickness [5,6]. Those analytes with distributions nearest to
the accumulation wall (like X) are positioned in slower flow
laminae of the parabolic laminar flow. Accordingly, they
gradually separate from analytes which are positioned
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Fig. 1. Schematic representation of the FFF separation of two components
X and Y across the parabolic flow profile within the channel. Due to its
higher diffusion coefficients D, smaller analytes (fraction Y) are positioned
at elevated channel heights in faster flow laminae, thus eluting prior to
larger analytes (fraction X). Samples with small D values cannot
efficaciously oppose the force field exerted and accumulate near the bottom
wall in slower flow laminae.

at more elevated levels in the channel (like Y), therefore
eluting with faster laminae (Fig. 1).

Consequently, FFF can be considered as a hybrid of
chromatography and field-driven methods such as electro-
phoresis and ultracentrifugation [7,8]. Like chromatog-
raphy, FFF is an elution technique with inherent differential
flow displacement phenomena. On the other hand, like
ultracentrifugation, FFF separation is based on an applied
gradient or field of force.

Since that field of force is opposed by sample diffusion
processes, the sample concentration ¢ (relative to the wall
concentration c¢p) approaches an exponential function of
the mean layer thickness x remote from the accumulation
wall [9]:

c=c exp( —)2U|> (D

where U represents the drift velocity of the sample induced
by the external field. The diffusion coefficient D can be
related to the frictional coefficient f by means of the
Stokes—Einstein relationship
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f

with k as Boltzmann’s constant and 7' as the temperature.
The drift velocity U is correlated to the force F, which is
exerted on the sample, by U = F/f. The mean sample-wall
distance [, derived by | = D/IUI, leads to
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expressing that the samples will be positioned proximate to
the accumulation wall (low [) when exposed to vigorous
forces. In order to provide optimal values of I, i.e. to
guarantee appropriate sample levels for FFF experiments,
the intensity of the external field can be varied. Accordingly,
F can be altered proportionally and the precedent condition
to ensure efficient FFF operations can be met: channel
height w > I. As the FFF accessories kits available provide
almost any w, the wide application range of FFF becomes
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evident. Eq. (3) can be extended by the dimensionless
parameter A, leading to

A= L E = i = k_T 4)
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where A is a synonym for the retention ratio R, i.e. the
retention time of an unretained sample component 7, to the
retention time of a retained sample component f., or
equivalently in terms of retention volumes Vy/V,. It is
important to refer to the relationship 7. ~ F given by Eq. (4),
thereby implying that the retention time of sample
components can be assessed as desired by exerting
expedient force intensities. Besides for sample fraction-
ation, FFF can advantageously be installed for assessing
physical sample parameters: given the known parameters f,
V., Vi and w, furthermore the experimentally assessed f,,
and assuming the approximation R = 6A, the diffusion
coefficient D can be obtained directly via

tO VCW2
D = 5
61V, )

Moreover, by applying the Stokes—FEinstein relation-
ship—referred to in Eq. (2)—the hydrodynamic diameter dy
of sample specimen can be assessed.
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where 7 is the solvent viscosity. Therefore, FFF not only
enables the fractionation of sample components, but also
can be utilized for concomitant size determination of the
fractionated specimen [5]. However, the assessment of
sample dimensions by means of FFF theory per se has taken
a back seat in recent years, for several reasons. The
reliability of the 7. values determined has to be scrutinized,
e.g. due to sample-membrane interactions potentially
biasing FFF data. More importantly, other sophisticated
size-assessing detection systems are to be preferred,
primarily multi-angle light scattering (MALS) [10]. The
pioneering experiment was performed not until 1991, when
MALS was combined with sedimentation-FFF [11]. The
first successful coupling of MALS with flow-FFF was
performed shortly afterwards, in order to determine molar
mass distributions of polystyrene particles and dissolved
dextranes [12]. Recently, FFF was coupled with time-of-
flight mass spectrometry [13,14].

Large analytes with low diffusion coefficient, D, values
will offer only slight resistance to exerted force intensities.
In contrast, smaller analytes such as peptides or low
molecular weight (Imw) proteins will counterbalance even
extensive force fields, due to their high D values. This
explains why it is usually more delicate to separate small
sample specimen via FFF than to fractionate larger samples.
As it will be shown later on, F' can be increased to a level at
which the elution of high molecular weight (hmw) samples
is heavily delayed. By monitoring of the channel effluent by
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adequate detection systems, the retention times of the
analytes can be determined and sample compositions can be
elucidated by straightforward FFF experiments.

The magnitude of F, which can be applied on the sample
specimen, depends on the experimental arrangements of the
various FFF techniques, i.e. the kind of field that is installed.
Primarily four prominent FFF fields have become most
relevant for scientific research—and are applied to an
increasing extent in industrial practice [15]. The common
feature of all FFF subtechniques is the parabolic flow profile
of the carrier liquid as the driving parameter of separation.

2. Various FFF techniques
2.1. Sedimentation FFF (SAFFF)

Since the theoretical principles of SdFFF were intro-
duced in the late 1960s and put into practice shortly
thereafter, SAFFF may be deemed one of the oldest FFF
techniques [16,17]. SAFFF experiments are performed in a
channel constituted by two closely spaced parallel surfaces.
When this channel is rotated in a centrifuge, dissolved and
suspended analytes—which are more dense than the
ambient mobile phase—are forced to migrate towards the
outer wall. Correspondingly, if the sample is less dense than
the ambient liquid, floating phenomena can be observed,
and those sample components accumulate at the inner wall.
The limiting particle size for retention in SAFFF depends on
the maximum speed of the centrifuge, i.e. on the gravita-
tional field exerted. Via modern SAFFF equipment with
inherent gravitational forces exceeding 100, 000 g, a broad
range of materials can be characterized, with typical
application ranges of >25 nm (particles) and >10° g/mol
(polymers). The aqueous carrier density can be varied
towards lower densities by adding organic liquids. Vice
versa, the density will increase if salts or sugars are added to
aqueous liquids or if water is added to organic fluids,
respectively [18,19]. The theoretical principles of SAFFF
are summarized by Eq. (7)

3
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with G symbolizing the centrifugal/gravitational accelera-
tion, |Apl the density differences between the sample
components and the solvent used, and dy the effective
spherical diameter of the sample component. Due to the
high resolution potential of SAFFF, typical applications are
the separation of biopolymers and macromolecules [20],
cell sorting [21,22] or the characterization of sediment
colloids [23,24].

2.2. Thermal FFF (ThFFF)

ThFFF is considered the oldest of all FFF methods.
Research in thermal diffusion started in 1856, when Ludwig
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Fig. 2. Basic illustration of a ThFFF channel. Note that the sample
components, e.g. lipophilic polymers, accumulate at the cold channel wall.

observed the selective migration of compounds towards
colder regions [25]. In the 1960s, ThFFF was at first applied
for the separation of polystyrenes [26,27], and its broad
applicability for the fractionation of various polymers was
demonstrated in 1978 [28]. The channel design of ThFFF is
shown in Fig. 2.

By exerting a large temperature difference across the
channel the thermal diffusion effect is employed to
concentrate the sample components—typically polymers
and colloids—at the cold wall. Under normal operation, this
temperature difference between the hot wall, heated with
electric cartridges, and the water-cooled cold wall encom-
passes 100 °C. The applicability of ThFFF in aqueous
systems is restricted due to the weak thermal diffusion of
polymers in water. Therefore, lipophilic polymers
>10* g/mol and particles are favorably characterized in
organic media [29]. Given the background of the numerous
assumptions inherent to ThFFF, this method is judged to be
the most complicated FFF subtechnique. The effective
driving force |F| per analyte can be defined by

Dy dT

IFl = kT D ®)
with Dt as the thermal diffusion coefficient [5]. Although
considerable effort is invested in the subject, e.g. by the
development of micro-channels with increased speed and
resolution power [30], ThFFF most likely will not gain
acceptance in pharmaceutical analytics because of its
inherent drawbacks due to the underlying principles.
However, ThFFF occupies a niche in the spectrum of
hmw polymer characterization, attributed to its unique
separation mode [31-33].

2.3. Electrical FFF (elFFF)

In terms of its analytical properties, elFFF is discussed
controversially. The prevalent elFFF channel design utilizes
two graphite plates which serve a dual role of both channel
wall and electrode, separated by a Teflon spacer [34].
Exposing the ~ 150 wm high channel to only a few volts
gives rise to substantial effective field strengths in the order
of 100-200 Vm™'. To achieve fields of comparable
strength in capillary electrophoresis, 20—30 kV are to be
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provided. Generally, electrophoretic separations lack the
possibility of differentiating between particulate analytes of
different size, but with similar surface charge density [35].
Since the electrical field E is related to the drift velocity
U of a sample component with the electrophoretic mobility
M. by U = u.E, the force F exerted on the sample can
simply be expressed by D = Au.Ew. What speaks in favor
of the method is the simplicity of applying and program-
ming E, as does the absence of any moving parts. The other
side of the elFFF medal is labeled with two major
disadvantages: the electrode polarization limits the aqueous
carrier solutions which can be applied and, as a conse-
quence, the sample materials that can be characterized [36].
Additionally, conductivity differences between the analytes
and the carrier liquid influence the retention, what means
that sample concentration affects the data obtained [37,38].
A trend is evident, that more effort will be put into further
development of other existing FFF subtechniques.

2.4. Flow FFF (F4)

The significant difference between F4 and the FFF
subtechniques introduced above is that the separation field
of force is established by a second stream of carrier liquid,
pumped in vertical direction to the axial flow stream, as
illustrated in Fig. 3. The F4 experiments are performed in a
symmetrical set-up, in which the channel walls consist of
two porous frits. This symmetrical system was developed in
the mid 1970s [39]. The lower wall is covered by an
ultrafiltration membrane, permeable only to carrier liquid,
not to sample components. Provided by a separate pump, the
cross-flow volume enters the channel via the upper channel
wall, crosses the channel interior and finally passes the
accumulation wall, subsequent to passing an ultrafiltration
membrane. As the separation only relies on differences in
diffusion coefficients, F4 is the most applicable FFF
subtechnique, demonstrated in aqueous and organic mode
characterizations of analytes ranging from solutes with
inherent molar masses of ~500 g/mol and dimensions of
<2 nm up to particles with dimensions of 100 pwm [40]. The
lower size limit is determined by the molecular weight cut-
off of the ultrafiltration membranes (~ 1 kDa), whereas the
upper size limit is assessed by a threshold of about 20% of
the channel height [41].
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Fig. 3. Schematic representation of a Flow-FFF channel. The position of
sample specimen is determined by two independent flow streams, i.e. the
axial carrier liquid flow and the vertical cross-flow, propelling the sample
components towards the accumulation wall.

The driving force of F4 separations, exerted on the
analytes by the cross-flow, acts on all sample compounds
with identical intensity and the separation of sample
components is only due to differences in their inherent
dimensions, i.e their diffusion coefficients D.

Still in the 1970s, a broad variety of samples was
exemplarily separated by means of F4, covering polystyrene
latexes, various proteins, viruses and macromolecules
[42—-45]. In retrospect, the further development of F4
seems predicted, confirming the golden rule of science: new
techniques attract more successful experiments, successful
experiments attract more users, more users contribute new
ideas. In case of F4, Granger, Wahlund and Giddings helped
to get a new idea accepted: the idea of an asymmetrical F4
channel set-up [46,47]. Besides the FFF subtechniques
already addressed, a variety of other subtechniques exists.
The majority of those attract scant attention and are only
sporadically described in the literature, e.g. acoustic or
photophoretic FFF. For extensive insight into FFF tech-
niques and principles the reader is referred to comprehen-
sive reviews [5] and handbooks [48].

2.5. Asymmetrical flow FFF (AF4)

AF4 draws a significant distinction to F4 in the channel
set-up, revealing only one permeable wall, so that carrier
liquid can leave the channel solely via the accumulation
wall to generate a cross-flow. The upper wall normally
consists of transparent plexiglas (polymethylmethacrylate,
PMMA), non-permeable to the solvent (Fig. 4). The
transparency of the upper wall allows visual observation
of the channel interior, helping to cope with trouble-
shooting during experiments or enabling visual monitoring
of colored sample separation. Due to the obvious differences
between upper and bottom wall, ‘asymmetrical’ was
prefixed to the term Flow-FFF. Consequently, the cross-
flow rate through the accumulation wall—comprising a
ceramic frit covered by an ultrafiltration membrane—is
induced by the constant loss of axial flow occurring with the
transport of carrier liquid along the channel. This leads to a
continuous decrease in the volumetric flow rate, i.e. the flow
velocity of the axial flow, while approaching the outlet of

spacer, laminar
channel ©xcised inside flow outlet

sample inject volume

upper wall

laminar (plexiglas)

flow inlet ~

collector channel base
distance pin block

Fig. 4. Schematic presentation of the AF4 channel assembly.
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the rectangular channel [49]. In case of using very thin
channels with low volumetric capacities in order to speed up
separations, applying high cross-flow rates results in fatal
low outlet flow rates. During separation, this phenomenon
has to be taken into account in order to avoid misassigning
of sample characteristics due to the observed elution times.
To compensate for these undesired effect, a trapezoidal
channel geometry was innovated, where the with decreases
ongoing towards the channel outlet. Within a short time, the
trapezoidal channel proved superior to the traditional
rectangular geometry, and represents the favored system
today [5,50].

The suitability of a broad variety of wall materials such
as polycarbonate, polyethylene, aluminium or stainless steel
have been examined [51]. The introduction of modern
materials such as PMMA not only broadened AF4
applicability, but also initiated the development of innova-
tive channel construction: traditionally, spacers were
sandwiched between both walls, dimensioning a definite
channel height due to their gauge. Channel shape, e.g.
rectangular or trapezoidal, was assessed by an outline cut in
the spacer material, for instance polyester like mylar, teflon
or polyimide [52]. Contrarily, a new way of channel
construction is as simple as effective: via engraving an
appropriate cavity—with desired depth and geometry—
direct into the upper wall, the required channel volume
capacity is provided. The wall block, with the cavity
underside, is then placed on the ultrafiltration membrane,
which overlies the ceramic frit.

The minimum useable channel height, i.e. the cavity
depth, is determined by the compressibility of the
ultrafiltration membrane [53,54]. When the channel is
bolted together, the membrane is compressed in regions
directly contacting the spacer and the upper wall, respect-
ively. On the other hand, in unaffected areas the membrane
maintains its original thickness and now protrudes into the
channel. Amplified by membrane swelling phenomena, this
determines a threshold for spacer thickness minima [41].
That is an important factor, as thin channels normally
reduce separation time. Applying thin channels can be
associated with the drawback of increased probability of
interferences with the laminar forward flow profile. This, as
a consequence of membrane corrugations, can detract from
data verability, since the process of separation happens in
immediate vicinity of the membrane. Considering that in
normal mode separations the sample specimen are posi-
tioned in lamina levels not exceeding 5 wm distance off the
membrane, the importance of smooth, unruffled membrane
surfaces becomes evident.

During separation, the sample components are subjected
both to an axial flow vector—as a result of the laminar
forward flow—and to a transversal flow vector, arising from
the cross-flow [55]. If the sum of the vector net effect is
falsified by sterical barriers, reproducibility, accuracy, and
power of the fractionation process can be critically
corrupted. This, in combination with the imperative of

sample-membrane compatibility, led to a rushing demand
for various membrane materials. Cellullose derivatives,
poly(ether)sulfone, polycarbonate, polyamide, acrylic copo-
lymers, fluoropolymers, polyethylene and polypropylene
are popularly used. Meanwhile, the prevalently used
ultrafiltration membranes have to withstand fierce
competition by microporous membranes, since the latter
provide a flat surface, marginal compressibility, high flux
and low cost.

As the samples are prevented from leaving the channel
with the cross-flow by the membrane, its cut-off properties
crucially influence potential sample loss and sample
recovery. The nominal cut-off value only refers to an
estimation of the smallest analyte retained by the mem-
brane, far apart from a precise specification. Consequences
arising therefrom can be for good or for bad: sample
specimen with molar masses as low as 6.5 kDa have been
observed to be retained by membranes with declared
nominal pore sizes of 50 nm [56]. Otherwise, membrane
permeability may provide optimal conditions in the analysis
of lipoproteins and pharmaceutical colloids, where coana-
lytes like Imw plasma proteins present with the would
interfere analytics, but are displaced from the samples by
passing the membrane [57].

The (mathematical) considerations outlined above apply
exclusively for what is often referred to as the normal or
Brownian mode of FFF: sample specimen behave as point
masses whose sizes are insignificant compared to the
dimensions of the sample specimen zone. Consequently,
sample retention becomes a unique reflection of the size, i.e.
the hydrodynamic radius, and the diffusion coefficient [58].

The larger the sample specimen, the less valid this
approach becomes. In case particle sizes increase to a level
where they are no longer negligible compared to the channel
height, their retention has to be considered as a reflection of
their inability to approach infinitely close to the accumu-
lation wall [59]. Because the centers of gravity of large
particles can approximate the wall not closer than the
particle radius, the net result of this protrusion into the
parabolic flow profile is that migration becomes forwarded
in relation to particle size (Fig. 5).

Thus, the order of separation is reversed, and that
phenomenon is called steric mode effect [60]. The transition

) particle
parabolic flow profile _c_i P velocity vector
small large
particle particle

Fig. 5. Schematic representation of the steric mode FFF principle. Sample
specimen are prevented from approaching the accumulation wall closer
than half of their hydrodynamic diameter dy;. Due to their greater migration
velocity vector, larger particles (dy;) elute prior to smaller samples (dy;),
vice versa to the normal mode situation.
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between normal and steric FFF mode depends on both
particle size and channel height and is to be assessed for
standard separation parameters at ~ 1 wm. Though, there is
more to that: it has been discovered early that steric particles
do not migrate with direct contact to the wall surface—due
to their high sensitivity to driving forces of the vertical field
of force—but are positioned at elevated levels due to the
role of hydrodynamic lift forces [61]. These results were
substantiated by data revealing that large diameter particles
are migrating at levels more distant from the accumulation
wall than smaller particles, eluting also in steric mode [62].
The situation when steric mode is combined with
hydrodynamic lift forces is generally referred to as
hyperlayer mode.

Steric exclusion observed in areas adjacent to walls is
an important parameter in other separation contexts, too,
e.g. hydrodynamic chromatography or in size exclusion
chromatography, where it accounts for the Casassa
model [63,64].

Basically, the AF4 experiment can be divided into three
stages: sample injection, sample focusing, and the fraction-
ation step. Identical to conditions in HPLC, the sample
volume designated to AF4 analysis is gauged by using
sample loops with loop volumes spanning 10-100 pl.
Considering prevalent AF4 channel capacities ranging
between 200 and 1000 wl, the injection of 100 pl sample
entails a considerable part of the channel volume being
replenished by the sample, not to mention void volumina of
the injection capillaries. In a worst case scenario, the
injected sample would fill the channel completely. Starting
fractionation subsequently would implicate a situation, in
which some of the sample components were positioned
directly adjacent to the flow inlet and the sample injection
port, while the rest of the sample would populate areas
towards the flow outlet. Fractionations based on those
preliminary conditions would suffer insufficiency and peak
broadening.

Hence, sample specimen are to be positioned in steady-
state equilibrium levels before being eluted, in order to
optimize fractionation quality. A focusing step—often
termed focusing/relaxation step—must be performed prior
to separation. Due to this, sample material distributed
widely throughout the channel interior is forced into a
narrow ‘band’ from which proper separation is possible
[65]. Unlike other forms of FFF, the field of force in AF4
cannot be controlled independently of the axial flow.
Therefore, sample focusing to narrow bands—to minimize
band broadening of the detection signals—and sample
arrangement in steady-state equilibrium profile has to be
achieved simultaneously.

To meet this premise, an opposing stream of carrier
liquid is pumped into the channel from the outlet end
additionally to the carrier flow through the inlet port. As a
consequence, the sample specimen are focused at a
predetermined point in the vicinity of the sample injection
port and the carrier liquid exits the channel via passing the

sample
injection

flow from E
channel
—_—

inlet —

v inversed

flow from
channel

ﬂ outlet

Fig. 6. Schematic diagram of sample specimen arrangement at the end of
the focusing/relaxation step. Note that analytes are focused to a narrow
band and arrange at level heights related to their diffusion coefficients.

AMAM

accumulation wall

membrane (Fig. 6). A position ~5 mm downstream of the
inlet port is deemed an adequate location for sample
focusing, since otherwise one has to accept the conse-
quences of flow inhomogeneities: surface protuberances of
both flow inlet port and sample inlet port may interfere with
the axial parabolic flow profile and may foster artifacts [49].

Referring to Fig. 6, the dependence of successful AF4
separation on optimal focusing/relaxation becomes evident.
Although the assessment of necessary focusing/relaxation
times was approached mathematically, this calculation is
considered to inhere some uncertainties due to the necessity
of assumptions [66]. In AF4 practice, for quality monitoring
of focusing/relaxation the utilization of color indicator
substances like bromophenol blue is feasible.

In contrast to separation methods with rather stringent
separation modes like SEC, the cross-flow intensity in AF4
can be changed and programmed arbitrarily during
separation. This programming consists of intentionally
and systematically varying the cross-flow rate—and
commensurate herewith, the axial forward flow rate also
has to be adapted. Already in the first paper, the concept of
programming FFF runs was proposed and implemented
shortly afterwards [1,27].

The delivery of facts in terms of programming by FFF
practitioners was increasingly accompanied by theoretical
concepts of theoreticians. A wide mathematical arsenal
evolved in the FFF realm, including step, linear, parabolic
and exponential functions, a special class of power
functions capable of yielding almost constant relative
resolutions, and data analysis algorithms [67-69]. By
varying the cross-flow strength between individual runs by
run programming, the correlation between cross-flow
intensity and resolution power can be demonstrated
(Fig. 7). With no cross-flow applied, the human serum
albumin (HSA) specimen are eluting concomitantly,
unifying in one peak in subsequent UV,g, detection. The
higher the cross-flow, the more efficient the separation, and
at apt conditions HSA can be separated into monomer,
dimer, trimer, and higher oligomer fractions.

The easiest way to describe the actual cross-flow
intensity is simply to quote %—values. For example, 10%
cross-flow with 1 ml/min detector flow condition means that
elution medium enters the channel with a 1.11 ml/min flow
volume. While passing the channel, 10% of the elution
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Fig. 7. Fractionation of HSA applying 0 and 75% cross-flow intensities.
Minimizing the 75% cross-flow to 0% after 20 min enables elution of hmw
aggregates, revealing molar masses of >10° Da. Detection with multi-
angle light scattering (MALS) enables convenient UV data interpretation,
assigning calculated masses to the peaks of monomer (66.9 kDa), dimer
(133.8 kDa) and trimer (204 kDa), matching the theoretical values. Note
that the UV signal of 0% cross-flow analysis unifies all HSA specimen,
running the gamut from monomer to hmw aggregates.

medium are pumped off through the ultrafiltration mem-
brane to generate a cross-flow profile of ~0.11 ml/min. The
resulting laminar flow profile at the channel outlet remains
unchanged at 1.0 ml/min. This is the more important, since
basically all state-of-the-art detection systems applied in
monitoring the elution of fractionated analytes—i.e.
spectrophotometry, refractive index, light scattering and
fluorescence detection units—are prone to artifact measure-
ments due to (rapid) change of system parameters, i.e.
discharge shifts of cell flow.

3. Selected applications of AF4/F4

Products of modern pharmaceutical biotechnology
represent a very significant fraction of today’s total
pharmaceutical market. Thus far, some 90 recombinant
proteins/monoclonal antibody-based products have gained
marketing approval within the European Union, accounting
for a 36% share of all new EU drug approvals since 1995
[70]. Bearing in mind the still unbroken boom in
pharmaceutical biotechnology—the world market in
recombinant drugs totalled US$ 27 billion in 2001 and
is forecasted to almost double to US$ 50 billion in
2010—coping with challenging analytics, e.g. tasks like
separation and characterization a broad variety of analytes
present in one sample, will gain increasing importance in
biotechnology.

3.1. Biopolymers—soluble analytes

In the majority of cases, biopolymeric applications of
AF4/F4 refer to protein analysis. Subsequent to the first
protein separation in 1977 [43], numerous proteins were
investigated, including bovine and human serum albumin,

v-globulin, thyroglobulin [2,71-73], aldolase and ferritin
[74,75].

Yet, in the course of reviewing AF4/F4 biopolymeric
applications, it is to be accentuated that AF4 nowadays is
not to be considered a well-known state-of-the-art method,
neither in industries nor in scientific research. A general
survey of the published literature in terms of AF4/F4 in
protein analytics is completed within short time, revealing a
low two-digit number of extensive scientific publications. In
contrast, to perform the same in terms of HPLC means to
become assailed with thousands of articles. This indicates
that AF4 applications hitherto mainly originated for special
analytical tasks. However, being bolstered with consider-
able advantages and having experienced further develop-
ments in the last decade, AF4/F4 utilizations in protein
analytics are surging.

The acid test for any separation technique is providing
greatest resolution within shortest time, thereby avoiding
the generation of artifacts. Since AF4 is equipped with field
strength programming, FFF has the capability to consider-
ably meet this standard, e.g. a six component latex mixture,
ranging from 20 to 426 nm in size, was fractionated with F4
within 10 min [76]. In terms of protein analytics, the size
distribution of wheat proteins was investigated by separ-
ation of monomeric and polymeric specimen via F4/MALS
[77]. An application in the same realm is represented in
Fig. 7, where HSA is separated into individual components,
including monomer, dimer, trimer and oligomers within
20 min. Subsequently, by minimizing the cross-flow rate to
a short time, the resolution power of the systems is
decreased and a soluble hmw aggregate fraction >10° Da
can be detected. A similar experiment was described
recently, when HSA was subjected to heat-stress in order
to induce aggregation [78]. Aggregation-induced particulate
matter was analysed by light obscuration, and a hmw
aggregate fraction could be isolated with AF4, revealing
molar masses of up to 10® Da. It may be noted, that the AF4/
F4 analysis of protein aggregates obviously resembles
analytical tasks in synthetic polymer chemistry. For
instance, molar mass distributions of polyacrylamide
flocculants in solution were investigated by separating
the flocculants with F4 and further characterized with
MALS [79,80].

Multi-protein analysis was performed by managing the
AF4 separation of four proteins within 20 min. Thereby, the
scope of molar masses covered the range from 29 kDa
(carbonic anhydrase) up to 669 kDa (thyroglobulin) [81].

Generally, assessing the performance of a fractionating
technique by the separation of samples containing two or
more different proteins inheres one potential pitfall: as
proteins tend to take a variegated shape—comprising
fragmented and oligomeric as well as unfolded forms—
there may arise difficulties in assigning one single peak to
the appendant separated component, e.g. granulocyte
colony stimulating factor (G-CSF) dimer (~39 kDa) may
unify with the detection signal of erythropoeitin (38 kDa),
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Fig. 8. AF4 separation of HSA solution containing y-immunoglobulin. The
overlap of UVygo signals of HSA dimer (133 kDa) and IgG (147 kDa)
hampers data interpretation.

as both specimen reveal identical molar masses, thus
exacerbating correct data interpretation. The matter is
exemplified by the AF4 fractionation of albumin solution
containing a y-immunoglobulin (Fig. 8). Due to the ~10%
molar mass difference between HSA dimer (133 kDa)
and the immunoglobulin (147 kDa), a base-line separation
is impeded, despite high-resolution conditions of 75%
cross-flow.

Referring to the quantification of protein aggregation,
SEC certainly represents the gold standard in both industry
and science. Up to now, only two relevant comparative
studies between FFF techniques and SEC have been
performed. One study addressed the characterization of
polystyrene standards in organic solvents by means of
ThFFF and was mainly aimed at compiling the particular
theoretical principles of each method [82]. In theory, FFF
should offer a much higher resolution, since the MW-based
selectivity is larger (0.5-0.7 versus 0.2 for SEC). Basically,
this was substantiated by the second study, correlating the
results of both AF4 and SEC in terms of antibody analytics
[83]. Solutions of several immunoglobulins were stressed
via rapid pH change and subsequently characterized. It was
found that AF4 can provide higher selectivity and greater
resolution which is maintained over a wider molecular
weight range than in SEC. Unfortunately, antibody samples
were prepared individually for AF4 and SEC analysis and
different elution media for both techniques were chosen.
Though, this study revealed the principal feasibility of AF4
in analysis of unprepared samples, allocating AF4 a greater
application range and more informational power. In
practice, AF4/F4 offers superior resolution for samples
with MW > 100 kDa, but lower resolution in the <50 kDa
range [84].

Due to the lack of package material within the
channel, AF4/F4 fractionations are performed under
moderate conditions, avoiding shear stress. The system
pressures normally exerted on the samples are below
5 bar. This predestines AF4 for characterization of hmw
analytes, prone to artifacts due to experiment conditions,
e.g. shear degradation and upper exclusion limit of the
separation technique applied.

Referring to this, AF4 was employed to study
conformational changes, aggregation tendencies and
hmw ratios of macromolecules which are utilized in
pharmaceutical industries, such as ethylhydroxyethyl
cellulose, carrageenans and starch polysaccharides
[85-87]. Furthermore, AF4 was employed to characterize
amphiphilic polymers, where the usefulness of SEC is
limited because of interactions between hydrophobic
polymer segments and the stationary phase. Compared
to SEC, adsorption phenomena in AF4 are minor,
considering FFF channel surface areas of usually
30cm? and SEC package material surface areas of
=30,000 cm? [88]. However, the cross-flow induced
analyte-membrane contact may somewhat annihilate this
AF4 feature. In both techniques, the application of carrier
liquids containing surfactants such as SDS or Tweens in
order to reduce potential adsorption phenomena is
popular [5,89].

Consequently, the aggregation of amphiphilic graft
copolymers [90], essential for the stabilization of interfacial
structures, was analyzed via AF4 as well as the aggregation
of pullulan derivates [91].

Native conformational structure and intact folding are
crucial parameters influencing protein drug efficacy, e.g. of
antibodies and enzymes. The diffusion coefficient (D) is a
fundamental physical parameter for the elucidation of
macromolecular size and shape, providing information on
surface corrugation and roughness of globular proteins.
[92]. From D, the state of interaction between protein
specimen or their degree of aggregation can be deduced.
Considering that AF4 fractionation is due to differences in
sample diffusion coefficients, AF4 can deliver valuable data
on the structural uniformity of proteins and substantiate data
obtained by other techniques, e.g. molar absorbancesgy nm
or circular dichroism.[78]. As illustrated in Fig. 9,
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Fig. 9. Evaluation of 150 kDa immunoglobulin structural uniformity: the
diffusion coefficient D is impacted by unfolding phenomena, e.g. due to
denaturation. With increasing cross-flow exerted, present conformational
alterations would mirror in peak corrugations. Note that the MW
determined by MALS is not impacted by the cross-flow applied
(150 kDa). The color of the solid UV,g signal lines and the MALS signals
(dots) refer to separations with cross-flow intensities of 0% (red), 10%
(brown), 20% (green), 30% (blue) and 40% (black) [78]. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the structural uniformity of a 150 kDa immunoglobulin can
be scrutinized by subjecting the protein to successive AF4
runs, thereby applying various cross-flow intensities. Even
at conditions with high system resolution—i.e. higher cross-
flow applied—no bias peaks or peak shoulders can be
detected, indicating structural uniformity.

In all applications described, the absence of package
material within the FFF separation channel enables the
characterization of insoluble analytes aside soluble speci-
mens. Hence, AF4 may be predestined to the analysis of
protein formulations of biopolymeric samples containing
soluble, insoluble or precipitated protein specimen.

3.2. Colloids, cells and particulate matter—insoluble
analytes

Due to its unique separation mode, one other main field
of AF4 application represents the analysis of dissolved
sample components aside undissolved particles. Moreover,
the size limit of samples amenable to AF4 separation can be
risen to the pm range, allowing the separation of
nanoclusters, nanocolloids, microparticles and even cells.

These AF4 features were applied in the analysis of
soluble poly(vinyl pyrrolidone) PVP and insoluble cross-
linked poly[poly(vinylpyrrolidone)], which are prevalently
used as pharmaceutical excipients [93]. AF4 was used to
gain the first insights into the structure of molecular-
composite PVP [94]. The two-phase nature of such systems
was demonstrated, since AF4 yielded a soluble polymer
fraction aside insoluble polymer particles. By means of on-
line MALS detection, the particles were shown to reveal
dimensions of ~350 nm in diameter.

Generally, colloids enjoy a widespread utilization as
samples for AF4 analysis, as they represent ideal candidates
to evaluate fractionation efficacy and resolution power. In
this realm, mainly latex standards with dimensions between
25 and 800 nm are used. The combination of FFF techniques
and MALS was shown in many cases to exceed the
resolution power of other established analytical systems
such as transmission electron microscopy [95].

The task of separating dissolved and undissolved sample
components via AF4 was frequently performed in the course
of biopharmaceutical applications, e.g. by examining the
distribution of lipophilic drugs within human plasma or
when characterizing lipoproteins originating from human
blood [96]. An alternative frit-inlet AF4 technique was also
successfully implemented in the separation of lipoprotein
particles of coronary artery disease (CAD) patients [97].
The method described showed potential in implementing
AF4 as a diagnosis tool in CAD, by characterizing the
decrease of low density lipoprotein (LDL) particle sizes
compared to those of LDL particles from healthy humans.

In particular, it was shown via F4 that the dimensional
range as well as the concentrational distribution of human
plasma lipoprotein fractions can vary between samples or
individuals [57]. After analysing different human plasma

samples using F4, the high density lipoprotein fraction was
found to encompass a 4—16.5 nm size range, whereas the
low density lipoprotein fraction was assessed to span 16.5—
36 nm and the very low density lipoprotein fraction to span
a 36—100 nm size range [98].

Pertaining to a broad-range analysis, F4 can be employed
to accurately analyze colloidal and particulate systems
running the gamut from nm to wm range, e.g. heterogeneous
mixtures of cationic lipid-DNA colloidals were character-
ized via MALS in terms of shape and size distribution
subsequent to separation by F4 [99].

A valuable feature of AF4 lies in the fact that individual
components of complex mixtures can be characterized
subsequent to isolation from the rest of the complex
mixtures. Here, AF4 proves to be a powerful tool in the
evaluation of analyte features not that readily accessible, if
at all, with other techniques. In case of polyorganosiloxane
nanocolloids, AF4 was used for analysis of nanoparticles
dispersed in a complex mixture in the presence of excess
surfactant [100]. Alternatively, the FFF potential for
degradation-free separation was applied to provide analytes
with extremely narrow size distributions for subsequent
high-precision measurement of dimensions via MALS. In
this respect, AF4/MALS showed to be superior to other
established analytical methods [101].

Without doubt, the use of AF4 in biopharmaceutics will
gain increasing momentum in the area of gene therapy.
There, the design of ideal nanoparticulate carriers with the
ability to target specific cell types is highly desired and the
DNA delivery with non-viral vectors may be deemed one
major challenge of the years ahead [102]. The ability of AF4
to fractionate gelatine nanoparticles was indicated only
recently [78]. By means of MALS, the nanoparticles were
assigned root mean square radii between 80 and 112 nm.

Pertaining to that, the huge AF4 application possibilities
may be represented by the fractionation of nanoparticle—
protein mixtures. Therefore, erythropoeitin was added to
gelatin nanoparticle batches and the mixture was analyzed
with AF4 (Fig. 10). Each of the presented modified elution
profiles of the nanoparticle fractions can be realized by
applying a decay of initial higher cross-flow rates (50%)
down to 1% after an appropriate time. Similarly, the elution
profile of the EPO fraction can be varied by exerting
different cross-flow strengths in the initial stages of the
separation experiments. The separation of nanoparticulate
drug carriers from unbound oligonucleotide payload as well
as the assessment of nanoparticulate drug carrier loading
efficacy by means of AF4 was described recently [103]. In
this respect, it can be referred to studies performed to
characterize cationic lipid-DNA gene carrier complexes
formed using different lipid-DNA ratios and to monitor
changes in those complexes over time [104].

A further promising AF4 application lies in the field of
vaccine control. The surface features of deactivated bacteria
or viruses affect the immunoresponse to bacteria- or virus-
associated antigens. Hence, sorting and characterization of
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Fig. 10. Separations of erythropoeitin (~38 kDa) from nanoparticles
applying a decay of initial constant 50% cross-flow to 1% after 13 min
(black), 16.3 min (blue) and 19.7 min (red), respectively. The reproduci-
bility of the separations is reflected by the overlap of UV, detector
signals of both void peak and protein. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

deactivated bacteria or viruses is an important way of
quality control for whole-cell bacterial or viral vaccines and
AF4 performance was successfully demonstrated [105]. In
this context, also the separation of plasmids and plasmid
fragments [74] as well as the determination of acid
phosphatase in cultivation media via AF4 have to be
subsumed [106].

Interestingly, the evaluation of the translation capacity of
cells producing recombinant proteins can be realized by
screening their ribosomal composition via AF4. Separation
and determination of the level of tRNA, ribosome and
ribosomal subunits via AF4 have already been reported
[107-109]. Based on this, an optimized ribosome prep-
aration method has been reported, including cell harvest,
lysozyme treatment, detergent treatment as well as sub-
sequent AF4 analysis and channel wash in less than 20 min
[110]. This enables one to monitor change of several growth
and production indicators in one individual experiment
as well as high-frequency sampling. The separation
of ribosomal material—i.e. the number of active 70S
ribosomes and the overall number of 30S, 50S and 70S
ribosomal particles and the tRNA level—are much faster
than the alternative ultracentrifugation which can have
analysis times of several hours [111].

Commensurate with the nowadays increased ecological
awareness, AF4 is employed increasingly in analytics of
environmental particles and macromolecules. This devel-
opment is instanced by the characterization of humic
substances and the separation of colloidal organic matter
from river waters [112]. Similarly, the effects of ionic
strength and electrolyte composition on the aggregation of
fractionated humic substances were scrutinized [113]. By
coupling AF4 with alternative detection systems, thermal
lens spectroscopy was demonstrated to reveal improved
sensitivity in the characterization of environmental hydro-
colloids, especially for particle dimensions <20 nm [114].
As the molecular size of humic substances is still highly

controversial, with reported molar masses in the range of
500-200,000 Da [115], the moderate and non-disruptive
separation features of FFF appear tailor-made for studying
sensitive substances.

3.3. Random walks

Considering that FFF was introduced to analytical
science in the late 1960s and was long kept in a rather
shadowy existence, by regarding the development in the last
decade it is to be assumed that diversity and potential of FFF
methods and especially AF4/F4 most probably will
experience an upturn in the years ahead. Only recently,
considerable effort was devoted to further investigating the
underlying principles of AF4/F4 and bolster the theory with
data based on experiments aimed at clarifying potential
pitfalls of the method. For instance, the effects of the carrier
ionic strength and carrier composition on the retention
behavior of analytes in F4 were well enlightened [116]. The
impact of sample concentration effects on retention was
analyzed, indicating that retention deviations in case of
compact particles are due to mean distance effects while in
case of random coil behaving samples viscosity effects
come into place [117]. In the characterization of particles by
F4, corrections to standard retention theory that account for
particle—wall interactions were investigated, based on
theoretical calculations as well as on data derived by
appropriate, target-oriented experiments [118]. Given that
background, future analytical tasks can be approached by
means of F4 even more efficaciously.

Due to the versatility of the technique, the use of AF4 is
not restricted to the fractionation and characterization of
drugs and excipients commonly used in pharmaceutics and
biopharmaceutics, but can of course provide valuable data
in many related fields, e.g. problems of sterility and
particle contamination associated with the mass production
of parenterals [119]. Referring to this, it is known that
besides drug instability, particulate matter can emerge in
parenterals/package materials during processing, e.g. by
sterilization, freezing and lyophilization [120]. In order to
scrutinize the sensitivity of AF4 in the fractionation of
particulate matter, parenteral package containers were
subjected to various processes that package materials
normally encounter in the course of manufacturing and
production of pharmaceuticals. To provoke particulate
matter generation, 20R glass vials were sterilized by dry
heat (180 °C, 20 min), filled with 5 ml Milli-Q™ -water,
stored at — 80 °C for 24 h prior to further 24 h storage at
5 °C, were exposed to lyophilization applying state-of-the-
art process parameters, and finally refilled by adding 5 ml
Milli-Q™ -water. Light obscuration data ascribed virtually
no particulate contamination to sterilization and freeze/
thaw processes, but the final lyophilization step accounted
the lion’s share of particulate contaminates. Conversely,
AF4/MALS analysis of the sample batches prior/sub-
sequent to the freeze/thaw cycle revealed a notable
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Fig. 11. Sensitivity of AF4/MALS in detection of particulate matter induced by manufacturing processes: parenteral package container volume prior (left) and
subsequent (right) to freeze/thaw cycle (refer to text). Since the particles reveal no UV,g, absorbance, UV spectrophotometry (black curve) fails detection—
whereas the sensitivity of MALSq- (grey curve) is expressed by intense signals. AF4 parameters: 25% cross-flow is reduced to 0% after 13 min, forward flow
1 ml/min. Note that in this application light obscuration failed in detecting particle contamination.

increase of scattered light intensity due to particles in the
higher nm range and pm range, which emerged during
freeze/thawing (Fig. 11). Due to that, AF4 can present a
valuable alternative in analytical challenges where particle
counting techniques such as light obscuration detects no
notable results, e.g. in the differentiation between protein
solutions with and without visible particulate matter. AF4
recently succeeded in the fractionation of particulate
samples in the two-digit wm range, thereby approaching
sample components coming up to visibility [121].
Moreover, AF4 can be used in the field of disposable
syringes for the parenteral application of drugs. The special
features of those syringes are conferred by siliconization.
Often, thin films of silicone oil are spread from diluted
aqueous silicone oil emulsions on the inner barrel surface
and successively heat treated above 300 °C for ~ 30 min.
However, even after heat curing besides an immobilized
bound component a soluble silicone oil fraction is present
on the glass barrel surface. This soluble silicone oil is
amenable to detachment, may permeate into the syringe
volume and thereby result in (sub-)visible particulate matter
via coalescence processes—thus potentially contravening

regulatory standards. Notable increase in particle contami-
nation of disposable siliconized syringes due to silicone oil
detachment and potential interactions of drugs with silicone
oil syringe coatings have repeatedly been reported
[122—124]. Of crucial importance thereby is the question
of the particulate matter origin—e.g. denatured and
aggregated protein drug or silicone oil detachment and
coalescence. Subjecting protein solution filled siliconized
syringes which have already experienced silicone oil
detachment to thermal stress renders three components
amenable to AF4 separation—thereby simulating a worst-
case scenario (Fig. 12): a fraction of silicone oil droplets, the
native 147 kDa immunoglobulin drug, and a fraction of
hmw protein aggregates. According to the principles of AF4
fractionation, the ~ 10 wm silicone oil droplets elute in
steric mode conditions prior to the soluble protein. By
means of on-line MALS coupling, the MW of both protein
monomer and hmw aggregates can conveniently be
assessed. This application demonstrates that AF4 can be a
valuable tool for answering challenging questions, which
otherwise could necessitate the application of an array of
expensive analytical methods.
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Fig. 12. Left: AF4 fractionation of a complex mixture of components in heat-stressed siliconized syringes: (1) silicone oil droplets, (2) protein drug monomer
and (3) hmw protein aggregates. UV (black line) and MALSq- signal (grey line), the latter revealing a 150 kDa MW of the native monomers. Right: light
microscopy analysis of the collected (1) fraction, scale bar representing 100 wm. Note the ideal spherical dimensions of the dispersed silicone oil droplets. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

In this review the family of field-flow fractionation (FFF)
was presented as a versatile and powerful analytical
technique. The underlying principles as well as the system
set-up of asymmetrical flow FFF (AF4) were introduced.
Due to its unique features, AF4 may be deemed a valuable
tool in biopharmaceutical analytics: soluble and insoluble
sample specimen can be characterized concomitantly, and
also complex mixtures of colloids, particles or even cells
can be characterized. The possibility to subject non-
prepared samples to AF4 analysis is a prerequisite for the
quantification of hmw protein aggregates. Because the
separation channel lacks a stationary phase/package
material, even shear-sensitive samples can be analyzed.
The resolution power can be universally modulated between
two individual runs or even in one run, and sample fractions
can be provided for subsequent on-line or off-line analysis.
The wide application range, running the gamut from 1 nm
up to ~ 100 wm, encompasses more applications than most
other analytical techniques do. Moreover, the possibility to
combine AF4 with highly sophisticated detection tech-
niques like MALS or other methods like inductively
coupled plasma (ICP) or electronspray mass spectroscopy
may further fertilize the AF4 application range. Thereby, a
convenient identification of the separated analytes by
assessment of molar mass, hydrodynamic radius or
chemical composition is possible.

Given the background of a tremendous demand for
powerful and versatile analytical techniques in biopharma-
ceutical analytics today, and bearing in mind the valuable
and unique features of AF4, a more widespread utilization
of AF4 is to be expected.
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