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Preface

The collection of analytical techniques suitable for separation and characterization

of fragile biopolymers contains, among many others, a group of methods collec-

tively referred to as Field-Flow Fractionation (FFF). Common to these methods is

that they are liquid phase elution techniques, in which the separation is executed in

open channels unobstructed by solid packing materials, and that they offer a wide

resolution range particularly well suited for macromolecules and particles. Recently,

these techniques have had a strong upswing in use, especially due to the increased

availability of convenient–to-handle commercial instrumentation. The FFF techni-

ques differ from each other in terms of the field chosen to accomplish selectivity, e.g.

thermal, gravitational, electrical, etc. Today, the hydrodynamic “flow field” is most

commonly used, and hence the present collection of articles focuses extensively,

although not exclusively, on a number of attractive applications of flow FFF to

problem solving in the biomedical field. The growth of a technique brings with it

nonuniformity in terminology. For example, asymmetrical flow FFF is commonly

designated as AsFlFFF or AF4. This variation is apparent in the published literature

and was purposefully maintained in this book.

Chapter 1 describes the theory of flow FFF, both in the symmetric and asym-

metric channels presently in use. The evolution and fine-tuning of the technique is

discussed in conjunction with the effects of channel dimensions and operating

conditions on retention and resolution.

Chapter 2 discusses the choice of membrane to serve as sample accumulation

wall in the flow FFF channel. The discussion leads to a scrutiny of sample recovery

in relationship to membrane composition and zonal compression (retention).

Chapter 3 introduces the tubular, hollow fiber flow FFF channel which provides

the advantage of being easy to replace, as one eliminates cross-over between runs.

Through this approach sample volumes can be kept low to allow for MS-analysis on

line.

Chapter 4 advances the technique into the 2D domain, where the first dimension

is an isoelectric focusing and the second is a size-based separation accomplished by
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asymmetric flow FFF. The system design is described and the technique is proven

amply suited for problem-solving in proteomics.

Chapter 5 illustrates the use of flow FFF in pharmaceutical problem solving.

Target identification and development of production processes are discussed in

conjunction with process analytical technology formulation (PAT) and use in the

discovery phase of protein therapeutic development.

Chapter 6 is another pharmaceutical application. It examines the analytical

reliability of flow FFF and compares it to the performance of AUC and the work

horse SEC in characterizing pharmaceutical proteins in terms of purity and aggre-

gation.

Chapter 7 constitutes a detailed study on protein aggregate formation in the flow

FFF channel, with or without crossflow.

Chapter 8 illustrates how the flow FFF technique, unlike the packed bed based

SEC, can demonstrate weak protein interaction (KD>mM) and analyze the compo-

nents participating in complex formation under different conditions.

Chapter 9 examines the wide resolution range of the FFF techniques and

demonstrates its particular value for particles produced for drug delivery and as

an on-line sample clean-up tool to remove non-specific background molecules and

enhance signal-to-noise ratio in immunoassays.

Chapter 10 demonstrates how highly complex protein structures, such as prions,

can be purified and analyzed using flow FFF thus allowing correlation of protein

aggregate size and structure to infectivity.

Chapter 11 presents the sedimentation FFF technique in its capacity as a

sensitive mass balance which allows an exact and reproducible determination of

the number of molecules – be it proteins or synthetic polymers- that are introduced

to a nanoparticle surface during modification. This quantification allows a determi-

nation to be made e.g. of the specific binding of a protein to its substrate.

Chapter 12 gives a polymer chemist’s use of the combination Flow FFF/MALS

in the analysis of a range of starches and other polysaccharides in terms of e.g.

molecular weight, size, and branching.

Chapter 13 addresses nanoparticles used for drug and gene delivery and the

required evaluation of size as well as load. The AF4 is shown to be invaluable in

determination of both size and size distribution, comparing favorably with DLS,

AUC, and a number of microscopic techniques. The chapter contains an extensive

literature review of FFF analyses of drug and gene delivery systems.

Chapter 14 discusses the studies of size and size distribution of liposomes,

especially those intended for drug delivery purposes. The Flow FFF /MALS is

shown to provide detailed insight into shifts in these parameters caused by shifts in

fabrication conditions.

Chapter 15 demonstrates the ability of sedimentation FFF to sort populations of

mammalian cells in terms of degree of maturation, differentiation and apoptosis.

The cells remain undamaged by the sorting, which does not require binding of

markers or specific identifiers to the cell surfaces.

Chapter 16 cells can be typed and enriched in miniaturized flow channels by

dielectrophoretic FFF for which a theory is outlined in this chapter. The technique is
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highly specific and does not require the binding of antibodies or other marker

identifiers.

Chapter 17 reviews the use of flow and sedimentation FFF to determine size

distributions of environmental and engineered nanoparticles. Nanoecotoxicity is an

emerging field. Here size is an obvious characteristic of importance, as it relates to

uptake and organ penetration. Hyphenation of the FFF channels with the element

sensitive ICP-MS is shown to be of unique value in pinpointing environmental

metal transport and understanding toxicity.

Golden, CO, USA S. Kim R. Williams
Uppsala, Sweden Karin D. Caldwell
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Chapter 1

Flow FFF – Basics and Key Applications

Karl-Gustav Wahlund and Lars Nilsson

Abstract The 1990s and 2000s have seen a rapidly growing use of flow field-flow

fractionation (flow FFF, FlFFF). As of today hundreds of publications in many

different application areas are presented each year in which flow FFF has been used

or is referred to. In this chapter a brief historical overview of flow FFF is given.

Channel designs and basic principles are discussed as well as approaches to

development of rapid high resolution separations. Finally, an overview of key

applications is included with pioneering and ground-breaking papers from

literature.

Keywords Flow field-flow fractionation • Flow FFF • Trapezoidal asymmetrical

channel • Asymmetrical flow FFF • Protein aggregates • Plasmids • High resolution •

Rapid separations • H-value • Time-average velocity • Velocity gradient •

Polysaccharides • Ultra-high molar mass • Zone broadening

1.1 Flow Field-Flow Fractionation

The 1990s and 2000s have seen a rapidly growing use of flow field-flow fraction-

ation (flow FFF, FlFFF). As of today hundreds of publications in many different

application areas are presented each year in which flow FFF has been used or is

referred to. Such growth is necessarily dependent on the introduction of commercial

equipment.

The development of flow FFF to its present state can be can be traced back to the

theories and research by the late J. Calvin Giddings [1, 2] and his group and has

K.-G. Wahlund (*)

Unit for Analysis and Synthesis, Department of Chemistry, Lund University, Lund, SE, Sweden

e-mail: Karl-Gustav.Wahlund@organic.lu.se

L. Nilsson
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taken place in four development steps. The first step is represented by the first

publication on flow FFF 1976 [3], tightly followed by several more [4–7]. The

second step was the introduction of high-flow fractionations in 1986 to increase the

separation speed [8]. The third step started in the mid-1980s also, still using high-

flow fractionations, when a significant change of the construction of the flow FFF

channel rendered the term asymmetrical flow FFF (AsFlFFF) [9]. The fourth step

occurred in 1991 when the trapezoidal AsFlFFF channel was introduced [10–12].

This design has since been used in very successful commercial instrumentations.

The first step publications used separation channels that nowadays are often

termed symmetrical flow FFF channels. They were of the parallel plate rectangular

design using two permeable walls. The delivery of the carrier flow was obtained by

peristaltic pumps. This necessarily led to using low flow rates (< 1 ml/min), low

migration velocities, and therefore very long retention times, typically many hours

(1–5 h). Technically, the separations can be characterized as low-speed

fractionations. Yet, because of the slow migration, excellent resolution between

components was obtained. Applications were explored for many important sample

types such as proteins [3, 5].

To obtain the same resolution, but with higher speed, it was necessary to go to

the second development step. This utilized standard HPLC pumps capable of

delivering flow rates in the range 0.5–10 ml/min, still using the parallel plate

rectangular symmetrical channels. Thus the separation speed was increased so

that the retention times were reduced to values within a 5–50 min range. This

also eliminated a common adverse effect that was caused by sample immobilisation

on the membrane when the crossflow velocity was high relative to the channel flow

velocity [8]. Basically, this seems to have been caused by the limited channel flow

rates that peristaltic pumps could create.

In the third development step the parallel plate rectangular design was again

used but with only one permeable wall, i.e. the rectangular asymmetrical flow FFF

channel. This offered a significant technical simplification. Again, separations were

performed in 5–50 min. Later on, when experimental conditions were fine-tuned by

further technical improvements (downstream central injection) and optimization of

flow rates, the separation speed and resolution was much improved [13, 14]. High-

speed high-resolution separations of a protein and its dimer was obtained in 15 min

[13], then in 10 min, and even 3 min [14]. These advances made the way for

AsFlFFF in a broader scientific community.

The fourth step introduced the trapezoidal geometry. Theoretical work showed

that this design will give improved performance, as compared to the rectangular

symmetrical channel and the rectangular asymmetrical channel, regarding peak

dilution, which can be reduced by a factor of 4. Therefore the detection limit can be

decreased and this makes it possible to decrease the sample load on the channel thus

having better chances to avoid sample mass overloading and to reach lower mass

detection limits. Further fine tuning of flow conditions and channel thickness made

it possible to separate five components with complete resolution in 7 min,

i.e. roughly one peak per minute [10]. This channel design is today used in all

commercial instruments for flow FFF.

2 K.-G. Wahlund and L. Nilsson



It may be mentioned that other scientists suggested flow FFF to be performed

in cylindrical hollow fibers [15, 16] and parallel plate channels [17] and worked

out complete theories. However, this never turned into experimentally useful

separations. Full theoretical work on symmetrical and asymmetrical flow FFF

with parallel plates was presented [18–20] but no useful experiments were

demonstrated. Renewed interest and much improved experimental design of hollow

fiber FFF took place in the late 1980s [21–23] but problems with the technical

quality and stability of the fibers seem to have halted further work. Hollow fiber

FFF was again revived in early 2000s [24–27] and later on excellent results were

demonstrated especially as a pre-separation tool to proteomics analysis [28].

The work referred to above represents the so-called normal mode [29], which is

applicable to submicron particles andmacromolecules (5 to ~500 nmdiameter).When

sample components aremicron-sized particles ormacromolecules (~0.5–50mmdiam-

eter) the fractionation mechanism can change into so called steric [30], hyperlayer,

steric-hyperlayer, or focusing mode, which experimentally are nearly the same, and

can result in high-speed particle separations (4 sec–2 min) sometimes effected by

using extremely high flow rates (38 ml/min) [31–33]. However, the remainder of this

chapter will only dealwith normalmode separation since this is themode that is useful

for most biopolymer separations.

1.2 Basics

1.2.1 Principle

The principle of trapezoidal asymmetrical flow FFF is illustrated in Fig. 1.1. The

crossflow drives sample components towards the ultrafiltration membrane, the

accumulation wall, where they are confined to a thin concentrated layer [34, 35].

The Brownian motion yielding a transport in the opposite direction, away

from the membrane, simultaneously causes a steady-state concentration distribu-

tion, i.e. the sample components will, after some time, have become relaxed in

relation to the transport caused by the crossflow. The concentration distribution is

exponential which means that the highest concentration is found at the wall whereas

the concentration decreases exponentially with increasing distance from the wall.

The thickness of the layer is characterized by the centre of gravity, l, of the

concentration distribution. This can be thought of as a kind of mean distance

from the wall and is under common experimental conditions of the order of a few

micrometers. The relative distance from the wall, l divided by the channel thick-

ness, w, is the most important retention parameter, symbolized by l (see more

below), since it directly governs the retention time and the zone broadening. Any

decrease of the retention parameter l contributes to increased retention time and

increased resolution between components. Of course, the retention time can be

modulated by the carrier flow velocity, which also however effects the resolution.

Generally, it should be preferred to use as low l as possible in combination with as

1 Flow FFF – Basics and Key Applications 3



high carrier velocity as possible in order to maximize resolution and minimize

retention time. This is obtained by high crossflow velocity together with high carrier

channel flow velocity [8]. The benefit of high crossflow velocity comes from its

effect on a component’s centre of gravity distance from the accumulation wall, i.e.

the thickness of the component layer. The thinner the layer is, the lesser will be the

contribution of non-equilibrium zone broadening. The reason is that the sample

component’s transversal Brownian motion is confined to a thinner layer, that is over

a shorter distance. This contributes to decreased zone broadening as expressed by

decreased H-value, and therefore increased resolution.

1.2.2 Channel Designs

1.2.2.1 Parallel Plate – Symmetrical

In the parallel plate symmetrical flow FFF the depletion wall (“top” plate) is a

porous frit preferably made of porous ceramic [36]. The accumulation wall

(“bottom” plate) has a semi-permeable ultrafiltration membrane supported by a

Fig. 1.1 The principle of trapezoidal asymmetrical flow FFF. (a) Illustration of the separation of

two particles of different size. A homogeneous mixture was loaded through the sample inlet tube,

then relaxed and focused at a short distance downstream from the sample inlet. When the elution

flow starts the two particle populations start to migrate with different velocities. At the end of the

channel the two zones have become resolved. Filled symbol ¼ large particle. Open symbol ¼
small particle. w ¼ channel thickness. l ¼ the centre of gravity distances of particle populations

from the ultrafiltration accumulation wall. (b) The geometry of the trapezoidal channel. b0 and bL
are the breadths of the trapezoid at the inlet and outlet ends. z denotes the distance along the length
axis. z00 defines the length of the two cuts making up the area y. L is the channel length (Reproduced

with permission from [10], # 1991, American Chemical Society)

4 K.-G. Wahlund and L. Nilsson



porous frit that is similar to the top wall. The separation channel is created by cutting

out a suitable area in a spacer material, which then is squeezed between the top and

bottom walls. The carrier liquid enters the so formed channel in one end (inlet end)

and leaves through the other end (outlet end). Sample solutions or dispersions are

introduced at the inlet end and separated sample components will exit the channel

through the outlet end to be carried into a suitable flow-through detector.

Sample introduction has been performed by various techniques. A sample

injection valve inserted in the inlet flow line is the simplest way and is combined

with a stop-flow period immediately after the total sample volume has been

displaced in order to let the relaxation take place. The frit inlet technique gives

an improved starting distribution of the sample and takes care of the relaxation

without using stop-flow.

1.2.2.2 Parallel Plate – Asymmetrical, Rectangular

The asymmetrical flow FFF channel was invented in order to simplify the channel

construction and eliminate a potential negative influence of the presence of the

upper wall frit. The latter was replaced by a solid non-porous material such as glass

or PMMA [9] (Fig. 1.1). This channel rapidly gained acceptance since it gave

results of higher resolution and speed than the symmetrical channel [9, 13, 14].

With the introduction of the focusing technique for sample introduction and

relaxation together with shifting the sample injection point from the channel inlet

tip to a few cm downstream the channel (downstream central injection, DCI) very

time-efficient sample injection/relaxation could be made without any disturbing

zone broadening [11, 13].

1.2.2.3 Parallel Plate – Asymmetrical, Trapezoidal

The trapezoidal version was introduced [10, 11] as a response to a specific limita-

tion of the rectangular channel. When the crossflow rate was needed to be high (for

relatively low molar mass or small nanoparticles) and therefore often constituting a

large fraction of the channel inlet flowrate, the remaining channel flowrate at the

channel outlet end was very low and consequently also the channel flow velocity.

This can potentially lead to adverse effects. One was suspected to be a notable

contribution from longitudinal diffusional zone broadening, the other a possible

retardation or even immobilization due to a low ratio of channel flow velocity to

crossflow velocity. The remedy to this was the invention of a channel that has a

linearly decreasing breadth. This “trapezoidal” channel will naturally have a

decreasing gradient in the longitudinal flow velocity, but sometimes a minimum

[10] so that the velocity increases on approaching the channel outlet. A positive

effect of the trapezoidal channels is that the detection sensitivity could be increased

by at least a factor of 4 due to the low channel flowrate at the channel outlet end, so

1 Flow FFF – Basics and Key Applications 5



that sample components were less diluted when entering the detector than in a

rectangular channel. The trapezoidal channel is standard today.

1.2.3 Retention Parameters and Zone Broadening

For experimental purposes [37] it is most useful to consider retention in terms of the

retention level, RL, which is defined as

RL ¼ tr
t0

(1.1)

where tr is the retention time and t0 is the void time. Equation 1.1 expresses the

number of void times in the retention time. This corresponds in some way to the

retention factor used in chromatography. The importance of knowing the retention

level is because it has a direct effect on the separation efficiency and then on the

resolution, RS. The resolution can be calculated [38] by

RS ¼ Dtr
�wb

(1.2)

where Dtr is the difference in retention time between two peaks and �wb is the

average of their base widths, which each are four standard deviations projected onto

the baseline.

In fact, it is through proper choice of the retention level that the resolution

between peaks can be optimized since the base width is strongly dependent on the

retention level. When publishing fractograms it is therefore a good habit to mark or

give the value of t0 so that it can be easily concluded which retention level has been
used.

For the trapezoidal channel the calculation of t0 is made [10] by

t0 ¼ V0

Fcross
ln 1þ Fcross

Fout
1� w boz

0 � bo�bL
2L z02 � y

� �
V0

 !" #
(1.3)

where V0 is the volume of the channel (void volume) and w its thickness. The

symbols b0, bL, z
0, y, and L, further define the geometry of the channel as explained

in Fig. 1.1. Fcross is the crossflow volume rate and Fout the channel outlet flowrate.

The retention time can be directly measured in the fractogram whereas the void

time should preferably be calculated directly from Eq. 1.3 [9, 10, 12–14, 37]. The

reason to use Eq. 1.3 is that it is hardly possible to find an “unretained” sample

component that is carried through the channel with the true void time although

this has sometimes been practiced [9, 13]. Moreover, for accurate experimental

measurement of the retention level, and parameters derived from it, any so called

6 K.-G. Wahlund and L. Nilsson



“void peaks” in the most early part of the fractogram should not be used since their

origin and migration character are not well defined.

The retention level can be directly related to the retention parameter l by

RL ¼ 1

6l
(1.4)

This is an approximation which is valid for most practical purposes [9, 12, 37],

for example when RL � 5.3, if a 5% relative error is accepted [37]. Therefore it

applies to nearly all relevant experimental conditions since good-resolution

separations in any case requires much higher retention levels than 5 [7, 39].

Now, the retention parameter l is defined by

l ¼ l

w
(1.5)

where l is the centre of gravity distance from the accumulation of the exponential

sample component concentration distribution at the wall, as illustrated in Fig. 1.1.

In this way l becomes dimensionless and expresses the relative distance from the

wall instead of the absolute (l).
Next, the centre of gravity distance is governed by

l ¼ D

u0
(1.6)

in which D is the diffusion coefficient of a sample component and u0 is the

crossflow velocity at the membrane surface. Then, the retention level can be

expressed as

RL ¼ wu0
6D

¼ wFcross

6AD
(1.7)

which shows how it can be controlled by the experimental conditions, w and Fcross,

if it is assumed that the area A of the accumulation wall membrane through which

the crossflow passes is constant. Clearly, any increase of the crossflow rate will

increase the retention level. Alternatively, increasing the channel thickness will

also increase the retention level.

Finally, Eq. 1.7 shows also how the retention level depends on the property of

sample components through their diffusion coefficients. Therefore the retention

level increases in direct proportion to increasing molecular size (decreasing

diffusion coefficients or increasing hydrodynamic diameters). Equations 1.2–1.4

demonstrate the importance of understanding the role of the retention parameters l
and l and how they can be regulated by the experimental conditions and therefore

used to predict and control the retention level by Eq. 1.7.

Finally, the retention time can be predicted [9] by

1 Flow FFF – Basics and Key Applications 7



tr ¼ w2

6VoD
Fcrosst

o (1.8)

which means that for a given channel geometry (w, VO) and a specified sample

component of diffusion coefficient D only the crossflow rate remains to be adjusted

except that this also will affect the void time. When this is accounted for by

substitution for (1.3) the retention time expression becomes [12]

tr ¼ w2

6D
ln 1þ Fcross

Fout
B

� �
(1.9)

where B is the expression within square brackets in Eq. 1.3 and describes the

channel geometry. Hence, for a given channel geometry and sample component

diffusion coefficient the retention time can be simply controlled and adjusted by the

ratio Fcross/Fout. If retention time prediction rather would be made based on a

component’s hydrodynamic diameter (dh) the diffusion coefficient can be substituted
for an expression based on the Stokes-Einstein equation.

The separation efficiency in an asymmetrical flow FFF channel is related to the

H-value which expresses the zone variance per length unit as observed at the outlet
end of the channel [40]. It is given [10–12, 14] by

�H ¼ 24l3w2

D
�v ¼ 24l3w2

D

ðL� z0Þ
t0

(1.10)

where �H is the average H-value as observed at the channel outlet, �v is the time-

average carrier velocity, and L-z0 the effective channel length. This equation has

the same mathematical form as that for symmetrical flow FFF channels [8] but there

the carrier velocity and therefore the local H-value is constant throughout the

channel length. Experimental determination of the �H-value can be based on

[10–12, 14, 41]

�H ¼ Ls2t
t2r

(1.11)

where st is the peak standard deviation in time units.

1.3 Asymmetrical Flow FFF – Working Out Separations

The successful flow FFF separation of a multicomponent sample may have to reach

several criteria. Firstly, of course, the resolution between peaks needs to be suffi-

cient and this is fulfilled by RS � 1.5. This corresponds to “complete” resolution

between two sample component zones meaning that each zone is pure by 98% if

8 K.-G. Wahlund and L. Nilsson



their concentration peak heights are equal. Sometimes a resolution value of about

1.0 may suffice. Another parameter is the separation speed, which directly relates to

the retention time. Some users prefer high-speed separations for which a minimiza-

tion of retention times is necessary. Another pre-requisite may be the peak concen-

tration, which is of importance when the detection sensitivity is low or when sample

mass is limited. The latter can happen when overloading phenomena occur such as

for ultra-high molar mass polymers [42, 43].

As opposed to the situation in column chromatography, optimisation of separa-

tion experiments in AsFlFFF is not straight-forward. In chromatography there is a

direct dependence of separation time on the reciprocal of the flowrate and the outlet

flowrate will of course be identical to the inlet flowrate. The flowrate also

determines the separation efficiency, N (plate number), by way of the H-value of

the van Deemter equation, so that the efficiency can be improved by reducing the

flowrate. Then, the effect of flowrate on the analysis time and efficiency is straight-

forward. The challenge in AsFlFFF is that there are three flowrates to operate but

they are interdependent: the inlet flowrate, the outlet flowrate, and the crossflow rate

as illustrated in Fig. 1.1. These flowrates depend on each other since the sum of the

two outlet flowrates have to be identical to the single inlet flowrate,

Fin ¼ Fout þ Fcross (1.12)

Fin being determined by the flow delivery from a pump. Once two of the flowrates

have been fixed the third is given. Moreover, if one of the flowrates is changed, at

least one of the other two also has to change. Since the retention time and the

separation efficiency depend on both the transport flow velocity through the chan-

nel and the crossflow velocity they are governed by all three flowrates, the

crossflow rate influencing the retention level.

The optimisation of AsFlFFF separations has the goal to obtain enough resolu-

tion between peaks in a reasonable time as decided by the user and the analytical

problem. As in chromatography, if the resolution is more than necessary it is

possible to decrease analysis time (retention times) by choosing flowrate conditions

that decrease the resolution. The other way around, if the resolution is not enough it

can be increased at the cost of longer analysis time.

1.3.1 Retention Time and Separation Speed

The way to adjust the retention time is explained by Eq. 1.9 which shows that for a

given channel geometry (length, breadth, thickness) the retention time can be

regulated by the ratio Fcross/Fout. For preliminary experiments it is recommended

to calculate the necessary ratio with a 5 min retention time as goal [44], provided

that short analysis time is prioritized. With less demands on analysis time any

longer retention time can be chosen.
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If Fcross has some upper limit so that RL has to be sacrificed it can be

compensated for by sacrificing analysis time through increasing tr. If necessary,
thicker channels can be used to compensate for the loss in RL.

1.3.2 Retention Level and Resolution

To obtain the desired resolution [45] (usually RS � 1.5) Fin should be increased as

much as is needed while keeping the ratio Fcross/Fout constant. The result will be a

successive narrowing of the sample component zone widths while keeping reten-

tion times constant [11]. Hence an increase of the resolution. The source for this

effect is the increase of Fcross in proportion to the increase of Fin. As Fcross increases

the sample components are more compressed to the ultrafiltration membrane so that

the centre of gravity distance, l, becomes shorter and so also the l. Smaller lmeans

that the H-value decreases impacting both separation efficiency and the zone

widths.

1.3.3 Development of a Separation

Comprehensive descriptions on how to develop AsFlFFF separations has been the

subject of many publications [8–14, 37, 44]. The primary parameter to regulate is

the retention level. It should be in the range 5–40. Below 5 the resolution rapidly

deteriorates. Any increase of the retention level contributes to increased resolution

but when approaching 40 some declination of peak symmetry and efficiency have

been observed for monoclonal antibodies [12]. The way to choose the retention

level is by adjusting the crossflow rate according to Eq. 1.8. For this, two different

approaches can be used. The first one is to be used if the retention time already is

adequate. Fcross is then increased while keeping the ratio Fcross/Fout constant. This is

simply effected by increasing Fin as much as possible. If analysis time can be

sacrificed, leading to higher retention times, a second approach is to increase Fcross

at constant Fin by increasing the ratio Fcross/Fout, i.e. by decreasing Fout.

For some instruments there are upper limitations in the available crossflow rates

due to the pumping system and/or flow regulators. This can limit the available

retention levels and resolution. Thus, if the retention level has to be sacrificed this

can be compensated by a decreased separation speed, i.e. higher retention times,

through a decreased time-average carrier velocity. This helps to decrease the

H-value and keep up the resolution. A further way to keep up the resolution is to

increase the channel thickness since this increases the retention level according to

Eq. 1.7. In addition, it decreases the �H-value according to Eq. 1.10, which further

helps to increase the resolution. The reason is that a thicker channel contributes to a

decrease in the retention parameter l according to Eq. 1.5. Because of the cubic

dependence of the �H-value on l this dominates over the square dependence on

channel thickness.
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The Fcross/Fout ratio can also be used to improve the peak height, i.e. decrease the

sample dilution in the channel. Because of the continuous loss of flow through

the accumulation wall in AsFlFFF, an increase of Fcross/Fout results in the sample

components being eluted in smaller volumes. This decrease in eluted sample

volume counteracts the dilution of the samples due to zone broadening and may

very efficiently effect the sample concentration of the effluent. The maximum peak

height is usually obtained at a short, but for the resolution necessary, retention time.

1.3.4 Programmed Crossflow

Crossflow programming (crossflow gradient) is used to continuously decrease the

retention level during a separation. Two common types are linear decays and

exponential decays [46]. Sometimes there is a short period of constant (isocratic)

crossflow before the decay sets in.

One reason for using crossflow gradients is when the sample contains

components of widely different sizes. Then a constant crossflow separation may

not resolve the smallest and largest components in one single experiment if they

would fall outside the operative range of retention levels, i.e. 5–40 (see below).

Of course, if it is acceptable to make several experiments they can be performed

with different constant crossflows, each to fit a certain size fraction in the sample.

Since a crossflow gradient squeezes differently sized components into smaller

retention time increments it may give lower size resolution than an isocratic run.

This should be considered in determinations of molar mass and size distributions

since the accuracy increases with the resolution.

Another reason for using crossflow gradients is when analyzing an unknown

sample so as to quickly get a first idea of the various component sizes that are

present. For this purpose the exponential decay should be preferred since the

crossflow never reaches zero. This avoids the possibility that the very largest

sample components are eluted without any crossflow acting on them.

A study was made of crossflow programming for size separation of very poly-

disperse hydroxypropyl cellulose and a set of pullulan standards of widely different

molar masses [47]. For the pullulans the exponentially decaying crossflow was

more beneficial since it gave a higher molar mass selectivity in the high molar mass

range and a more uniform selectivity across the whole fractogram.

1.4 Biopolymer Characterization – Molar Mass, Hydrodynamic

Diameter (Stokes Diameter), Root-Mean-Square Radius,

Conformation, Shape

A strong property of flow FFF and the other kinds of FFF is that, since they are

based on first principles in physical chemistry, the experimental results in terms of

for example retention time, retention level, and other, can be used to back-calculate
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to basic physico-chemical properties of the separated components. This results in

characterization of the components. In flow FFF the characterized property is the

diffusion coefficient which can be transformed to the hydrodynamic diameter

(Stokes diameter). Hence, results can be used to obtain macromolecular hydrody-

namic diameter and hydrodynamic diameter distribution. Another possibility for

this is to couple a flow-through dynamic light scattering detector to the channel

outlet.

If the effluent from the channel is coupled on-line to special detectors, further

characteristics can be obtained. When a multiangle light scattering (MALS) detec-

tor is used in combination with a refractive index (RI) or UV/Vis detector, the molar

mass (M) can be directly measured as well as the root-mean-square radius. This

gives highly important characterization data for biopolymers that even can be used

to measure biopolymer conformation and shape. Further shape information can be

obtained by relating the root-mean-square radius to the hydrodynamic radius.

1.4.1 Determination of the Hydrodynamic Diameter
(Stokes Diameter) and the Apparent Density

Under conditions of high retention, where Eq. 1.8 is valid, the diffusion coefficient

of a sample component can be measured from the retention time according to

D ¼ t0Fcrossw
2

6V0

1

tr
(1.13)

which is a transformation of Eq. 1.8. Using the Stokes-Einstein equation the

diffusion coefficient can be transformed into the hydrodynamic diameter, dh, by

dh ¼ 2V0kT

w2p�t0Fcross
tr (1.14)

where k is the Boltzmann constant, T the temperature and Z the dynamic viscosity

of the solvent. A fractogram from an FFF analysis may therefore be presented as the

detector response plotted against a time scale or a size (hydrodynamic diameter)

scale. The transformation of the time scale into a size scale is linear to within 10%

relative error at retention levels >2.3 [37] and starts at t0 where the hydrodynamic

size is 0.

An interesting property of a macromolecule is its apparent density distribution.

The apparent density is defined as the average molecular mass, numerically identi-

cal to the molar mass obtained from MALS-RI detection data, of a component

divided by its molecular volume. The volume can be defined as that for a sphere

having a radius equal to either the experimental root-mean-square radius [48] as

determined by MALS detection or the hydrodynamic radius [49] as determined

from observed retention times. The apparent density has been shown to
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systematically change as a function of the molecular size which indicates changes

in structural distributions within the biopolymer [48–52].

1.5 Key Applications

Below are reported some pioneering and ground-breaking studies using AsFlFFF.

1.5.1 Proteins – Covalent/Non-covalent Aggregates,
Antibody Aggregates

Some of the earliest examples of the power of AsFlFFF as a fractionation technique

for biopolymers were fractionation of proteins and aggregates. Rapid high resolu-

tion (Rs ¼ 2.0) fractionation of human serum albumin (HSA) monomer and dimer

was achieved in 15 min utilizing a channel with 300 mm thickness [13] as illustrated

in Fig. 1.2. Nearly the same high resolution (Rs ¼ 1.8) was achieved, and with five

times higher separation speed (separation time 3 min), by a much thinner channel,

120 mm, and a higher Fin [14]. This approach was further refined in the pioneering

paper [12] on high-speed high-resolution separation of a monoclonal antibody

monomer and dimer (Rs ¼ 1.5) as well as higher aggregates, see Fig. 1.3. The

same thin channel was used, however, with even much higher Fin. These ground-

breaking papers on AsFlFFF introduced high-speed high-resolution separation of

proteins by flow FFF.

AsFlFFF has also shown its power in the fractionation of ultra-high molar mass

proteins such as glutenin, which is a polymeric protein, i.e. a covalent aggregate of

subunits. Glutenin molar mass was estimated from calibration with standards to be

in range of 4.4·105 and 1.1·107 g/mol [53]. It was shown that glutenin, as many

ultra-high molar mass macromolecules, was sensitive to overloading in the separa-

tion channel, calling for a careful optimization of experimental conditions such as

the mass load [54]. In a following paper MALS-RI detection was utilized, allowing

for direct molar mass determination [55]. The glutenins covered a wide molar mass

range (104–108 g/mol) and the results showed that gentle stirring under long

dissolution time enabled the characterization of undegraded glutenins while soni-

cation caused degradation.

Casein micelles are ultra-large protein aggregates and were characterized with

AsFlFFF-MALS-RI [49]. Aggregates up to a mass of approximately 1010 g/mol

were fractionated and analyzed. Experimental data suggested strategies to distin-

guish between individual casein micelles and aggregates of casein micelles within a

population.

Other applications to proteins but obtained in symmetrical channels have been

reported [56].
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Fig. 1.2 High-resolution separations of the monomer and dimer of HSA in rectangular asymmet-

rical flow FFF channels of different thicknesses. L ¼ 28.50 cm. (a) Low-speed high-resolution

separation in a thick channel, w ¼ 300 mm. Peaks: 1 ¼ monomer (retention level ¼ 27); 2 ¼
dimer (retention level ¼ 43). Sample: HSA 10 mg/ml, �1 ml. Relaxation/focusing: focusing

point (distance from inlet, z´) ¼ 4.1 cm, Fcross ¼ 4.00 ml/min. Elution: Fin ¼ 6.09, Fcross ¼ 5.37,

Fout ¼ 0.72 ml/min, to ¼ 0.30 min. Observed diffusion coefficient for peak 1 is 5.8·10�7 cm2/s

(Reproduced from [13], # 1989, with permission from Elsevier). (b) High-speed high-resolution

separation in a thin channel, w ¼ 120 mm. Peaks: 1 ¼ cytochromeC (retention level ¼ 10);

2 ¼ HSA monomer (retention level ¼ 21); 3 ¼ HSA dimer (retention level ¼ 29).

Sample: cytochromeC 10 mg/ml, 1 ml; HSA, 1.25 mg/ml, 9 ml. Sample loading: flowrate ¼
0.1 ml/min, loop volume ¼ 10 ml, time ¼ 1 min. Relaxation/focusing: focusing point (distance

from inlet, z´) ¼ 5.0 cm, Fcross ¼ 5 ml/min during 1 min and 9.9 ml/min during 15 s. Elution:

Fin ¼ 9.7, Fcross ¼ 8.9, Fout ¼ 0.8 ml/min, to ¼ 0.09 min (Reproduced from [14], # 1989, with

permission from Elsevier)
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1.5.2 Polysaccharides

Characterization of polysaccharides and derivatives with AsFlFFF is attractive due

to the often highly polydisperse nature of these substances. Furthermore, many

polysaccharides contain ultra-high molar mass components and can sometimes be

prone to aggregate formation. The first work on polysaccharides with AsFlFFF was

performed on dextran and hyaluronan [13]. True size fractionation was achieved.

Starch is a typical example of a polysaccharide mixture which is demanding to

fractionate and to which AsFlFFF is the only nearly ideal fractionation method that

exists. Early attempts displayed the demanding nature of starch fractionation due to

the sensitivity of ultra-high molar mass biopolymers to sample mass overloading

[57]. A comprehensive study of native starch from many different botanical sources

demonstrated the high potential of AsFlFFF for starch characterization [58].

Starch derivatives are different to natural starches since the derivatization often

causes partial degradation. An AsFlFFF study on hydroxypropyl and hydroxyethyl

starch showed that good size separation in the range 4·104–6·106 g/mol could be

achieved in 3 min [59]. Other starch derivatives such as the surface active octenyl

succinic anhydride (OSA) starch [48, 60, 61] and cationic starch [42, 43] were

successfully characterized in terms of molar mass and radius distributions.

Extensive work with AsFlFFF has been performed on various cellulose

derivatives. Optimization of injected amounts and flow conditions were of outmost

Fig. 1.3 High-speed high-resolution separation of a monoclonal antibody and aggregates in a thin

trapezoidal asymmetrical channel. Peaks: 1 ¼ monomer (retention level ¼ 13), 2 ¼ dimer (reten-

tion level ¼ 19), 3–5 ¼ higher aggregates.Sample:0.2mg/ml, 20ml.Channel geometry:w ¼130mm,

L ¼ 28.50 cm, b0 ¼ 2.12 cm, bL ¼ 0.47 cm, focusing point ¼ 2.50 cm. Elution: Fin ¼ 10.00,

Fcross ¼ 8.19, Fout ¼ 1.81 ml/min, t0 ¼ 0.09 min (Reproduced from [12],# 1993, with permission

from Elsevier)
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importance in order to obtain adequate analysis [62]. High crossflows could lead to

decreased recoveries while high mass loads caused loss in recovery as well as

insufficient size separation. It has also been shown that AsFlFFF enables the

detection of ultra-high molar mass components in cellulose derivatives, most likely

representing supramolecular aggregates [63].

In the early work on cellulose derivatives it could be observed that beneficial

effects on the separation, i.e. more even selectivity over the size distribution, could

possibly be achieved by utilizing programmed crossflows which decay with time.

This concept was successfully demonstrated [47] for cellulose derivatives as well as

pullulan.

1.5.3 Polynucleotides – DNA, RNA, Viruses

Certainly, the linear biopolymers DNA and RNA have been subject to attempts to

separate by flow FFF according to chain length, for separation from other

biopolymers, or for characterization purposes. The crossflow rate of flow FFF is

easily adjusted to cover the molecular size of a specific polynucleotide. The two

plasmids pGL 101 (2,390 base pairs) and pBR 322 (4,360 base pairs) obtained the

expected order in retention times, 10 and 15 min, respectively, when run under

identical conditions [13] in a rather thick channel, 300 mm. The loaded DNA mass

had to be low, 1–2 mg, to avoid asymmetric (fronting) peaks at higher loads. At that

time there was a fast growing need to preparatively isolate DNA fragments of

different sizes after for example cleavage of plasmids by restriction enzymes into

two fragments, one small and one large, both of which needed to be collected.

A 1.6 mg sample of plasmid pTL 830 (5,300 base pairs) was treated separately with

three different enzymes to give three sets of plasmid fragments, 1,200 + 4,100 base

pairs, 200 + 5,100 base pairs, and 700 + 4,600 base pairs, respectively. In all three

cases the small and large fragments were separated with very high resolution over a

retention time scale of about 60 min or less permitting easy collection of each.

Further optimization of the flow rates together with a reduction of channel

thickness to 120 mm, brought down the separation time to 12 min for pGL 101

and pBR 322 with more than complete resolution [14]. Sample mass load had to be

in the sub-micron range, 0.1 mg, since the thinner channel was more easily

overloaded by the large plasmid leading to shifts in peak retention time and skewed

(fronting) peaks. Very rapid high-resolution separation of three “small” plasmid

fragments (200, 700, and 1200 base pairs respectively) were obtained. For “large”

plasmids and fragments the peaks were very broad due to the lower diffusion

coefficients. Yet, successful micropreparative separation of the small and large

fragments of 16 mg of the plasmid pTL830 was carried out in 30 min.

Hence, whereas very large DNAs can be difficult to resolve from each other their

hydrodynamic properties can be characterized by flow FFF based on their observed

retention time and its transformation to the translational diffusion coefficient [39].

A variety of linear and both single- and double-stranded circular DNA chains
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covering a molar mass range of (0.4–4.8) � 106 g/mole gave measured diffusion

coefficients that compared favorably with predictions from various theoretical

models for different conformations of DNA. For such ultra-high molar mass linear

biopolymers care must be taken to avoid mass overloading by chain entanglement

and shear degradation.

For much smaller polynucleotides such as tRNA the flow FFF experiments are

straight-forward since mass overloading does not occur easily. This was utilized in

determinations of tRNA and ribosome levels in genetically engineered bacterial

cells [64] by injecting the cell lysate directly on the flow FFF channel (thickness

165 mm). In a single experiment, tRNA and all three ribosome particles could be

resolved allowing their quantification in the different growth phases of the cell

culture. The very rapid separation was completed in 6 min as illustrated in Fig. 1.4.

The tRNA was eluted at 1.2 min (retention level ¼ 8) followed by intracellular

proteins at 2.8 min (retention level ¼ 19) and finally the 30S, 50S, and 70S

ribosomes in 4–6 min (RL ¼ 27–41) thus covering a retention level range of

3–40 and a hydrodynamic diameter range of 4–24 nm.

Being condense biopolymers containing RNA, virus particles are easily

subjected to flow FFF separations without causing mass overloading. Flowrates

can be chosen straight-forwardly for rapid elution [14]. Satellite tobacco necrosis

(STNV) virus (6 mg; M ¼ 1.8 � 106) and Semliki forest virus (0.5 mg; M ¼
50 � 106) gave efficient peaks at retention times of 2.5 (retention level ¼ 19) and

5 (retention level ¼ 23) min, respectively, in a thin channel (120 mm). In a different

STNV sample [10] it was easy to rapidly separate the monomer (tr ¼ 1.3 min;

retention level ¼ 8), the dodecamer (tr ¼ 4 min; retention level ¼ 25) and three

Fig. 1.4 High-speed high-resolution separation of bacterial t-RNA from intracellular proteins and

ribosomal particles in a thin trapezoidal asymmetrical channel. Sample: lysate of E. coli taken in

the exponential growth phase. 30S, 50S, and 70S are the ribosomal subunits and the complete

ribosome, respectively. Channel geometry: L ¼ 28.4 cm,w ¼ 165 mm, b0 ¼ 1.9 cm, bL ¼ 0.5 cm.

Elution: Fin ¼ 7.86, Fcross ¼ 6.39, Fout ¼ 1.47 ml/min, t0 ¼ 0.146 min (Reproduced from [64],

# 2003, with permission from Elsevier)
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aggregates of the latter (tr ¼ 5–7 min; retention level ¼ 31–44) as illustrated in

Fig. 1.5. Virus particles can be regarded as models for nanoparticles carrying DNA

for gene therapy.
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Chapter 2

Assessing Protein-Ultrafiltration Membrane

Interactions Using Flow Field-Flow

Fractionation

Galina E. Kassalainen and S. Kim Ratanathanawongs Williams

Abstract Flow FFF (FlFFF) is used to rapidly and conveniently measure initial

stage protein fouling on ultrafiltration membranes. The procedures and findings are

applicable to both ultrafiltration processes and flow FFF analyses. UV detector peak

areas representing analytes eluting from the FlFFF channel are used to determine

the amount of sample recovered. It was observed that compositionally similar

membranes from different companies exhibited significantly different sample

recoveries. The measured FlFFF retention times provided insights into the relation-

ship between sample recovery and proximity of the sample layer to the membrane

wall. Increasingly large amounts of bovine serum albumin were adsorbed when the

average distance of the sample layer was less than 11 mm. This information can be

used to establish guidelines for flowrates that should be used to minimize sample

adsorption and membrane fouling. The methods described here also provide a

means to rapidly test membranes when developing a new FlFFF analysis,

evaluating membranes from different manufacturers, and testing batch-to-batch

membrane reproducibility.
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2.1 Introduction

Flow field-flow fractionation (FlFFF) has become the most widely used technique

of the FFF family [1–5]. Reasons include the need for a low shear rate size-based

separation for fragile and/or large analytes such as protein aggregates and

complexes, the wide applicable size range that is ideal for polydisperse samples,

and the straightforward relationship between retention time and hydrodynamic

diameter [6–14]. These advantageous features originate from the open channel

design intrinsic to FFF and the crossflow of fluid that is used to retain sample in

FlFFF. This crossflow necessitates the use of semipermeable walls that allow

permeation of fluid out of the channel in a direction perpendicular to the separation

axis. Membranes are used to fulfill this function and present both challenges and

opportunities. The selection of a suitable membrane is critical to the success of an

FlFFF analysis. The ideal membrane would exhibit no undesirable interactions with

the sample, the sample would be completely recovered, and accurate physicochem-

ical properties would be calculated from the measured retention times using FFF

theory. This is often not the case particularly when the samples analyzed have wide

distributions of chemistries, charges, etc. The challenge is to identify the membrane

and experimental conditions for optimum resolution and sample recovery. The use

of a membrane in FlFFF channels also opens up new opportunities that have

remained largely untapped. Primary among these is the role of FlFFF in studying

analyte-membrane interactions. Since the separation process occurs at the surface

of the membrane, FlFFF can be used as a sensitive probe to study interactions. Such

studies can shed invaluable insights into membrane fouling in ultrafiltration (UF)

processes and help establish guidelines for operational conditions. Furthermore, the

short analysis times and the small amount of sample injected makes FlFFF an ideal

method for quality control of UF membranes that are used for filtration and FlFFF.

This chapter commences with an example study of enzyme dissociation that

highlights many of the advantages of FlFFF. The focus then shifts to the use of

FlFFF to assess protein-ultrafiltration membrane interactions and the description of

a simple method to test membrane suitability and select experimental conditions.

This method for evaluating membrane performance is suitable for UF processes,

FlFFF, and FFF in general.

2.2 Theory

Differential retention in FFF is based on the formation of equilibrium distributions

of different sample components in different flow velocity streamlines of a parabolic

flow (see Fig. 2.1). These equilibrium distributions are formed when sample is

transported by an applied field U towards a so-called accumulation wall and the

subsequent concentration build-up results in sample diffusion away from the wall
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[1–5]. Each distribution can be described by an exponential concentration gradient

and a unique mean layer thickness ‘.
Figure 2.1 shows the distribution of two components in different velocity

streamlines, as represented by ‘1 and ‘2 and the faster displacement of component 1.

In the case of flowFFF, the field is provided by a second flow of fluid or crossflow that is

driven perpendicular to the separation axis and exits through a semipermeable mem-

brane situated on a porous frit panel. Since all components are positively displaced to

this membrane wall irrespective of physicochemical properties, the differentiating

sample property that leads to different equilibrium positions in the parabolic flow profile

(and thus retention) is the diffusion coefficient D. The D and ‘ terms are related to

experimental parameters by Eq. 2.1 which can be derived from the equations in Chap. 1.

tr ¼ wt0

6‘
¼ w2 _Vc

6D _V
(2.1)

The tr is measured retention time, _Vc is cross flowrate, _V is channel flowrate, w is

channel thickness, and t0 is void time. Hydrodynamic diameters can be calculated

from D via the Stokes-Einstein equation (D ¼ kT/3p�d where k is the Boltzmann

constant, T is temperature, � is carrier liquid viscosity, and d is hydrodynamic

diameter). The basic principles of flow FFF are fully described in Chap. 1. Only

aspects that are directly relevant to this chapter will be further highlighted.

2.3 Experimental

The FlFFF systems consisted of a channel (symmetric and asymmetric), two pumps

for supplying the liquid flows (Model 414 HPLC, Kontron Electrolab, London, U.K.

and Model HPLC 420, ESA Inc., Bedford, MA), a 25-mL loop injector (Model

7010, Rheodyne, Inc., Cotati, CA), and a UV-detector (Model 757, Applied

Biosystems, Ramsey, NJ). The flowrates were measured using two electronic

balances (Model TS4000S, Ohaus, Florham Park, NJ) connected to the RS-232

ports of a PC computer. Inlet and outlet flow rates were equalized using a flow

restrictor (Upchurch Scientific, Oak Harbor, CA) located at the detector outlet.

Fig. 2.1 FlFFF channel and separation mechanism
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A three-way valve (Hamilton, Reno, NV) and a six-port valve (Valco E36, Chrom

Tech, Apple Valley, MN) were used for changing flow paths during stop-flow

relaxation and channel rinsing. The channel volume, cut out from the Mylar spacer,

had a length of 28.5 cm tip-to-tip and a breadth of 2.0 cm. The UF membrane cross-

section area inside the FlFFF channel was 53 cm2 unless otherwise specified. The

spacer thickness was 254 mm but the actual thickness ranged between 210 and

245 mm (measured using calipers). This smaller channel thickness is due to mem-

brane compression in areas of contact with the spacer.

2.3.1 Lactate Dehydrogenase Study

The LDH-5 sample (6.7 mg/mL in 2.1 M (NH4)SO4, pH 6.0) was obtained from

Sigma (St. Louis, MO, USA). Repeated dialysis was carried out with 0.2 M

phosphate buffer at pH 7.6 to obtain the enzyme suspension subsequently used in

AsFlFFF experiments. The LDH-5 concentration after dialysis and filtration of the

precipitate was determined byUV absorbance at 280 nm and literature data (10mg/mL

gives A ¼ 14.6 [15]) to be ~3 mg/mL. A regenerated cellulose membrane with a

5 kDa molecular weight cut-off (Nadir, Wiesbaden, Germany) was used.

2.3.2 Sample Adsorption Study

Six commercial UF membranes composed of regenerated cellulose (RC) and poly

(ethersulfone) (PES) were studied. They are designated as RC1(30 kDa), RC2

(110 kDa), RC3 (10 kDa), RC4 (5 kDa), PES1 (10 kDa), and PES2 (10 kDa) where

the numbers in parenthesis are the nominal molecular weight cut-offs (MWCO). The

carrier liquid was a 0.01 M Tham-boric acid buffer having a pH in the range of

7.3–9.0. Tham, or tris-(hydroxymethyl)aminomethane, was obtained from Fisher

Scientific (Fair Lawn, NJ), and boric acid was obtained from VWR Scientific

(Chicago, IL). All solutions were prepared with distilled deionized water. The

channel flowrate, V
:
, was 0.5 mL/min and the cross flowrate, _Vc, was 3.2 mL/min.

The purified proteins BSA (98% monomer, MW ¼ 67 kDa, pI 4.8) and

g-globulin (human, from Cohn Fraction II, III; 99% purity, MW ¼ 156 kDa,

pI 6.85–6.95) were obtained from Sigma Chemical Co (St. Louis, MO). Sample

concentrations were 1.9 mg/mL for BSA and 2.7 mg/mL for g-globulin. All protein
solutions were prefiltered through 0.22 mm membranes (Millipore, Billerica, MA).

The injected sample volume was 10–20 mL. The eluted proteins were monitored

using a UV detector set at a wavelength of 280 nm. The relative standard deviation

of the retention time and peak area measurements did not exceed 3% and 10%,

respectively.

Absolute sample recovery was calculated from the ratio of the protein amount

eluted from the FlFFF channel to the protein amount injected [16, 17]. The latter
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was determined from the peak area of a sample injected into the detector. A ~ 1 mL

dilution tube was used in lieu of the FlFFF channel to maintain the same injected

sample concentration as that used in a FlFFF analysis and obtain on-scale detector

peaks. The resulting peak area represents the protein amount injected or 100%

sample recovery. The protein amount eluted was calculated from the area of

the sample peak that was retained and eluted from the FlFFF channel.

2.4 Results and Discussion

2.4.1 Asymmetric FlFFF (AsFlFFF) of Lactate Dehydrogenase

Flow FFF comes in different variants that include the original symmetrical channel,

the most frequently used asymmetric channel, and the most recently introduced

hollow fiber channel. Numerous papers have been published on the application of

these different variants to proteins and complexes, polysaccharides, nanoparticles,

cellular components, cells, and micron-sized particulates [1–14].

Lactate dehydrogenase (LDH) is a good sample for illustrating the use of

AsFlFFF to monitor relative changes. LDH-5 is an isoenzyme derived from the

rabbit skeletal muscle. It consists of four similar polypeptide chains (M4) with a

total molecular weight of 140,000 Da (4 � 35,000 Da) and an isoelectric point of

~7.5. Figure 2.2 shows the effect of pH on the dissociation of LDH-5. At pH 7.6, the

Fig. 2.2 AsFlFFF fractograms showing effect of pH on the formation of lactate dehydrogenase

dimers and tetramers
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tetramer form of LDH dominates and a large peak is observed at approximately

7.5 min. After suspending the LDH-5 in pH 3.2 buffer for 72 min, the enzyme has

mostly dissociated into dimers and a broad fractogram with a peak maximum at

~5.5 min is obtained. The bovine serum albumin (BSA) and g-globulin fractogram

shown superimposed in Fig. 2.2 confirm the elution positions for the LDH-5 dimer

(70 kDa) and tetramer (140 kDa).

The rate at which dissociation occurs was dependent on pH with faster dissocia-

tion under increasingly acidic conditions. At pH 5.0, the tetramer peak does not

show any significant change at the 37 min mark. However, a significant shift in

retention time is observed in pH 3.2 buffer after the same amount of time had

elapsed. The LDH dissociation was also observed to be a reversible process with

reformation of the tetramer when the pH was increased from 4.0 to 6.7. This

example demonstrates the gentleness of FlFFF and its suitability for monitoring

changes in protein complexes.

2.4.2 Evaluating Membrane Performance Using FlFFF

Controlling protein–membrane interaction is a critical component in the optimiza-

tion of ultrafiltration (UF) processes [18] and flow FFF analyses. The strength

(intensity) of the interaction is a complex function of many parameters such as

membrane chemistry and morphology [19], protein structure [20], solution compo-

sition [21], and mechanism of protein transport to the membrane surface [22]. Due

to this complexity, each protein–membrane pair would ideally be experimentally

studied individually. In the case of ultrafiltration with fully retentive membranes,

one has to also deal with several concurrent processes causing progressive reduc-

tion in system performance, e.g., concentration polarization, deposition of protein

aggregates onto the membrane surface, and membrane pore constriction and block-

age [23]. As a consequence, UF optimization experiments are very time and sample

consuming, and data are difficult to correlate with original parameters affecting

protein–membrane interaction.

A number of studies have evaluated other techniques, which are capable of

providing more direct information about protein–membrane interaction, as tools for

UF optimization. For instance, the study of protein adsorption on the membrane in

static conditions [24] and direct measurements of intermolecular forces between a

protein and a surface [25] have allowed the comparison of different UF membranes

and showed good agreement with UF experiments. The limitation of these

approaches as tools for UF optimization is the absence of UF hydrodynamic

conditions. During UF, trans-membrane and tangential flow streams affect protein

transport to a membrane surface, and hence, the strength of protein–membrane

interactions [26]. This is analogous to the effect of cross and channel flowrates in

FlFFF [16, 17].

One approach to the study of protein-membrane interactions is to examine the

initial stage of protein adsorption onto a pristine membrane. It has previously been
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observed that protein membrane interactions during the initial stage of UF have

dramatic influence on long-term membrane performance [21]. At this initial stage,

the main characteristic of protein–membrane interaction that should be measured is

the amount of protein attached to the membrane surface or the initial protein surface

coverage. On-line measurements have been made using a stirred cell UF module

that was installed into a liquid chromatography system in place of a column [27]. A

protein sample was injected and protein passing through a membrane was

registered with an UV detector. Unfortunately, the enormous sample dilution

experienced in the UF module resulted in very broad UV signals, making it difficult

to determine the protein quantities.

This work describes an alternative approach to studying protein-membrane

interactions, namely flow field-flow fractionation (FlFFF). During the FFF process,

the protein sample moves along the membrane length and undergoes multiple

interactions with the membrane surface. Repulsive interactions lead to shorter

retention times tr than theoretically predicted [16]. The opposite is true for attrac-

tive interactions, which in the extreme case results in irreversible sample adsorp-

tion. FlFFF can thus be used to study a range of weak to strong analyte-membrane

interactions. The FlFFF channel hydrodynamics resembles that of a flat cross-flow

UF module and the interactions that occur between a protein and a clean membrane

can be associated with the very initial stage of UF. The advantage of this method

compared to the method of [27] is that the sample dilution is sufficiently lower and

protein signals are well-shaped peaks that can be easily characterized.

The application of FlFFF for studying analyte-membrane interactions is not yet

widely recognized by FFF practitioners but has made inroads in the membrane

filtration community. Published UF papers have demonstrated quantitative

measurements of membrane fouling by organics, colloids, and microorganisms

present in natural and waste waters and experimental verification of theoretical

models [28–36]. To date, no UF publication has addressed quantitating protein

fouling on membranes using FlFFF. Although a number of FlFFF papers have

discussed approaches to reducing sample adsorption to the membrane as part of

methods development [16, 17, 37–42], there has been no report of the purposeful

use of FlFFF to quantitate protein recovery. The objectives of this study are to

demonstrate the suitability of FlFFF as a tool to rapidly evaluate membrane

performance. The results can then be applied to the optimization of FlFFF, UF,

and other techniques where protein-membrane interactions must be controlled.

2.4.2.1 Effect of pH

FlFFF experiments were carried out for two globular proteins, six UF membranes,

and six solution pHs in the range of 7.3–9.0. The same flowrates _Vand _Vcwere

used for all experiments unless otherwise specified. The diluted 0.01 M Tham-boric

acid buffer was chosen to reduce hydrophobic interactions between the membrane

surface and protein molecules [21]. The pH of this buffer can be varied in the

range of 7.3–9.0. Extension of pH range <7.3 would require the addition of
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other chemicals, which would introduce new variables affecting the adsorption

mechanism.

Typical FlFFF fractograms obtained for g-globulin at different carrier liquid pHs
are presented in Fig. 2.3. Each run was completed within 20 min.

The peak areas are equated to sample recovery as described in the experimental

section. Data obtained for the recovery of BSA and g-globulin at different pH

solutions (constant flowrates) are presented in Fig. 2.4. It is evident that sample loss

occurred at most pHs studied.

The isoelectric points (pI) of the PES and RC UF membranes are about 3.1 and

3.4, respectively [43, 44]. The isoelectric point of BSA, (pI ¼ 4.8), is sufficiently

far from the studied pH range for one to expect strong electrostatic repulsion

between protein molecules and both types of membrane. But even for these

conditions, BSA recovery did not usually reach 100% (Fig. 2.4a). The isoelectric

point of g-globulin is in the range of 6.85–6.95. For all membranes, a decreasing

g-globulin recovery was observed as the pH approached the pI (Fig. 2.4b). This

result is as expected. Structurally “soft” proteins, e.g., globular proteins BSA and

g-globulin, tend to have the highest adsorption onto various surfaces at a pH close

to pI [20]. This phenomenon was also observed in UF experiments [21, 45].

2.4.2.2 Membrane Composition

In addition to the effect of solution pH, a significant influence of membrane chemistry

on recovery was observed. The PES membranes tested in this study yielded substan-

tially lower sample recoveries than the RC membranes for both BSA and g-globulin.
A similar result was also observed in UF studies [44]. This effect was likely caused by

Time (min)

0 2 4 6 8 10 12 14 16

D
et

ec
to

r 
R

es
po

ns
e

0

1

2

3

Fig. 2.3 FlFFF fractograms showing peak areas of g-globulin obtained at different carrier liquid

pH using the RC1 membrane
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the higher hydrophobicity of PES membranes. The PES repeat unit contains hydro-

phobic aromatic groups whereas the RC is more hydrophilic due to presence of

hydroxyl groups. The increase in protein adsorption with increasing membrane

hydrophobicity was also observed in a number of UF studies [26, 45].

Figure 2.4 also demonstrates that membranes with the same nominal surface

chemistry from different suppliers can yield dramatically different protein

recoveries. This is likely due to different membrane fabrication processes that

result in different residual chemical functionalities at the surface, layered

constructions, and surface roughness [16, 46]. These results emphasize the impor-

tance of performing preliminary experiments such as those described here to

evaluate and establish a baseline for membrane performance and as part of methods

development.
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polyethersulfone.
_V ¼ 0.5 mL/min,
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2.4.2.3 Proximity of Sample to Membrane Surface

Additional insights can be extracted from FlFFF fractograms. Themeasured retention

time at peak maximum is related to the equilibrium mean layer thickness ‘ and

flowrates as stated in Eq. 2.1. The higher the _Vc, the higher the tr, the smaller the ‘,
the closer the analyte is to the membrane during the FlFFF separation. The opposite

relationship holds for _V. Figure 2.5 is a plot of relative sample recovery versus ‘. Here,
the relative sample recovery is defined as the peak area relative to that measured for
_Vc ¼ 2.75 mL. DBSA ¼ 6 � 10�7 cm2/s [47] was used in calculating ‘. Different trs
and ‘s were obtained when _Vc was varied (2.75, 3.21, 3.82, and 4.20 mL/min) while

keeping _V constant at 0.5 mL/min. The data shows the highest sample recovery for

‘ > ~11 mm and complete sample loss for ‘ of 8 mm. This set of experiments suggests

that a threshold ‘ exists (for a specific analyte, solution, FlFFF channel dimensions,

and membrane) and that ‘can be used as a guide for selecting a _Vand _Vccombination

that is optimized for both resolution and sample recovery. Since ‘ is proportional to the
ratio of the channel flowrate to cross flowrate, this ratio or the flow velocity equivalent

< v>/vc can also be used to establish a threshold for optimized sample recovery as

shown in Fig. 2.5b. Since sample recovery is dependent on both the channel and

crossflows, a more complete picture can be obtained when their flowrate or flow

velocity ratio is varied. The use of flow velocities removes the dependence on channel

dimensions. Finally, since ‘ is proportional to D and D is temperature dependent,

temperature may also play a role in controlling sample-membrane interactions.

2.4.2.4 Sample Deposition Along Channel length

The total amount of sample deposited per unit area on the membrane is readily

calculated from themeasured FlFFF sample recovery (amount of protein deposited ¼
amount protein injected – amount protein eluted). However, this quantity does not

give information about the rate of sample deposition or its distribution on the mem-

brane. The deposition rate can be estimated using semi-empirical equations developed

for UF [48, 49] and modifying the FlFFF mass flux equation. Experimentally, the

deposition rate has been observed to decrease as the sample progresses along the

membrane due to sample loss and the associated decrease in sample concentration. A

fluorescence analysis of n-benzoyl-staurosporine, adsorbed on an UF membrane

during FlFFF and then extracted from different pieces of the membrane, showed a

gradual decrease in the adsorbed drug amount along the membrane length [37]. No

drug adsorption was evident beyond the first half of the FlFFF channel.

The results of the previous study may partially explain the constant BSA

recovery measured for five hollow fiber channels with lengths between 15 and

47 cm [40]. If BSA mainly adsorbs to the first part of the channel and saturates

available sites, increasing the channel length (keeping all else constant) would not

have a significant effect in the amount recovered. Pre-saturating the membrane with

at least 2 mg egg phosphatidylcholine of liposomes was reported to yield ~100%

sample recovery and negligible carry-over [41].
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2.5 Conclusion

Simple experiments have been described to study initial stage fouling on ultrafiltra-

tion membranes and to evaluate membrane performance for FlFFF. The pIs of the

membrane and proteins and the pH of the solution should be taken in to consider-

ation when selecting a carrier liquid. Other important factors such as membrane

hydrophobicity, surface roughness, and batch-to-batch reproducibility are more

difficult to control as these depend on the membrane manufacturers. However,
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Fig. 2.5 Relative recovery of BSA as a function of (a) mean equilibrium distance ‘ from the

regenerated cellulose wall and (b) the ratio of channel flow velocity < v > to crossflow velocity vc.
Channel dimensions are 28.4 � 3.5 � ~0.0254 cm; carrier liquid is 0.01 M Tris-HCl, pH 7.2;
_V ¼ 0.5 mL/min. <v > ¼ _V/bw and vc ¼ _Vc/bL where b is channel breadth and L is length
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these parameters all culminate in the observed relationship between sample recov-

ery and average distance of sample cloud to the membrane wall. The determination

of a threshold ‘ can provide useful guidelines for selecting operating flowrates for

both ultrafiltration and FlFFF analyses.
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Chapter 3

Hollow-Fiber Flow Field-Flow Fractionation:

A Pipeline to Scale Down Separation

and Enhance Detection of Proteins and Cells

Pierluigi Reschiglian, Andrea Zattoni, Barbara Roda, Diana C. Rambaldi,

and Myeong Hee Moon

Abstract Commercial flow field-flow fractionation (FlFFF) employs macro-scale,

flat-type channels. The idea of hollow-fiber (HF) membranes as tubular, micro-

column channels for FlFFF (HF FlFFF or, more shortly, HF5) dates back to 1974,

with fundamentals on HF5 given in the late 1980s, and outstanding applications

reported only over the last 15 years. Compared to flat-channel FlFFF, the key aspect

of HF5 lies in the downscaling of the fractionation channel. This implies low-cost,

possible disposable usage, and low volume of the channel that allows on-line coupling

with highly sensitive detection and characterization techniques. The use of coupled

techniques enhances the analysis of macromolecules and micron-sized particles such

as intact proteins and whole cells. In this chapter we first report a few basics on HF5

theory and instrumentation. We then focus on technical and methodological

developments that have made HF5 reach a performance normally achieved by flat-

channel FlFFF.We finally focus on the enhancements obtained by coupling HF5 with

powerful methods for detection and characterization of intact proteins and whole cells

such as multi-angle light scattering (MALS), time-of-flight (TOF) mass spectrometry

(MS), chemiluminescence (CL), and UV/Vis turbidity diode-array detection (DAD).

Keywords Flow field-flow fractionation • FlFFF • Hollow fiber flow field-flow

fractionation • HF FlFFF • HF5 • Miniaturized channel • Detection • Mass

spectrometry • Light scattering • Chemiluminescence • Turbidimetric detection •

High-molar mass protein separation • Whole cell separation
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3.1 Introduction

The commercial, standard (“flat”) FlFFF channels have been made of two machined

blocks that clamp together around a foil (the spacer) from which the flat type, ribbon-

like channel profile is cut out. One or more inset frit panels are inserted in one

(asymmetrical FlFFF, AsFlFFF) or both (symmetrical FlFFF) blocks to allow for the

required cross-flow of mobile phase. An ultrafiltration membrane is usually placed on

the frit where the sample accumulates under the action of the cross-flow. Because of

possible interaction between the sample components and the membrane, possible

run-to-run sample carry-over due to incomplete sample recovery can occur. More-

over, the typical FlFFF channel volumes are as large as 1 mL. Consequently, a

relatively high sample dilution occurs at the FlFFF outlet. These aspects can affect

reproducibility, sensitivity, and accuracy, particularly if further characterization of

the fractionated analytes is to be performed by coupling FlFFF with orthogonal

detection/characterization methods. In the case of biological samples, moreover,

contamination of the fractionated analytes can also occur, which may affect their

viability or functionality (e.g. in the case of biopolymers or living cells). These issues

have been faced following an alternative approach to FlFFF since HF filtration

membranes have been effectively exploited as potentially disposable, micro-volume

channels. The idea of HF5 indeed dates back to 1974 [1]. Quite surprisingly, only in

relatively recent years a significant effort on the development of HF5 fundamentals

started [2], which has consequently improved the applications.

3.2 HF5 Basics

3.2.1 Theory

In a typical HF5 arrangement, a HF is connected to a pump that generates inside the

HF channel a flowrate Fin of a liquid flow in the longitudinal direction. A pressure

drop is also generated between the inner and outer wall of the HF, either by a second

pump that aspirates the liquid across the HF, or by the application/generation of a

backpressure at the HF longitudinal outlet. Due to the pressure difference, also a

radial flow Frad is generated through the HF. Consequently, the longitudinal flowrate

decreases along the HF from the initial value Fin to a lower, outlet value Fout, where

Fout ¼ Fin – Frad. Since a uniform radial flow velocity can be assumed along the HF

length [3], assuming also a laminar flow profile along the HF, the transport time of an

unretained species in the HF, i.e. the void time t0, can be calculated as [4]

t0 ¼ V0

Frad
ln

Fin

Fout

� �
(3.1)

38 P. Reschiglian et al.



where V0 is the channel void volume (pR2L, with R and L the HF radius and length,

respectively), and the average flow rates in the HF (Fin, Fout, Frad) are expressed in

terms of volumetric flowrates.

3.2.1.1 Normal Mode

Based on a simplified treatment [3, 4], the practical expression for retention time (tr)
in normal HF5, which is the elution mode of macromolecules and relatively small

(e.g. nanosized) particles, can be given as

tr ¼ R2

8D
ln

Fin

Fout

� �
(3.2)

where D is the analyte diffusion coefficient.

Separation performance in normal HF5 can be expressed in terms of maximum

number of theoretical plates per unit time, which is related to the limit analyte

concentration at the detector which does not induce overloading (c*), and to the

minimum detectable concentration cLOD as [5]

N

tr

� �
max

¼ 2
Dc�

R2cLOD
(3.3)

Equation 3.3 indicates that the maximum efficiency per unit time can be deter-

mined by the physical and chemical characteristics of the analytes, in particular by

their detectability and susceptibility to overloading. This is a key aspect for HF5

applications. Performance is expected to decrease with increasing the analyte molar

mass (Mr) not only because of a decrease of the analyte D, but also because c* is

expected to decrease with increasing the analyteMr [6]. The expression also shows

that miniaturization can boost HF5 performance. With narrower HFs, less dilution

of the sample occurs so that higher crossflow rate values can be applied on smaller

amounts of sample [7].

3.2.1.2 Hyperlayer Mode

This elution mode governs retention of particles the size of which is sufficiently

high to make negligible the effect of diffusion on the sample concentration profile

[8]. It is the case, for instance, of whole cells. In this mode, the HF5 retention can be

expressed as [9]

tr ¼ t0

2g
R

d
(3.4)
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where g is a correction factor that depends on the physical features of sample

particles, and on the experimental conditions. The relationship between particle

size and retention time can be determined by calibration with standard particles of

known size [9]

log tr ¼ log tr1 � Sd log d (3.5)

where Sd is the diameter-based selectivity, and tr1 is the extrapolated retention time

for a particle of unit diameter. Experimental values of Sd in hyperlayer (Hyp) HF5

were calculated from the retention time of standard beads [10], and they were found

comparable, or slightly higher than the values typically found in flat-type, Hyp

FlFFF [11].

3.2.2 Instrumentation

Because of the radial symmetry of the cross-flow stream, HF5 can be considered a

one permeable-wall, symmetrical FlFFF methodology. This allows using the same

operation conditions commonly employed in one permeable-wall, flat-channel for

AsFlFFF. Typical HF5 runs then need a system design and configuration to carry on

at least two steps: sample injection/focusing/relaxation, and sample elution. Differ-

ent system and channel configurations have been proposed. Over more than 20

years, their developments have made HF5 evolve from an early-prototype to a

ready-to-market technology the fractionation performance of which today is com-

parable to or already higher than that of commercial AsFlFFF.

3.2.2.1 Systems

The described systems differentiate in the use of one or two pumps to generate the

axial and radial flow streams. In the firstly developed system [2], a first pump

delivered the mobile phase fluid inside the HF5 channel at a given flow rate, and a

second pump was connected to the radial flow outlet of the HF5 channel to work in

“unpump” mode, that is it drew in the mobile phase fluid from the inner wall of the

HF channel through the HF pores. This arrangement showed that a two-pump

arrangement can give sufficiently accurate and independent control of the flows

to properly perform the required sample injection/focusing/relaxation and elution

steps. An evolved, two-pump system was then presented to permit easier manage-

ment of the complete run cycle [12]. In that system, an HPLC pump was employed

to generate the required flow rate during sample elution, and a syringe pump to

generate, in combination with the first pump, two opposite flows for the necessary

injection/focusing/relaxation step of the sample.

The use of a single pump can however give significant advantages in terms of

simplicity in system operations, and lower costs. Therefore, an instrumental scheme
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using a single pump was proposed [3]. The injection/focusing/relaxation step was

carried out by splitting the pump flow into the two streams applied in opposite

direction to the inlet and outlet extremities of the HF5 module. Using a single pump

however required fine control and setting of the flow rates by metering valves, and

multiple-way switching valves to convert the flow patterns. With respect to two-

pump configurations, method control and operation accuracy in one-pump configu-

ration then require highly-specialized skills, high-quality devices, and possibly

automated procedures. Work on progress to implement HF5 operation in commer-

cial systems for AsFlFFF is showing significant improvements in one-pump HF5

operations, and this ultimate HF5 technology has been recently released to the

market.

UV/Vis spectrophotometric detection has been proposed in all HF5 systems.

This is however a concentration-dependent detection method. As in the cases of

other separation techniques, compared to standard, flat-channel FlFFF the lower

amount of sample loaded in HF5 could induce a reduction in sensitivity, and an

increase of the limit of detection if sample dilution during retention is not suffi-

ciently reduced. When a UV/vis diode-array detector (DAD) equipped with a fiber-

optic guided, 5 cm light-pipe cell has been employed in a HF5 system, an increase

in detection sensitivity has been observed because of the fivefold increase in optical

path length compared to standard 1 cm, Z-type cells. Improved retention reproduc-

ibility has also been observed, because the low back-pressure generated by such a

light-pipe cell reduces polymeric HF deformation during usage [12].

3.2.2.2 Channel Modules

Many efforts have been focused on the optimization of the HF5 module design

and construction. More than 10 years ago, a HF5 module consisting of a piece of

polymeric HF inserted into two 1/800-O.D. (outer diameter) Teflon sleeves of equal

length was for the first time proposed [3]. The sleeves were connected by a tee-

union to make the radial flow exit. The extremities of the HF were glued to the inner

wall of the Teflon sleeves, where standard plastic fittings were placed to make inlet

and outlet connections. This module design had the advantage to employ commer-

cially-available and relatively inexpensive components, and to standardize

connections to a liquid chromatography-like system. Gluing does not however

permit replacement of the HF inside the module. Moreover, it can cause

interferences due to possible glue bleeding during usage. A glue-free connection

design based on the polymeric HF anchor to the Teflon sleeve was then proposed

[13, 14]. The anchor was realized by compression of the Teflon sleeve at the inlet

and outlet ends of the module using hand-tight ferrule/nut plastic fittings. This

channel design is schematized in Fig. 3.1.

Current work aims to further optimize a glue-free connection design to make

easier replacement of the used HF. The most recent channel design has a new

sealing mechanism that allows for effective and straightforward sealing of the HF
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into a rigid tube housing. This has been a necessary requirement for actual dispos-

able usage of the channel and for the release of HF5 technology to the market.

Common channel dimensions have been about 20 cm in length and 0.80–1 mm

I.D. As demonstrated above in 2.1.1, miniaturization boosts the HF5 performance

through decrease in sample injection amount, and increase in efficiency and detec-

tion limit. Using microbore, polymeric HF channels with geometrical volumes

around 40 mL, HF5 was scaled down to a microflow rate regime [7].

3.2.2.3 Membranes

Two classes of membranes have been used for HF5 channels: ceramic and poly-

meric membranes. Ceramic HFs have shown high robustness and chemical inert-

ness [16], and promising results in terms of recovery, run-to-run repeatability, and

long-term stability [17]. However, polymeric membranes have been mostly

employed. They generally have been in the 6–100 KDa pore cut-off range, and

made of polysulphone (PSf), polyacrylonitrile (PAN) or chlorinated

polyvinylchloride (cPVC).

Size and chemical properties of the analytes influence the choice for the best

pore cut-off value and surface composition of the HF membrane. Best fractionation

performance is of course achieved if interactions between analytes and the mem-

brane inner wall are minimized. As in the case of AsFlFFF, relatively polar

membranes are advised for nonpolar analytes, while membranes of moderate

polarity should be preferred for polar analytes. Most proper choice of the membrane

type can be eventually assisted by analyzing the membrane inner surface after the

runs [18].

PSf HFs are massively produced for applications in hemodialysis and cell

ultrafiltration. They are, therefore, ideal candidates to make HF5 channels

optimized for protein and cell separation, but they are relatively soft, and they

can be deformed during usage [3, 19]. HF channel deformation can be particularly

serious in Hyp HF5 because of the relatively high flowrate conditions required.

Because of their rigidity, PAN HFs were used for Hyp HF5 of micron-sized

particles [10]. PAN HFs also show chemical resistance to different organic

Fig. 3.1 Most employed, glue-free connection design for the prototype channel module using

polymeric HF membranes (Adapted with permission from [15], # 2006, American Chemical

Society)
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solvents. For this reason, they were employed for the analysis of organic-soluble

polymers [5]. Recently, PAN HFs were used also for proteins and airborne particu-

late analysis [20].

3.3 Applications

Although HF5 has shown a singularly slow, multi-step evolution process, and

despite the fact that it has only recently been commercialized, it has over the last

10 years already found sound applications to a very broad range of samples. Most

recent technical developments have made HF5 increasingly effective in life sci-

ence, particularly in intact protein and whole cell separation. When HF5 is coupled

with detection/characterization methods such as multi-angle light scattering

(MALS), soft-impact mass spectrometry (MS), chemiluminescence (CL), and

UV/vis turbidity detection, it shows the ability to increase the amount of analytical

information that could otherwise be obtained only if the methods were applied

stand-alone.

3.3.1 Proteins

When it is applied to high-molar mass analytes, HF5 shows itself competitive

with respect to other flow-assisted separation methods such as flat-type FlFFF.

Over 15 years ago, HF5 of standard, relatively high-molar mass proteins such as

horse ferritin was for the first time presented [21]. Because of the subsequent boom

of protein analysis methods, different HF5 applications to proteins have been

developed, and the HF5 performance in protein separation has been systematically

studied [13].

3.3.1.1 HF5-MALS

Determination of protein size and, then, Mr is possible from the retention time.

However, the relationship between the hydrodynamic radius (rh) and the Mr of

proteins depends on protein conformation. Moreover, the accuracy of Mr determi-

nation via retention time might be affected by non-ideality effects on retention,

which can be due, for instance, to analyte/HF membrane interaction.

A flow-through, MALS detector measures the light scattered at multiple angles

from the separated analytes. In combination with a concentration-based (UV/vis or

refractive index) detector, MALS detection gives absolute, uncorrelated size and

Mr values of the fractionated proteins. MALS can directly provide the root-mean-

square (r.m.s.) radius (or gyration radius, rg) of the analyte. The rg values represent
the mass-average distance of each point in the analyte molecule/particle from the
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center of gravity. As expressed in Eq. 3.2, retention is in principle related to the

protein diffusion coefficient, which is related to the hydrodynamic size that is the

diameter of a sphere with the same diffusion coefficient or viscosity of the protein

molecule. As a consequence, by comparing the rg values measured by MALS to the

rh values measured by HF5, HF5-MALS allows obtaining information on the

protein shape and/or on the mass distribution inside the protein molecule/particle.

It must be also noted that HF5 retention is independent of the analyte density. HF5-

MALS then yields results of great interest for the biophysical characterization of

protein complexes, particularly in the case of high or very-high Mr species for

which FlFFF and MALS are characterized by high size-based selectivity and

sensitivity, respectively.

HF5-MALS of proteins was for the first time described for the analysis of

b-lactoglobulin (b-LG) aggregates, and it made use of a ceramic HF channel

[17]. MALS detection was used to accurately estimate the Mr and size values of

the aggregates. Because of the relationship existing between the apparent diffusion

coefficient and Mr values of the protein aggregates, from the ratio of the experi-

mentally-measured values of rg (from MALS detection) and rh (from HF5 reten-

tion) it was concluded that the largest b-LG aggregates behaved as though they

were flexible chains in solution. Such a study showed the importance of coupling

two techniques that are able to independently measure the rg/rh value. This ratio is

known to be a very important parameter for conformational characterization of

proteins. More recently, a polymeric HF5 channel inserted into a commercial flow

control unit for AsFlFFF (Eclipse 3, from Wyatt Technology Europe GmbH,

Dernbach, Germany) was online coupled to MALS detection for rg/rh characteriza-
tion of the low-density lipoprotein (LDL) class in human blood serum [22]. The

results showed that, because of the core-shell nature of the LDL particles, the

obtained rg/rh values could not be compared with the reference values for either

homogeneous spheres or disk-like particles. Most recent improvements on HF5-

MALS coupling using the commercial flow control unit Eclipse have been showing

a performance comparable to that obtained by AsFlFFF-MALS. A representative

example is shown in Fig. 3.2, where the fractogram and the Mr distribution of a

mixture of bovine serum albumin (BSA) and horse spleen ferritin are reported. Peak

efficiency and resolution between different oligomeric forms are comparable to flat-

type FlFFF. Accurate molar mass values obtained from MALS detection confirm

HF5 mass selectivity in a molar mass range from 66 to 1,350 KDa.

3.3.1.2 HF5-MS

HF5 shows unique, intrinsic features for online coupling to MS: (a) low channel

volume (in the order of 100 mL) which reduces sample dilution; (b) low flowrate

conditions (as low as 200 mL/min) which, in case of on-line coupling to MS, do

not require high split ratios between the channel outlet and the ionization source;

(c) possible disposable usage which eliminates the risk of run-to-run sample carry-

over and, then, spectra contamination; (d) on-the-fly sample desalting.
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Very accurate measurements of the actual Mr value is the prime goal when

identifying intact proteins and protein complexes. Electrospray ionization (ESI) is

particularly suited for MS-based identification and structural characterization of

intact proteins and protein complexes. By ESI/MS, accurate mass measures, and

indications on the higher-order structure of proteins and non-covalent protein

complexes can be obtained. Equipped with time-of-flight (TOF) mass analyzers,

ESI/TOFMS provides characterization of intact proteins and protein complexes

over a very wide molar mass range, since TOF analyzers are able to scan broad

ranges of m/z values. In the case of complex protein samples (e.g. cell lysates),

direct ESI/TOFMS shows, however, limited success, mainly because the spectral

results are very complex to interpret. First, the spectra contain a very high number

of signals due to the high number of ionized species. These species can be

originated not only from the different proteins present in the sample but also

from the sample contaminants. The presence of sample contaminants plays an

important role in terms of sensitivity and accuracy of the ESI/TOFMS methods

for intact proteins. Among such contaminants, non-volatile salts generally present

in protein samples of either biological or synthetic origin give formation of adduct

ions, reducing sensitivity and increasing complication in molar mass determination.

This can be a particularly serious issue when proteins from cell lysates, or produced

by biotechnological processes, are analyzed, due to the high concentration of salts

Fig. 3.2 HF5-MALS of BSA and ferritin. Fin ¼ 1.2 mL/min; Frad ¼ 0.85 mL/min. Mobile phase:

10 mM ammonium acetate. Thin, solid line: refractive index signal; dotted line: MALS signal;

thick, solid line: molar mass values determined from MALS detection. Peak #1, BSA monomer

66 KDa; peak #2, BSA dimer 132 KDa; peak #3, ferritin monomer 450 KDa; peak #4, ferritin

dimer 900 KDa; peak #5, ferritin trimer 1,350 KDa
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present in the growth media. Sample desalting methods are thus necessary. Second,

the mechanism of competitive ionization, which is characterized by the suppression

of molecular ion species of a given protein in the presence of other proteins in the

mixture, also complicates spectral interpretation. Rapid and efficient separation

methods able to purify the sample without affecting either the three-dimensional

structure or the non-covalent chemistry can significantly enhance the power of ESI/

TOFMS methods applied to intact proteins. The increase in analytical information

can be achieved not only in terms of protein identification but also of stoichiometry

and characterization of aggregation features of the protein complexes.

HF5 can be online coupled to ESI/TOFMS by connecting the detector outlet

to the ion source via a splitting valve. During fractionation the proteins can

maintain their native structure [14]. Possible correlation between the Mr values

independently measured by ESI/TOFMS spectra and from HF5 retention time

measurements (e.g. in Fig. 3.3a) can then produce significant information on the

quaternary structure of the fractionated proteins. In Fig. 3.3 (adapted from ref. [14])

we report an example of HF5-ESI/TOF MS of horseradish peroxidase (HRP).

Fig. 3.3 HF5-ESI/TOF MS of HRP. Fin ¼ 0.70 mL/min; Frad ¼ 0.38 mL/min. Mobile phase:

50 mM ammonium acetate, pH ¼ 7.0. (a) UV/vis fractogram at 280 nm; (b) mass spectrum at the

fractogram maximum (tr ¼ 5.2 min) (Adapted with permission from [14], # 2005, American

Chemical Society)
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HRP is an extracellular heme enzyme consisting of 308 amino acids and a single

protoporphyrin IXprosthetic group, two calcium ions, four disulfide bridges, and three

N-glycosylation sites [23–25].When RP HPLC-ESI/TOFMS of HRPwas performed,

three species had been found whose masses corresponded to the binding of, respec-

tively, one, two and three (GlucNAc)2-(Man)3 structures to the HRP polypeptide

chain. This oligosaccharide structure, that constitutes the common core of all the

glycosidic anchors present inN-glycosylated proteins, has nominalMr ¼ 894. In fact,

the molar mass of each of the three glycosylated species found in Fig. 3.3b increased

about 615 Da with respect to the values that had been observed in RP HPLC-ESI/

TOFMS. Themass spectrum in Fig. 3.3b also shows that the glycosylated specieswere

present as doublets, while RP HPLC-ESI/TOFMS had given no mass signal for

doublets corresponding to these species. Since the nominal molar mass of the heme

prosthetic group isMr ¼ 615.23, and the difference inmass between the peaks of each

doublet is about 80 Da, which is the mass of 2Ca2+, these findings supported two

important indications. First, the elution through HF5 did not alter the non-covalent

bond between the polypeptide chain and the prosthetic group, as it had done during

elution through RP HPLC. Second, comparing the relative intensity of the two peaks

of each doublet, it was proven that most of the HRPmolecules retained, through HF5,

the calcium ions that were non-covalently bound to the enzyme. It was also worth

noting that there was a total absence of species corresponding to the binding of one,

rather than two, calcium ions. This confirmed the strong interdependence of the two

calcium-binding sites, and it suggested that the observed species had not been

generated by unspecific absorption of metal ions from the sample solution. This was

an indirect proof that the protein sample solution was actually desalted through HF5.

3.3.1.3 HF5 & CL

Spectrophotometric UV/Vis absorption detection is generally characterized by rela-

tively low sensitivity and specificity. CL detection can reduce the limit of detection

and enhance sensitivity and specificity with respect to UV/Vis absorption detection,

being the analytical signal generated without a light source because of a specific

chemical reaction. CL emission is often catalyzed by an enzyme [26]. Various,

reliable CL systems for the ultrasensitive detection of enzymes such as HRP, alkaline

phosphatase (AP), and b-galactosidase have been developed [27, 28]. The CL inten-

sity results are proportional to the enzyme activity when the amount of CL substrate

exceeds the enzyme mass. This makes CL suitable to quantitative analysis.

HF5 coupled with an enzymatic CL assay specifically designed for ultra-sensitive

evaluation of the activity of the functional protein urate oxidase (uricase) was

employed to characterize, under native conditions, the activity of different uricase

oligomers possibly present in solution [15]. Uricase in native form is a homo-

tetramer, the Mr of which is about 132,000. X-ray analysis shows that the tetramer

is composed of two dimers, which form a tunnel-shaped protein. Uricase was

fractionated through HF5, and the sample fractions were then analyzed to evaluate

the enzymatic activity of their components. The CL assay relied on detection of the
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hydrogen peroxide produced by the enzymatic reaction through the CL oxidation of

bis(2,4,6-trichlorophenyl)oxalate (TCPO) in the presence of the fluorescent energy

acceptor dipyridamole. A key feature of this assay is its extremely high sensitivity

(the limit of detection is of the order of 0.01 ng of uricase), whichmakes it suitable for

the enzymatic activity measurement of even trace components of the uricase fractions

obtained by HF5. In Fig. 3.4a,b are respectively shown the fractogram and the

CL signals measured for the fractions of a reagent-grade, uricase sample.

The CL signal exhibits its maximum value in correspondence of the retention

time of the enzyme tetramer. At the retention time corresponding to theMr value of

the enzyme dimer, a second CL signal maximum appears, which confirms that also

the uricase dimer was present in solution, and that it was active. Because of the non-

denaturing conditions of HF5, its use with CL enzyme activity assay then allowed

relating the supramolecular structure of the enzyme with its enzymatic activity.

3.3.2 Cells

Cell sorting is an outstanding topic in many fields, from diagnostics and biotechnol-

ogy, to stem cell-assisted therapy and transplants. Few flow-assisted separation

Fig. 3.4 HF5 of a reagent-grade uricase. Fin ¼ 0.70 mL/min; Frad ¼ 0.40 mL/min. Mobile

phase: 50 mM ammonium acetate, pH ¼ 7.0. (a) UV/vis fractogram at 280 nm. (b) Enzymatic

activity of the collected fractions determined by the CL assay (Adapted with permission from [15],

# 2006, American Chemical Society)
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methods are available for the sorting of whole cells. Since the early 1980s, the

possibility to develop FFF-based cell sorting was established by Caldwell et al. in a

pioneering work where they demonstrated the possibility to separate different types of

cells of different characteristics [29]. It was then due to the extensive work of Cardot

et al. [30] that the development of biocompatible FFF instrumentation for living cell

separation [31] became available, as well as the procedures to sterilize separators, and

to collect viable and reusable purified cells [32, 33]. Bacterial cell sorting is also of

great interest. The very first examples of HF5 sorting of bacteria have been reported

for different serotypes of deactivated Vibrio cholerae (V. cholerae) used for whole-

cell vaccines [12]. Subsequently, other bacteria (Escherichia coli; E.coli) and different
types of cells (human red blood cells, winemaking yeast from Saccharomyces
cerevisiae) were fractionated with superior size-based selectivity, and reduced analy-
sis time with respect to flat-channel Hyp FlFFF [34]. The intrinsic features of HF5

have indicated for Hyp HF5 interesting perspectives in terms of cell sorting, firstly

because of the low cost and short analysis time. Secondly, compared to most

techniques for cell sorting, HF5 can avoid sample carry-over and sterility issues,

because of the potentially disposable use of the channels.

In Hyp HF5 cells are fractionated according to differences in their physical

features. Such differences cannot however make cells be identified based on retention

time differences. Powerful characterization methods must be coupled to HF5, as cell

quantification is not easily possible from conversion of the signal intensity if UV/Vis

detection is employed. This is because signal intensity does not depend on light

absorptivity but rather on low-angle light scattering of the fractionated cells.

3.3.2.1 HF5 & MALDI/TOF MS

Mass spectrometry has proven to be powerful tool for the rapid identification and

characterization of bacterial cells [35]. Fenselau and co-workers have pioneered

development and application of matrix-assisted laser desorption/ionization

(MALDI) TOF MS for the characterization of intact bacteria [36]. The most

common approaches so far employed to identify unknowns by MALDI/TOF MS

analysis of intact bacteria are based on the similarity between the spectra of the

unknown bacteria and those in MALDI/TOF MS libraries of reference bacterial

species [37]. Nonetheless, for these methods to be valid, a high degree of reproduc-

ibility is required. This is a particularly critical aspect in the identification of

bacteria mixtures with high differences in the relative percentage of the different

strains, because the resulting spectra are highly complicated. MALDI/TOF MS of

bacteria mixtures is not only complicated by the high number of ion signals in the

spectra, but also by the fact that MALDI is a competitive ionization process, and the

spectra of bacteria mixtures can be quite different from the linear combination of

characteristic signals obtained for each individual bacterial species. Sample prepa-

ration methods able to enrich the sample in one bacterial species can potentially

reduce the analytical complexity and difficulties in interpreting spectra obtained for

bacteria mixtures.
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The first example of FlFFF as pre-MALDI/TOF MS of whole bacterial cells

employed a commercial, macro-column FlFFF channel [38]. That work threw light

on three issues that could limit the effective use of FlFFF for MALDI/TOF MS of

whole bacteria. Firstly, possible run-to-run sample carry-over due to incomplete

sample recovery from FlFFF could affect spectra reproducibility and, thus, reduce

fingerprinting capabilities of MALDI/TOF MS. Secondly, the relatively high sam-

ple dilution reached after the FlFFF step could result in cell concentrations that are

below the detection limits for MALDI/TOF MS. A concentration step before MS

would be necessary, and this would increase method complexity, analysis time, and

risk of sample losses and/or further decrease of sensitivity. Thirdly, the time

required by the FlFFF step could also affect the intrinsic rapidity of MALDI/TOF

MS analysis. HF5 shows itself able to overcome these limitations. When applied to

MALDI/TOF MS of whole bacteria, identification capabilities have been found

to significantly improve [39]. Representative results obtained from applying HF5 to

MALDI/TOF MS are shown in Fig. 3.5a–c. In Fig. 3.5a it is reported an example of

a fractogram obtained for a 1:1 mixture of lyophilized E. coli and Bacillus subtilis
(B. subtilis) mixture. A complete separation between the two species was achieved.

As representatively shown in Fig. 3.5b,c, two completely different spectra were

obtained from the fractions collected in correspondence to bands A and B (shaded

fractions 1 and 2, respectively), with the spectral features found for each individual

bacterial species that was found in each spectrum. None of the most characteristic

E. coli ion signals was found in spectra obtained from bands of type A, and none of

the most characteristic B. subtilis ion signals was found in spectra from bands of

type B. The number of characteristic signals of each species found in the spectra

from each band also increased with respect to the number of characteristic signals

found in the spectra of the unfractionated mixture. It is also worth noting that in the

representative spectrum in Fig. 3.5c, the E. coli ion signal likely assigned to the

protein #P02429 is recovered, while it was lost in the spectra of the unfractionated

mixture.

3.3.2.2 HF5-UV/Vis Turbidity DAD

With dispersed analytes separated by flow-assisted separation techniques, UV/Vis

spectrophotometric detectors are generally employed as turbidimeters, more

exactly as low-angle, light scattering detectors [40]. In order to directly convert

the analytical signal for quantitative analysis, the extinction properties of the

analyte fractionated in dispersion must be known. A method has been proposed

to experimentally obtain – by single-run, flow-assisted separation methods with

UV/Vis diode-array detectors – the mass-size (or number-size) distribution function

of the fractionated, dispersed analytes if a retention-to-size relationship for sizing is

either theoretically or empirically available for the chosen separation technique, as

in the case of HF5 [41]. The method needs neither standards nor to rely on a method

to predict the optical properties of the analytes, and it therefore makes use of a

separation method like HF5 to have the required retention-to-size relationship
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Fig. 3.5 (a) Fractogramof a 1:1mixture of lyophilizedE. coli andB. subtilis cells.Fin ¼ 4.0mL/min;

Frad ¼ 0.8 mL/min. Mobile phase: 1 mM ammonium cholate, pH ¼ 9.2. Band A: B. subtilis; band
B: E. coli. Fraction collection times: fraction 1 (B. subtilis) from 20 to 40 s; fraction 2 (E. coli) from
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for quantifying the fractionated analytes and obtain their particle size-amount

distribution (PSAD) from a single fractionation run. The method is based on the

fundamental property of the extinction efficiency to be a function of the ratio

between the diameter of dispersed, spherical particles and the incident wavelength

when the particle refractive index is constant [42]. It then requires the use of a

UV/Vis diode-array detector (UV/Vis DAD) to on-real-time record turbidity as

a function of the incident wavelength. It must be noted that the assumption of a

constant particle refractive index is respected only if absorption is independent

of the incident wavelength. The method must thus be applied only within the

wavelength ranges in which the analytes do not show specific absorption.

In Fig. 3.6 are reported the mass-size (f, dashed line), and the number-size

(fn, full line) distribution obtained by applying the method to a HF5-UV/Vis

DAD fractogram of human red blood cells (HRBCs). Only data collected in the

region where HRBCs do not show specific absorption were processed (lmin ¼ 450

nm; lmax ¼ 800 nm).

Morphology and size distribution of HRBCs are known to depend on medium

osmolarity [43, 44]. It is known that in 170 mOsm media at pH 7.4 (e.g. phosphate

Fig. 3.5 (continued) 50 to 100 s. (b) MALDI/TOF m/z spectrum of the collected fraction 1;

}: Most characteristic B. subtilis peaks recovered. (c) MALDI/TOF m/z spectrum of the collected

fraction 2; #: Most characteristic E. coli peaks recovered (Adapted with permission from [39],

# 2004, American Chemical Society)

Fig. 3.6 HF5-UV/Vis DAD of spherical HRBCs. Injected HRBCs were 7.0 104, the channel flow

rate at the HF inlet was 3.00 mL/min, and the radial flow rate was 0.30 mL/min (Adapted with

permission from [41], # 2003, American Chemical Society)
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buffered saline, PBS, 85 mM) the HRBC is perfectly spherical, its hydrodynamic

diameter corresponding to 1.24 AGV1/3, where AGV is the average HRBC vol-

ume. Previous HF5 experiments on spherical HRBCs had shown good agreement

between the HRBC size obtained from the AGVmeasured by uncorrelated methods

of clinical analysis and the size determined from HF5 retention time [34]. For the

experiment in Fig. 3.6, to have spherical HRBCs the suspending medium and the

mobile phase were PBS 170 mOsm. Because of the independence of HF5 retention

on particle density, this made the necessary conversion from retention to spherical

HRBC size possible by calibration with micrometer-sized, PS spheres, as described

in the literature [34]. If the mean value of the number-average size distribution (fn)
reported in Fig. 3.6 (full line) is compared to the mean value given by the reference

method employed for sizing the HRBCs sample, reasonably good agreement is

found: 7.2 mm vs. 6.6 mm, respectively. It must be recalled that differences as high

as 10% in size are quite often obtained by independent, uncorrelated methods for

particle size analysis [45].

3.4 Outlook

HF5 is able to overcome some intrinsic issues of standard flat-type FlFFF

methodologies, which are related to possible run-to-run sample carry-over due to

incomplete sample recovery caused by sample interaction with the channel, to

significant sample dilution, and to sterility needs. Therefore, coupling HF5 shows

effective to improve performance of even powerful characterization/identification

methods for macromolecules (proteins) and micronsized particles (whole cells).

The development of coupled methods shows particularly promising to make HF5

soon enter a mature, third-generation phase. Quite a few technical developments

such as channel cartridge engineering, and system operation automation such as

flow pattern commutation and flow programming have been most recently accom-

plished to make HF5 technology evolve from a prototype to a pre-competitive

phase and, finally, to a commercialized technology. Its recent commercialization

will make HF5 technology find most widespread application that we reckon this

technology should deserve.
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Chapter 4

Two-Dimensional Separation for Proteomic

Analysis

Myeong Hee Moon, Ki Hun Kim, and Dukjin Kang

Abstract This chapter describes the development of the two-dimensional separa-

tion methods using flow field-flow fractionation (F4) and isoelectric focusing for

proteomics utility. The methods described here are the rapid, non-gel-based, on-

line, two-dimensional separation methods in which proteins are separated by

isoelectric focusing (IEF) in the first dimension according to differences in isoelec-

tric point (pI) followed by size based separation using F4 (either hollow fiber F4 or

multilane asymmetrical F4 channels) in an orthogonal direction. In this chapter, the

capillary IEF-HF5 and IEF-AF4 methods are described with the demonstration of

system performances using protein standards. Also described are the applications to

human urinary proteome samples in which proteome fractions are collected and

tryptic digested for the proteomic analysis using nanoflow liquid chromatography-

tandem mass spectrometry (nLC-ESI-MS-MS).

Keywords 2D protein separation • Non gel based protein separation • Isoelectic

focusing • Flow FFF • IEF-AF4 • Proteomics

4.1 Introduction

Flow field-flow fractionation (F4) is an elution based separation method that adopts

either a rectangular channel system [1–4] or a cylindrical hollow fiber membrane

module (hollow fiber flow field-flow fractionation or HF5) [5–7]. Recently, when

F4 methods are combined with an off-line combination of nanoflow liquid
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chromatography-electrospray ionization-tandemmass spectrometry (nLC-ESI-MS-

MS), it has shown the capability as a prefractionation device for proteomics

research by the size based fractionation of biological macromolecules followed

by the shotgun identification of proteins/peptides. Proteomics applications of F4

with nLC-ESI-MS-MS have been made with the size fractionation of mitochondria

[8] or exosomes [9, 10] by F4, with a semi-preparative separation/isolation of

membrane debris [11] from cell lysates for the characterization of membrane

proteins, and with a selective isolation of N-linked glycosylated proteins [12]

using lectin affinity.

F4 can be integrated into a powerful alternative method for proteomics research

as a multi-dimensional protein separation device when it is on-line hyphenated with

isoelectric focusing (IEF) in an orthogonal dimension. Proteomics often requires a

combination of comprehensive analytical methods such as high performance sepa-

ration methods, mass spectrometry (MS), and bioinformatics. Since the proteome

itself is so complicated that currently available, sophisticated, and high resolution

MS can not analyze the proteome mixture all at once, a proper fractionation or

isolation of target proteins is required prior to MS analysis. Multidimensional

protein separation has been attempted by a number of approaches. The most

common multidimensional separation method is the two-dimensional polyacryl-

amide gel electrophoresis (2D-PAGE) in which separation of proteins is carried out

by the differences of isoelectric points (pI) with IEF as the first dimension in an

immobilized ampholyte strip and then followed by MW separation with gel elec-

trophoresis as the second dimension in a perpendicular direction. [13–16]. Since it

is simple in operation and provides a high resolution separation that can accommo-

date more than 1,000 proteins spots from complicated proteome mixtures, it is

widely being utilized in biological and clinical laboratories. Due to the orthogonal

combination of the two different separation principles, peak capacity of each

separation technique can be multiplied to yield a high resolution separation method

among currently available separation methods [16]. However, 2D-PAGE exhibits

some difficulties in handling low abundance proteins, retrieving intact proteins

from gel matrix, automation and the inevitable denaturation of proteins due to the

use of sodium dodecyl sulfate (SDS). Other 2D separation methods for proteins are

based on capillary IEF (CIEF) on-line hyphenated with reversed phase [14, 17, 18]

or size exclusion [19] chromatography and hyphenated with zone based [20] or gel

based [21] capillary electrophoresis. Most of these methods are based on the use of

organic solvent or surfactants which induce protein denaturation or dissociation of

protein subunits. Moreover, the use of packing media or gels as the second

dimension may cause sample loss or deformation and ampholyte solutions utilized

for IEF must be removed by a separate means prior to the subsequent analysis using

an MS based method.

As an alternative to the gel-based or packing-based method, F4 can be utilized as

a second dimension separation method to IEF. Protein bands can be fractionated by

size either by hyphenation of CIEF with hollow fiber flow field-flow fractionation

(CIEF-HF5) [22] or by IEF coupled to multilane asymmetrical F4 (IEF-AF4) [23,

24]. Ampholyte solution used for IEF can be simultaneously removed during F4
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separation so that a separate step to remove ampholyte such as microdialysis is not

needed. Proteins retain their three dimensional conformation since aqueous buffer

solution is utilized for F4 separation so that intact proteins can be retrieved for

secondary analysis. Moreover, the entire operation can be reduced to less than an

hour while conventional 2D-PAGE often requires more than 36 h. In this chapter,

2D separation methods based on F4 will be discussed with proteomic applications.

4.2 A Capillary Type of 2D Intact Protein

Separation: CIEF-HF5

4.2.1 Configuration of CIEF-HF5

Two-dimensional intact protein separation can be accomplished by assembling

CIEF with HF5 in a serial connection via a 6-port sample injection valve as

shown in Fig. 4.1. For CIEF, a 9.5-cm long, 310-mm i.d. Teflon tubing is utilized

and the Teflon tubing is ended with two micro-tee’s at both ends for the connection

of another micro-tee to provide electrical connection with anolyte (20 mM NaOH)
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Fig. 4.1 Schematic of the on-line integration of CIEF with HF5. For details, see the Experimental

section (Reprinted with permission from [22], # 2006, American Chemical Society)
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for anode, and catholyte (20 mM H3PO4) for cathode. For the cathodic side, inset of

Fig. 4.1 illustrates how the catholyte reservoir is placed in an upright position in

order to absorb possible bubbles generated from the electrode surface while a small

piece of membrane is placed at the micro-tee connection port so that proteins should

not be attracted toward the electrode side. A general assembly of HF5 is explained

in literature [5, 25]. However, HF5 in this case utilizes a microbore hollow fiber.

The HF5 module is constructed by inserting a microbore polysulfone HF having

450-mm i.d. into a 3.2-mm o.d. and 1.6-mm i.d. glass tube and both ends of the HF

are connected with silica capillary tubing (200-mm i.d./360-mm o.d.) by means of a

union at one end and a Derlin tee at the other end without the use of glue. A precise

description can be found from literature [6].

For the operation of CIEF-HF5 [22], proteome sample mixed with ampholyte

solution (less than 10 mL) is first injected via syringe pump into the Teflon capillary

and then CIEF separation is carried out with the application of an electrical field at

500 V/cm for 20 min. After CIEF is completed, a small portion (1 ~ 2 mL) of
fractionated protein bands is transferred to the 6-port injection valve depending on

the desired pI interval to be analyzed by pushing anolyte solution to the CIEF tube

using a syringe pump. Once a small volume fraction of protein bands is loaded onto

the injection valve, the valve is turned so that sample can be delivered to the HF5

module with flow from an HPLC pump. During sample loading, pump flow is set to

divide into two parts from the two 4-way valves so that focusing/relaxation of

sample components can be accomplished by delivering two counter-directing flows

from both ends of the HF to the 1/10 position of the fiber length. The focusing/

relaxation period (which includes sample loading) is ~1 min in a typical protein

separation using microbore HF. Carrier liquid for HF5 is 10 mM NH4HCO3

solution prepared from ultra pure water. After the focusing/relaxation, all flows

are diverted to the HF5 inlet only so that size fractionation of proteins can be

accomplished. While the HF5 separation process is on-going, protein bands of the

next pI interval are sequentially transferred to the sample loop for the next HF5 run

and simultaneously the rest of the protein bands remaining in CIEF tube are kept

under electrical field.

4.2.2 CIEF-HF5 for Protein Separation

The performance of CIEF-HF5 is tested with protein standard mixtures (1: horse

myoglobin (16.9 kDa, pI 7.2), 2: trypsinogen (24 kDa, pI 9.3), 3: carbonic

anhydrase (29 kDa, pI 5.85) 4: BSA (66 kDa, pI 4.8), 5. YADH (yeast alcohol

dehydrogenase, 150 kDa, pI 6.23)) and the HF5 fractograms obtained with or

without CIEF are shown in Fig. 4.2a. When the HF5 separation is carried out

alone without CIEF separation, proteins 1–3 are not resolved at all (top fractogram

in Fig. 4.2a) since their MW values are close to each other. When CIEF is

performed prior to HF5 separation, proteins of different pIs elute at different HF5

times. For the present mixtures, four different fractions (pH intervals of 3–5, 5–6,
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6–8, and 8–10) are sequentially separated by HF5. The pH interval of the first CIEF

fraction loaded to HF5 is pH 8–10 (~2 mL) in which trypsinogen (peak 2, pI 9.3)

elutes within 6 min. For the HF5 run of the CIEF fraction having pH 6–8,

myoglobin and YADH are successfully resolved by their sizes along with the

presumable dimer peaks of myoglobin at the rear shoulder of peak 1. Figure 4.2a

shows that CIEF-HF5 not only separates proteins according to pI (peaks 1–3 eluted

at different runs) but also by size. In addition, peak 5 which is from YADH appears

at a sufficiently long retention time which supports the notion of maintained protein

conformation while a 2D-PAGE experiment of the same mixture shows dissociated

subunit spots at a MWmarker position between 36.5 KDa and 55 KDa (see ref. 22).

Reproducibility of the CIEF-HF5 system is evaluated with three repeat injections of

300 ng BSA. Data in Fig. 4.2b, show that of the relative standard deviation in

retention time is within 3.0% and the sample recovery is 88. 4 � 0.1% (compared

to the peak area measured from an HF5 run for BSA without CIEF).

4.2.3 CIEF-HF5 for Human Urinary Proteome

CIEF-HF5 is applied to the fractionation of a human urinary proteome sample. In

this study, a urine sample is first filtered using a membrane filter of 30 kDa MWCO

and only the protein fraction larger than 30 kDa is utilized. Figure 4.3a shows the

HF5 fractograms obtained for the CIEF fractions of six sequential pH intervals
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Fig. 4.2 (a) The HF5 fractograms of various proteins without CIEF and after CIEF; 1: horse

myoglobin (16.9 kDa, pI 7.2), 2: trypsinogen (24 kDa, pI 9.3), 3: carbonic anhydrase (29 kDa, pI

5.85) 4: BSA (66 kDa, pI 4.8), 5. YADH (yeast alcohol dehydrogenase, 150 kDa, pI 6.23). Flow

rates were 0.6 mL/min for the inlet flow and 60 mL/min for the outlet flow. (b) The reproducibility

of the CIEF-HF5 separation of BSA (Reprinted with permission from [22], # 2006, American

Chemical Society)

4 Two-Dimensional Separation for Proteomic Analysis 61



(marked in the right axis of Fig. 4.3a), injected from 40 mg of the proteome sample.

The elution profile of each pH fraction shows differences in protein distribution

except for fraction F which presents an artifact from the electroosmotic flow of

proteins to a nearby fraction (toward the high pH region). The entire run for

Fig. 4.3a takes less than 3 h while 2D-PAGE requires at least 36 h. Protein fractions

are collected during CIEF-HF5 run for 5-min intervals and each collected fraction is

digested with trypsin to produce peptide mixtures for shotgun identification of

proteins/peptides. Figure 4.3b shows the base peak chromatogram of the digested

peptide mixture from the fraction E2 during nLC-ESI-MS-MS run. The numerous

peaks shown in Fig. 4.3b represent the elution of peptide mixtures generated from

the digestion of the fraction E2 and they are analyzed by data dependent collision

induced dissociation for fragment ion MS spectra. The precursor scan MS spectra

obtained for the peak at 95.4 min (marked as ** in Figure 4.3b) contains a peptide

ion m/z 987.06 (þ2: doubly protonated). Its CID spectra results in the identification

of a monocyte differentiation antigen CD14 with a peptide sequence of

R.AFPALTSLDLSDNPGLGER.G, of which protein is reported as biomarkers for

an inflamed pilonidal abscess in the literature [26], from database search. Peptide

peaks from all fractions are analyzed to obtain protein identifications by shotgun

analysis using nLC-ESI-MS-MS. For the nLC-ESI-MS-MS analysis, a pulled tip
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Fig. 4.3 (a) The CIEF-HF5 fractionation of a human urinary proteome sample. The HF5

fractograms for the six CIEF fractions of the urine proteins (~40 mg). (b) Base peak

chromatograms (BPC’s) of the four CIEF-HF5 fraction E2 by nanoflow LC-MS-MS after the
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capillary LC column (75 mm i.d., 360 mm o.d., 15 cm L, 5 mm 100 Å Magic C18AQ)

without a separate emitter is prepared in our laboratory. A detailedmethod to assemble

a nanoflowLC setup is explained in literature [27, 28]. For nLC separation, a binary RP

gradient elution (mobile phase composition of (A) 3% CH3CN in water and (B) 95%

CH3CN in water, both containing 0.1% HCOOH) is utilized. For ESI-MS-MS, a spray

voltage of 2.5 kV in the positive mode of ionization is employed. Data analysis of the

collected rawMS-MS spectra is performedwith theMascot Search program using both

Swiss-Prot and NCBI human data bases and only peptides yielding larger than a

minimumMascot score of 30 are accepted as an extensive homology for data screening.

From the nLC-ESI-MS-MS analysis of all fractions collected, a total of 114

proteins are identified and the entire list can be found from literature [22].

4.3 A Flat Bed Type of 2D Intact Protein

Separation: IEF-AF4

While the CIEF-HF5 system provides non-gel based 2D intact protein separationwith

several features such as isolation/collection of intact proteins in a certain pI and ds
(hydrodynamic diameter) and online removal of carrier ampholyte solution, the

maximum injection amount of proteome sample is limited (~40 mg) due to the use

of narrow bore tubes (Teflon tube for CIEF and microbore hollow fiber for HF5). In

addition, while one pI fraction of proteins is loaded into HF5 for size separation, the

other pI fractions should be left in the CIEF tube until HF5 separation of the previous

fraction is completed. Though the entire separation time in CIEF-HF5 is significantly

reduced by a factor of 10 from that of 2D-PAGE, stagnation of fractionated proteins in

CIEF tubing under the electrical field causes a shift in the position of protein bands

from the influence of electroosmotic flow aswell as unnecessary delay in time. For the

high throughput and high speed separation, the new multilane channel system is

designed by adopting the conventional rectangular design of an FFF channel with an

array of multiple asymmetrical flow field-flow fractionation (AF4) channels [23].

4.3.1 System Configuration of IEF-AF4

IEF-AF4 multilane channel system consists of six miniaturized AF4 channels that

are aligned in parallel as shown in Fig. 4.4a and the beginning area of the six

channels are opened together in order to provide an IEF segment [23]. Thus, IEF is

carried out in a direction normal to the AF4 channel axis. At both ends of the IEF

segment, anolyte (0.010 M phosphoric acid) and catholyte (0.020 M NaOH)

reservoirs are connected by capillary tube with each electrode immersed inside.

The multilane channel has six parallel trapezoidal design (11.0 cm tip-to-tip,

1.0–0.3 cm in breadths, 300-mm-thick) with the IEF sector (between 1.0 and
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1.5 cm from each channel inlet) open together. Therefore, the length of the AF4

channel itself is 9.5 cm from the beginning of the channel divider to the end of each

channel. Below the channel spacer in Fig. 4.4a, a PLCGC (MWCO, 20 kDa) from

Millipore Corp. (Danvers, MA) is layered above the ceramic frit having 5 mm pores.

When sample is loaded with ampholyte solution for IEF using a syringe pump, all

inlets and outlets of IEF-AF4 channel and the crossflow outlet in Fig. 4.4a are

closed except for the outlet of the IEF segment so that proteins with ampholyte

mixtures are placed between the two ports. Before the sample loading, the interface

between each electrolyte reservoir and the IEF segment needs to be filled with
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Fig. 4.4 (a) Schematics of multilane FlFFF channel structure for IEF-AF4 (Reprinted with

permission [23], # American Chemical Society, 2009), (b) modification of IEF-AF4 channel

by isolation of the IEF sector with a separate IEF channel (Reprinted with permission from [24],

# 2009, American Chemical Society)
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electrolyte solutions. Otherwise, ampholyte solution can be pulled out of the IEF

segment toward each electrode when the electric field is applied, causing a loss of

proteins having extreme pIs close to the limiting end of the pI interval of an

electrolyte. After sample loading to the IEF segment, 1–3 kV is applied for 5 min

to carry out IEF separation. When the IEF process is completed, protein bands

fractionated by pI differences in the IEF segment are immediately transferred to the

beginning of each AF4 channel, and then each protein fraction undergoes the

focusing/relaxation procedure to establish equilibrium states of proteins before

separation. During focusing/relaxation period, flows from both pumps are delivered

to channel to focus at the vicinity of the beginning of each AF4 channel for 100 s.

Once focusing/relaxation is finished, only fluid from pump flow 1 is delivered to the

six inlets of the AF4 channel at flow rates required for separation.

The IEF segment can be isolated from the multilane channel system as shown in

Fig. 4.4b. Isolation of the IEF segment into a separate IEF channel can be made

similarly to an FFF channel by using a Teflon spacer cut in a saw-tooth shape (6.0 cm

long, 0.5 cm wide, and 0.030 cm thick) as shown in Fig. 4.4b and the IEF channel is

connected with AF4 multilane channels with narrow bore PEEK tubing [24]. This

design gives an additional advantage, as it bypasses possible sample clogging at the

channel membrane surface during IEF when IEF is embedded as shown in Fig. 4.4a.

4.3.2 Evaluation of IEF-AF4 Multilane Channel System

For the IEF-AF4 channel system, the effects of ampholyte concentration and

electrical voltage on the performance of IEF are initially evaluated using BSA.

When the concentration of ampholyte solution (Fluka Ampholyte High-Resolution

pH 3–10) is varied from 0.5% to 2%, 1% ampholyte provides efficient separation

of BSA eluted at the right channel lane under 3 kV for 5min for IEF in Fig. 4.5a.When

the ampholyte concentration is 0.5%, BSA is found to elute from channel 1 (data not

shown), which means the pH gradient is not properly built up in the IEF segment.

Since the pI value of BSA is 4.8, it is expected to elute from the channel 2 (ideal DpH
of channel 2 is 4.17 ~ 5.33 assumed from the linear gradient).

The effect of electrical voltage on IEF is tested with carbonic anhydrase (CA, pI

5.8) mixed with 1.0% ampholyte by applying different voltages. At 1.0 kV, IEF of

CA is not completed during a time interval of 100 s because CA molecules elute

from all three channel lanes. However, when the voltage is increased to 3.0 kV, CA

appears to elute exclusively from the channel lane 3 (ideal DpH ¼ 5.34 ~ 6.50)

with a sharp peak in Fig. 4.5b.

4.3.3 IEF-AF4 for Protein Separation

Evaluation of the modified IEF-AF4 system is carried out by the separation of seven

protein standard mixtures. Figure 4.6a shows the AF4 fractograms obtained at each

AF4 channel lane after IEF using 1.0% ampholyte solution having a narrower pH
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range (3.0 ~ 6.0) under 2 kV for 500 s. In this case, expected DpH of each AF4

channel is 0.5 unit. In Fig. 4.6a, proteins elute at each AF4 channel of which DpH
includes the pI value of the protein standard as peak 1: fetuin (48 kDa, pI ¼ 3.3),

2: amyloglucosidase (48 kDa, pI ¼ 3.6), 3: glucose oxidase (66 kDa, pI ¼ 4.2), and

4: BSA (66 kDa, pI ¼ 4.8), 5: apoferritin (444 kDa, pI 5.4), 6: CA (29 kDa, pI 5.8),

7: ADH (150 kDa, pI 5.9). It is noted that carbonic anhydrase (peak # 6, 29 kDa,

pI ¼ 5.8) and alcohol dehydrogenase (#7, 150 kDa, pI ¼ 5.9), eluted at lane 6 show

a clear separation according to MW. It also indicates that AF4 successfully provides

the size separation of proteins during elution and that IEF-AF4 resolves larger molar

mass proteins (>100 kDa) successfully, as shown in peaks 5 and 7, while 2D-PAGE

shows limited capability in resolving larger proteins. Injection amount for each

protein standard is 10 mg (total 70 mg), representing the increase of throughput

compared to the capillary type of 2D separation. It also demonstrates that an

ampholyte solution of a narrower pH interval can be utilized for a finer separation

of proteins having small differences in pI values.

The IEF-AF4 channel system modified with an isolated IEF sector is employed

for the 2D fractionation of a human urinary proteome sample from a healthy donor.

IEF is carried out by using two carrier ampholyte solutions: pH ¼ 3.0–6.0 and pH

3.0–10.0 in order to compare the performances of protein identification. Figure 4.6b

shows the AF4 fractograms obtained from an injection of 120 mg of the urinary

proteome sample with an ampholyte having pH ¼ 3.0–6.0. IEF operation and AF4

separation are carried out at the same run conditions utilized for Fig. 4.6a. For the

nLC-ESI-MS-MS analysis, fractions are collected at the time interval marked by

the broken lines in Fig. 4.6b and five IEF-AF4 runs are made for the accumulation

of each fraction. A similar run is made for the sample using an ampholyte of pH

3.0–10.0. The collected fractions are digested by proteomics grade trypsin and the

resulting peptide mixture sample of each fraction is analyzed by nLC-ESI-MS-MS.

It can be expected that using an ampholyte solution of a narrow pH interval

offers a finer separation of proteins during IEF, which eventually reduces the

ionization suppression effect from high abundant peptides. This can be explained

with the following MS spectra obtained for the similar time frame for fractions from

the two IEF-AF4 runs. The two MS spectra shown in Fig. 4.7 are the precursor MS

scans of peptide mixtures from (a) the fraction 4C (representing the AF4 fraction C

of the channel lane 4 with the expected pH interval of 4.5–5.0 in Fig. 4.6b)

employed with pH 3.0–6.0 at 48.3 min of nLC and (b) the fraction 2C (pH

4.2–5.3) employed with pH 3.0–10.0 ampholyte at 44.2 min (nLC). Proteins

contained in the fraction 4C are expected to exist in the fraction 2C since the pH

interval of the fraction 2C is broader than that of the fraction 4C. The difference in

retention times originate from the use of different capillary columns. However, the

selection of the retention time frame shown in Fig. 4.7 is based on the monitoring of

the same peptide ions simultaneously found from both runs: peptide ions of m/z

716.6 and 1106.5 in Fig. 4.7a match with those of m/z 716.6 and 1107.3 in Fig. 4.7b.

However, due to the influence of high abundant co-eluting ions, their CID

experiments show differences in the identification of proteins. For the case of

both ions of m/z 1106.5 and 1107.3, they are identified from the CID spectra as

4 Two-Dimensional Separation for Proteomic Analysis 67



K.AMLSGPGQFAENEVNFR.E from transcription elongation factor B polypep-

tide 1 (pI ¼ 4.78). However, while the precursor ion of m/z 716.6 at Fig. 4.7a is

identified as R.NTGVISVVTTGLDR.E from E-cadherin (pI ¼ 4.58), the same

precursor ion is not successfully identified from CID due to the weak intensity

(4.8 � 105) of the peptide ion peak in the precursor scan of Fig. 4.7b. This is caused

by ionization suppression from three other abundant peptide ions (m/z 739.1,

1107.3, and 1690.7) exhibiting relatively high intensities (> ~ 2 � 107 in

intensity).

Protein numbers identified from nLC-ESI-MS-MS using the human data base

yield a total of 245 urinary proteins for both experiments carried out with two

different ampholyte solutions: 164 proteins from the experiment with pH 3–10

ampholyte and 190 proteins from pH 3–6 ampholyte solution as shown in Fig. 4.8.

For both experiments, 107 proteins are commonly found. Though the number of

proteins identified from these experiments is not as great as the literature value

(~1,580) accumulated so far [28–32], 110 unique species among the total 245

proteins found in our study have not been reported elsewhere. Moreover, 42

proteins (including 28 unique species) are found to be above 100 kDa which

demonstrates the efficiency of AF4 separation in recovering larger molecular

species (>100 kDa). The entire protein lists can be found from literature [24].

Since urine is the most convenient source of clinical sample without an invasive

procedure, urinary proteome analysis can offer biomarker development in the
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Fig. 4.7 Precursor scan MS spectra of digested AF4 fractions collected by changing ampholyte

solutions (a. pH ¼ 3.0–6.0 and b. pH ¼ 3.0–10.0). (a) Fraction 4C represents the AF4 fraction C

of the channel lane 4 and (b) fraction 2C for the fraction C of the lane 2. The retention time of each

spectrum represents the time slice of the corresponding precursor MS scan during nLC-ESI-MS-

MS (Reprinted with permission from [24], # 2009, American Chemical Society)
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inherited diseases. In the case of known targets, selective fractionation of target

proteins by IEF-AF4 can be a good analytical tool to monitor disease biomarkers

and for clinical or genetic treatments. In our experiment using the narrow pH

ampholyte solution, identified proteins such as oncostatin-M specific receptor

subunit beta precursor, alpha-galactosidase A precursor, cathepsin D precursor,

and cublin precursor are known to trigger diseases such as primary localized

cutaneous amyloidosis [33], Fabry disease [34], human neurodegenerative disorder

[35], and megaloblastic anemia [36], respectively, when they are deficient or

mutated pathogenically. The developed channel can provide a finer separation of

protein pI intervals when more AF4 channels are implemented simultaneously. This

will provide a flexibility to handle post-translationally modified proteins as an

alternative speedway for therapeutic and clinical utilities.
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Chapter 5

Field-Flow Fractionation in Therapeutic

Protein Development

Joey Pollastrini, Linda O. Narhi, Yijia Jiang, and Shawn Cao

Abstract The development lifecycle for pharmaceutical proteins begins with

target identification and demonstration of the biological relevance of a particular

protein or protein property, continues to identification of which lead product

candidate and cell line to advance, then proceeds through process and formulation

development and characterization, clinical trials and commercialization. The

launch of a product represents the beginning of a different kind of product support,

which includes lot release, exploration of different delivery devices, comparability,

and support for investigations. The past several decades have seen demonstration

and documentation of the utility of asymmetrical flow field-flow fractionation

(AF4) in biotechnology applicable to each of these protein drug development

phases, but as yet, with limited industrial or routine implementation. This chapter

seeks to provide a survey of such applications and potential opportunities for

inspiration and exploitation of the distinct characteristics of AF4 throughout the

long, winding and multifaceted drug development process.

Keywords AF4 • Aggregation • Biotechnology • FFF • Monoclonal antibodies •

Particle • Protein therapeutic

5.1 Introduction

The development lifecycle for pharmaceutical proteins begins with target identifi-

cation and demonstration of the biological relevance of a particular protein property

or protein, continues to identification of which lead product candidate and cell line
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to use, and then proceeds through process and formulation development and

characterization, clinical trials and commercialization. The launch of a product

represents the beginning of a different kind of product support, which includes lot

release, exploration of different delivery devices, indications, comparability, and

support for investigations. Asymmetric flow field-flow fractionation (FFF) holds

promise as an analytical tool that can be applied through all of these development

stages.

During the identification of potential biological targets that might be efficacious

in mitigating a given disease, one of the important properties that must be analyzed

is the affinity between ligand and receptors, antibodies and antigens, etc. FFF can be

a potent tool for determining the solution affinity of different molecules, and also

the ratio in which the individual components exist in the final complex. This can be

a higher throughput tool than cell based binding assays, and avoids the

immobilizing step necessary for plasmon resonance techniques.

Once a target has been identified, the next stage is often to choose the final candidate

to advance to the next stage of development, and the clonal cell line to use to ensure

consistent yield and product quality. FFF can be used to assess the amount of monomer

and aggregate present in the cell culture media prior to purification. This information

can be used during clone selection to pick the clone that will produce the optimal

amount of monomer right from the beginning of the process. The ability to do this

without any purification steps prior to analysis ensures that the results are not affected

by separation conditions, and affords higher efficiency. This informationwill contribute

to selection of the final commercial cell line that optimizes yield and product quality.

For selection of the product candidate itself, in addition to biological activity, the

ideal molecule will need to be stable to process and storage conditions. This includes

low pH for viral clearance if it is a mammalian cell line derived molecule, refolding

conditions if it is anE. coli derived protein in the form of inclusion bodies, and storage

in solution at 4–8�C for 2 years, often at protein concentrations above 100 mg/ml.

Screening for this type of stability usually involves stressing the material, and then

assessing the integrity of the remaining protein. Controlling and minimizing protein

degradation, including protein aggregation, is very important. FFF can be used for

obtaining the size distribution profile of the material following different types of

stresses, and determining the amount of both clips (smaller species) and larger self-

associated aggregates. FFF has the ability to span a much larger size range than size

exclusion chromatography (SEC), with the added advantage that there is no filtering

out and removal of themicron sized aggregates by the chromatography column. Being

able to measure protein aggregates between 0.5 and 10 mm in size is especially

important, due to elevated concerns around the potential immunogenicity of protein

aggregates of this size. FFF also has the potential to determine the affinity of the

protein for association into different aggregated species. Coupling FFF to mass

spectrometry (MS) can yield information on the chemical modification of these

aggregates as well. Information on changes in conformation, especially unfolding or

an increase in the hydrodynamic radius, can also be determined from FFF. Thus there

is the potential to use FFF to follow effects of solution conditions on the conformation

of the monomer and oligomeric species of the product candidates as well.
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During scale up and process and formulation stability studies, FFF can be used to

determine the size distribution of samples after each process step and follow

formulation stability experiments during accelerated studies. There is the potential

for FFF to be run on line, as a Process Analytical Technology (PAT) assay that can

be used to ensure process consistency, and also to trigger pooling events so that the

material with the same product quality can be obtained from lot to lot, without

worrying about small differences in the elution profile from run to run. Application

of FFF to assess the quality of product in the conditioned media, as it is used for

clone selection, can ensure that the starting material for downstream purification is

comparable, or better, as the process is optimized, with the amount of protein

aggregate minimized.

During formulation development, the stability of a protein is assessed against

different buffer compositions, pH, storage temperature and time etc. Many samples

can be generated which need to be analyzed for determination of the optimal

formulation conditions. If a high throughput FFF method can be developed this

would be useful, by decreasing the amount of time and material necessary to screen

protein self-association under different conditions, and to determine what solution

conditions minimize aggregation, modification, clipping, and degradation, and

increase stability. This method could be applied during both real time and

accelerated stability studies as part of the formulation development.

Different devices can be used to deliver protein therapeutics, and the effect of

storage and delivery in these devices on the quality of the protein therapeutic is

another area where FFF can be used. Analysis of the sub-mm and mm species present

in drug product from pre-filled syringes (PFS) can be confounded by the presence of

silicone oil droplets, which cannot be differentiated from protein particles by many

techniques. FFF coupled with various detection mechanisms has the potential to be

able to identify not only the size of the species, but to determine if they are silicone

oil, protein, or a complex of both. For the emerging use of nano-particles as a

delivery device, FFF is one of the few techniques that can differentiate between

empty nano-particles, protein, and the protein-nano-particle complexes.

During preclinical studies, FFF can be used to analyze animal samples for the

type of species that form during in vivo circulation. When coupled with western

blot analyses of isolated fractions it can be used to monitor any immune complexes,

or other heterogeneous complexes that form, and to determine if the drug product is

involved in this reaction. It can also be used to determine the oligomeric state of the

majority of the biotherapeutic following different routes of administration.

Once the candidate and process have been locked, the emphasis switches from

developing and optimizing conditions to maintaining process control. FFF can be

used as part of the comparability protocol, to ensure that the individual lots have the

same size distribution profile, and protein conformation. As mentioned above, it can

also be used to determine which fractions should be pooled and which should be

discarded to maintain product quality by way of process analytical technologies

(PAT) during downstream purification.

An important aspect of preclinical and clinical development is the monitoring of

sample stability, stored both under accelerated and recommended conditions. This
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is another potential area for the application of FFF, to monitor both the size

distribution and the species generated, and to identify storage conditions that cannot

be used for a particular drug product.

As additional disease indications are developed for a therapeutic product, FFF can be

used as one of the tools to ensure that changes in device, concentration and formulation

do not increase the amount of degradants. Again, coupling with MS would allow

identification of any chemical modification that might have occurred, and the ratios

of the different species formed, in addition to the determination of their size.

FFF can also be used to support commercial product investigations, for example

those involving lots rejected for containing particles. Determining the aggregate

size distribution of the suspected product, or coupling FFF with western blot and

similar analyses, and determining if the aggregated species are product related, is

vital information for these types of investigations. Assessing the nature of the

product in vivo using drug isolated from sera obtained from animals, or from

healthy human volunteers, to probe the self-association behavior, and determine

which species are in equilibrium as soon as the drug is administered is another

potential application of FFF. If the analysis can be done directly on sera (using

western blot analysis of individual FFF fractions, or labeling specific to the product)

this would address a gap in our current analytical ability.

For many of these applications the sensitivity of detection methods coupled to

FFF, especially for species greater than 100 nm, will need to improve, so that the

presence of a small number of particles can be detected and quantified. Coupling

FFF with different novel detection systems beyond multi-angle light scattering

(MALS), labeling systems, and MS, is an area for development that would allow

FFF to dramatically expand our ability to analyze the presence of different self-

associated protein species throughout the product lifecycle.

5.2 Discussion

FFF applications in different phases of protein therapeutic development are discussed

in detail below. In addition to proof-of-concept studies, attention has been paid to

identifying current analytical gaps and needs, and if and why FFF can be used to fill

those gaps. In places where such potentials have not been realized, underlying causes

such as instrumental limitations have been discussed and possible solutions proposed.

5.2.1 Discovery Research

FFF has been applied to a variety of bioanalyses relevant to the discovery phase of

protein therapeutic development. One emerging application with significant poten-

tial is in the area of proteomics, especially functional proteomics. The starting point

for protein therapeutic development is disease molecular etiology and the
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identification of potentially gain-of-function inducing protein engineering

opportunities, often referred to as drug target identification [1]. Disease molecular

etiology and drug target identification involve the discovery and understanding of

cellular activity pathways. Proteomics is key to this process because it enables the

identification of the complex array of proteins and their chemical state, such as

phosphorylation, present in a given system at a given time such as cells, serum, etc.

Conventionally, two technical challenges have limited the information available

from mass spectrometric proteomic analysis (1) harsh sample introduction causing

the destruction of native conformation and properties such as binding (2) despite the

staggering power of MS in shotgun sequencing and protein identification in com-

plex samples, sample complexity still poses challenges in terms of data processing

and extractable information. The development of soft sample introduction and ioni-

zation approaches such as electrospray ionization (ESI) and matrix-assisted laser

desorption/ionization (MALDI) has gone a long way to overcome the first challenge.

Coupling of FFF with MS makes a further stride towards resolving both of these

issues. With regard to the first challenge, FFF as a separation technique is exceptional

in its ability to separate without denaturing the analytes. The preservation of veryweak

protein binding interactions that would not survive typical pre-analysis sample prepa-

ration techniques such as chromatography or gel-based separations, has been

demonstrated [2]. This quality complements the soft-ionization techniques for MS

introduction. In regard to the second challenge, sample simplification, separation by

size is a powerful approach, lifting much of the burden off of the mass spectrometer

and ensuing data analysis to interpret the overwhelmingly complex ion spectra [35].

In cases where sample simplification by size alone is insufficient, the process can

be further enhanced by so-called 2D methods as shown in Fig. 5.1 [4]. FFF

Fig. 5.1 (a) mHF5 fractograms without CIEF and after CIEF: (1) horse myoglobin (16.9 kDa, pI

7.2), (2) trypsinogen (24 kDa, pI 9.3), (3) carbonic anhydrase (29 kDa, pI 5.85), (4) BSA (66 kDa,

pI 4.8), and (5) YADH (yeast alcohol dehydrogenase, 150 kDa, pI 6.23). Flow rates: inlet

flow ¼ 0.6 mL/min; outlet flow ¼ 60 mL/min. After CIEF, protein bands at four consecutive

pH intervals (pH 3–5, 5–6, 6–8, and 8–10) were injected into mHF5. Flow rates: outlet flow ¼ 60

mL/min; radial flow ¼ 540 mL/min. (b) 2D PAGE for five proteins: YADH appears as dissociated

subunits (Reprinted with permission from [3], # 2006, American Chemical Society)
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separates the sample by the different sizes of the analytes present. In this light, FFF

has been coupled with a wide array of complimentary techniques for a second

dimension of separation, notably non-gel based and non-denaturing techniques.

One of the most impressive of these has been the coupling of FFF with the exquisite

charge based separation achieved by capillary isoelectric focusing (cIEF) [3].

Placing the FFF as the second dimension in the 2D separation series provided the

additional benefit of online removal of the ampholyte. In multiple reports, signifi-

cantly more proteins were identified in samples after pre-analysis and separation

with FFF or FFF-cIEF, demonstrating the power of such combinations for proteo-

mics research at the drug discovery stage [3, 5].

Another property of FFF that makes it amenable to coupling with MS is the fact

that it is fundamentally a tangential flow filtration apparatus, thus the injected

sample is quickly and thoroughly diafiltered into the running buffer. Complemen-

tary to this diafiltering quality of FFF is its broad carrier fluid compatibility,

permitting the use of MS compatible volatile and non-denaturing solvents such as

ammonium acetate, enabling online desalting simultaneous with analyte separation

[6]. FFF is also compatible with low flow rates, which provides a boost to the MS

detection sensitivity.

An intense area of current disease study is blood lipoproteins and their correlation

with coronary artery disease (CAD). Multiple studies have been reported showing the

effectiveness of serum lipoprotein analysis by FFF, particularly coupled with enhanc-

ing detection techniques such as Sudan Black dye for specific lipid detection and

MALS for particle size distributions [7–11]. Relative amounts of the HDL, LDL and

VLDL can be readily measured with FFF, as shown in Fig. 5.2, more rapidly and

conveniently than with existing methods such as analytical ultracentrifugation (AUC)

and permit the important benefit of fraction collection for further analyses.
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Fig. 5.2 FFF separation of two different whole blood serum samples (red and blue) showing the

separation of high abundance proteins (HAP) albumin and immunoglobulin as well as lipoproteins

HDL, LDL, VLDL and Chylomicrons
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5.2.2 Process and Analytical Development

The transition from protein drug discovery to development has received significant

attention lately. Increasingly, the physicochemical stability of drug candidates is

being extensively evaluated and screened to select molecules likely to survive intact

the stresses of the manufacturing, shipment and storage processes, prior to substan-

tial investment in drug programs. Recently FFF has been applied at this stage to

screen the aggregation state of drug candidates across a wide pH range [12]. The

mobile phase flexibility of FFF permitted use of the screening buffers across this pH

range as carrier solution, thus testing the desired state of the samples. Minimal or no

method development was required for the analyses in the different carrier solutions.

Once a stable lead drug molecule candidate is identified, the next phase in

therapeutic protein development is translating the novel molecule into a drug product.

Much of this work consists of developing and demonstrating a robust process capable

of consistently producing quality product. Protein production begins with transfected

microbial and mammalian cell culture fermentation. Before this is started, the cell

lines to be used need to be optimized, selecting for performance, especially high

protein product titer. Cell line and process optimization are highly complex endeavors

with multitude interacting parameters to be tested including cell media and

metabolites. FFF can be applied at this stage, as it has been shown to effectively

separate tRNA and ribosomal subunits in a single run on unprepared cell lysate [13].

Such measurements can be used to compare yields and other cell line characteristics.

The selected cell line will generally be used for production for the lifetime of this

product, and thus it is worth investing resources in the development and optimization

of this cell line, including application of protoeomics and metabolomics in order to

obtain asmuch protein per unit cell as possible. As in the research discovery phase, this

is an opportunity for pre-analytical application of FFF [14].

For E. coli fermentation processes, the protein is most often produced in inclusion

bodies, which contain the enriched protein product in an insoluble form that needs to

be solubilized and refolded into a native functional therapeutic. Inclusion bodies range

in size from approximately 400–1,200 nm in diameter, a range of characteristic

strength for FFF. The size and mass distributions of the inclusion bodies can be

indicative of cell productivity and protein quality. FFF-MALS has been used to

analyze the size and mass distributions of inclusion bodies produced in E. coli under
varying conditions of temperature and induction time [15]. The analysis showed

distinct differences in the physical properties of the inclusion bodies correlating to

the different cell growing conditions. This application of FFF can be used to optimize

the protein expression system chosen for commercial production. Improvement in cell

productivity can contribute significantly to the commercial viability of a protein

therapeutic.

In a report from the Joint Center for Structural Genomics Group, under the

umbrella of the Protein Structure Initiative, FFF-LS was incorporated into the high-

throughput protein expression/purification workstream. Specifically, the FFF sys-

tem was implemented as a part of the protein refolding process. Protein refolding is
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a largely empirical process where a large number of refolding conditions, such as

pH, denaturant and other additives, are screened for optimum protein refolding

[16]. However, evaluating the array of conditions can be challenging due to

limitations of commonly used techniques such as turbidity and activity assays.

FFF-LS was used to evaluate the presence of small, monodisperse oligomers as a

measure of proper protein refolding and recovery. The wide dynamic range of FFF

separation, and its lack of solid column matrices which avoids clogging issues (an

area of particular concern in a high-throughput setting), were cited as strengths of

the technique leveraged in this application. Additionally, ease of use, speed,

flexibility to mobile phase conditions and inhomogeneous samples, as well as the

ability to collect fractions for offline analysis, were considered valuable for moni-

toring protein therapeutic product quality during the refolding process.

A similar application [17, 36] has been the high throughput analysis of aggregate

present in lysed cell culture samples for the purpose of cell line selection. In this case,

impure cell culture lysate was analyzed; the protein monomer and aggregate signals

were high enough to still be observed above the signal from the complex impurities of

the crude sample. The FFF run conditions were optimized to permit high-throughput

analysis in under 10min including inter-samplewash steps. The application of FFF for

this purpose was an alternative to an SEC approach that incorporated prior sample

purification with protein A resin. The primary drawbacks of FFF in this case were low

monomer-aggregate resolution, and interference from impurities with some samples.

During protein therapeutic development, process analytical technology (PAT) is

of high value for process and product development and control. Such technologies

are those which are amenable to the demanding throughput and ruggedness of the

process environment, sometimes referred to as online or near real-time type of

analyses. The authors are aware of recent unpublished efforts to implement FFF as a

PAT in the commercial environment similar to that of the DiDonato group [16],

again attempting to leverage the openness of the separation channel to avoid

purifying sample preparation steps as well as mobile phase limitations. Process

refolding conditions often contain significant levels of glycerol, which can result in

high back pressure on column matrices due to its high viscosity. This is less likely to

be an issue with FFF because the semipermeable membrane employed can be

obtained at increased porosities to facilitate analysis of high viscosity solutions if

this results in elevated pressure. One commonly cited strength of FFF has been its

ability to perform fast separations on the scale of 3–10 min. This is in contrast to

slower conventional SEC runtimes [18]. It is worth noting here that recent

developments in chromatography such as Ultra-High Pressure Chromatography

(UPLC) and monolithic columns are facilitating SEC runtimes on very short

timescales, such as 2 min. This may be particularly relevant in another recent

unpublished attempt at PAT implementation of FFF of which the authors are

aware. In this case FFF was being explored for near-real time aggregate analysis

at a later stage of processing where protein is in a more purified state. Two primary

potential advantages of FFF were being explored here (1) the potential higher speed

of FFF separation and (2) the potential for FFF to observe larger aggregates. The

UPLC-SEC methods eliminate the potential throughput advantage with FFF, while
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the possibility of observing larger aggregates remains a distinguishing advantage.

However, at this more purified stage in the process, obtaining the sensitivity

necessary to detect the small amount of these larger aggregates present is very

challenging. Although, since the primary goal of PAT is to ensure product quality,

if the requisite detection sensitivity can be obtained, FFF will be a suitable

technique for this purpose.

5.3 Aggregation

One of the most promising and anticipated applications of FFF has been protein

aggregate analysis. (Protein aggregation is not limited to the context of product

stability. Various disease states are linked with in vivo protein aggregation such as

Alzheimer’s disease and prion pathogens. FFF has shown to be effective in the study

of prion aggregates [19], however this section deals with aggregation as a matter of

product purity.) Almost two decades ago elegant reports demonstrated the proficiency

of FFF in separating protein aggregates from the monomeric form and from each

other, particularly the aggregates present in several monoclonal antibody preparations

[18]. Some proof-of-concept experiments even showed superior performance by FFF

compared to SEC in resolution, resolvable analyte size range, and analysis duration.

Protein aggregation is one of the most significant challenges the industry faces during

protein therapeutic process, formulation, stability and product development [20, 21].

One of the molecular attributes that distinguishes traditional small molecule

pharmaceutics and protein biopharmaceutics is the difference in shelf life stability.

While the former are not prone to degradation and are relatively easily stabilized for

long shelf life, the latter, due to their complex chemical composition and structure, are

prone to multiple pathways of degradation, one common outcome of which is protein

aggregation. Aggregated proteins could possibly affect the safety and efficacy of the

drug product, as they are potentially immunogenic, and can also have either decreased

or increased activity relative to the monomeric protein. The analysis and characteri-

zation of protein aggregates can be applied during all stages of product development.

In addition to monitoring and comparing relative aggregate formation of product

candidates, and cell culture conditions, FFF can also be used to optimize the design

space during protein process development. In this application the developmental

protein is tested at the various steps of purification for signs of degradation, informing

the design of the production process as well as formulation conditions.

There have been several reports analyzing the suitability of FFF for these types

of studies for therapeutic monoclonal antibody (mAb) drug candidates [22–24]. The

results from these studies reveal several conclusions about the application of FFF to

aggregate analysis as demonstrated in Fig. 5.3. One, despite the prospect for the

gentle separation conditions of FFF to more fully preserve weakly associated

aggregates, the results from FFF generally match those of SEC, therefore it remains

as one of the orthogonal techniques to verify the performance of SEC. Second, the

ability of FFF to analyze across a size range covering orders of magnitude is often
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limited by the sample load limitations and detection sensitivity [24]. There is

usually a small amount of larger sized aggregates present in actual process samples,

which decreases to trace levels as the purity of the therapeutic increases, so

combined with limited load capacity this poses a formidable obstacle.

However, in cases where substantial aggregation is present, for example samples

from accelerated stress and kinetic studies, FFF can have a distinct advantage over

SEC. Subjecting the sample to conditions that are on the edge of normal parameters

can allow one to determine what condition can be tolerated, defining the design

space of the process step. The utility of this method for aggregate characterization

was well demonstrated in a study on the mechanism of protein aggregation. The

aggregate eluting as a single peak at or near the void volume was initially

interpreted as being relatively homogeneous with respect to size. The elution

time, which becomes unreliable near the void volume, indicated a specific aggre-

gate size of approximately 1 MDa or about 8 monomer units as a kinetically favored

endpoint [25]. Ensuing FFF-MALS analysis, however, showed the peak eluting

near the void volume by SEC to be a wide distribution of size species spanning a

mass range corresponding to complexes of 7 to upwards of 70 monomer units

shown in Fig. 5.4.

A 2004 report cited separating and detecting silicon oil droplets, protein monomer,

and large aggregates in a single run [26]. There are reports of exploiting the ultrafiltration

aspect of FFF to enrich specific analyte in the sample prior to the elution step [8, 27]. In a

recent report from a bioanalytical contract company, FFF was successfully used for the

formulation screening and the assessment of the effects of different stresses upon

aggregation propensity. The data obtained by FFF was demonstrated to both correlate

well with orthogonal techniques used for supra-micron particle measurement and to

reveal aggregates that were masked by SEC due to their large size [28].

Fig. 5.3 Overlay of chromatogram and fractogram of peptibody aggregates separated on SEC

(red) and FFF (blue), respectively. FFF Fractogram shows the wide protein aggregate size range

available to separation by FFF in the rare case that such broad species are present. There is

arguably no advantage to using FFF for typical aggregation analysis when the protein solution is

relatively pure and homogeneous, containing only trace amounts of stable small oligomers
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In summary, FFF is not yet widely applied for aggregate analysis in developing

protein therapeutics, in spite of its strengths relative to the ubiquitous SEC technol-

ogy. The availability of a system sensitive enough to reach down to pico-,

femtomolar or even single particle and single molecule detection in solution

would enhance the information available during product and process development.

While examples do exist of FFF being applied in this context, they tend to be on

well controlled, proof-of-principle systems. It’s worth noting that one of the prime

anticipated advantages of FFF has been the flexibility of compatible carrier fluid

composition. This results in the ability to analyze potential therapeutic proteins in

their native formulation buffers rather than having to manipulate them into a buffer

that is designed to prevent analyte interaction with a column matrix, as is the case

with SEC. This would be advantageous because there is always the possibility that

the state of the aggregate can change when introduced into different buffer

environments. This is desirable from a product characterization and control per-

spective. However, upon testing a series of developmental mAbs with FFF using a

range of common formulation buffers, severe tailing of the elution profile was

observed. As indicated in previous studies, it was concluded that carrier fluid

composition played a significant role in preventing electrostatic interactions

between the analyte and the accumulation wall [29, 30]. Upon investigation it

was found that an ionic strength of approximately 400 mMwas required to abrogate

strong protein – membrane interactions. However, such ionic strength is not found

in typical robust mAb formulations. Theoretically, a broad range of membrane

surfaces can be used at the FFF accumulation wall to reduce or eliminate the

Fig. 5.4 Fractogram (right axes) of antibody unstressed control sample (red) and stressed

antibody fractions collected post SEC, monomer fraction (blue) and aggregate fraction (green).
Dots (left axes) are molar mass calculations based on light scattering
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interactions; in practice however, such membranes have not proven effective. Of

the three membrane types readily available; regenerated cellulose, cellulose ace-

tate, and polyethersulfone, the latter two have not shown significant improvement

in reducing interaction with protein or robustness compared to the regenerated

cellulose membrane. Work continues to find a way around such interactions, but

to date this has posed a significant limitation to the promise of FFF as a technique to

monitor aggregation under native formulation conditions with low ionic strength.

5.4 Clinical Immunology

An FFF application reported by the authors that falls under the clinical realm of

protein therapeutic development [31] is the analysis of anti-drug antibody (ADA)

complexes in serum. An ADA response in the presence of high concentrations of

human monoclonal antibody therapeutic can result in Type III hypersensitivity

reactions and adverse reactions such as complement activation and circulating

immune complex (CIC) deposition into various tissues. A novel combination of

techniques was devised as a universal method applying FFF and immunoassay with

electrochemiluminescent (ECL) detection to separate and detect immune

complexes in serum after administration of a human monoclonal antibody thera-

peutic. A critical aspect of this method is the ability to not only detect the presence

of ADA, but to elucidate the size of agglutinated CIC in serum. Leveraging the

characteristic strengths of the technique, FFF was employed for separation of the

ADA complexes directly from the serum. The entire separation is rapid and non-

destructive without a stationary phase that may interact, degrade, or alter the

sample. Multiple detection modes were applied to the eluate: UV absorbance,

sensitive to protein presence and concentration; MALS, sensitive to protein molec-

ular mass and concentration; and immunoassay with ECL detection specific for

primate IgG-human IgG immune complexes. Fractions were collected across the

separation profile and analyzed using an immunoassay specific for primate IgG-

human IgG immune complexes. An antibody specific for human IgG was

biotinylated and coated onto a streptavidin Meso Scale Development (MSD)

plate. The FFF fractions were added to the plate followed by an antibody specific

for primate IgG which had been conjugated with an ECL label. Light was measured

in an MSD instrument and converted to ECL units. The method was effective in

elucidating the presence of ADA CIC as well as providing a measure of their

physical size. An analogous method coupling FFF with other techniques for

protein-small molecule drug complex detection in serum has been reported as

shown in Fig. 5.5 [9]. Reports on related applications are also available [32, 33].
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5.5 Other Applications

Another recent unpublished potential application of FFF lies in its nature as a derivative

tangential flow filtration (TFF) apparatus. A major obstacle that has developed in

protein therapeutic development is the difficulty of analyzing samples directly in the

high protein concentrations required to achieve effective pharmacodynamics and phar-

macokinetics. Formulated protein concentrations of 1–200 mg/mL are regularly sought

to meet the high mg/kg dosing regimens with reasonable introduction volumes, typi-

cally around 1 mL. Such high protein concentrations pose specific challenges to the

therapeutic protein development process including manufacturing, stability and deliv-

ery. One key point of stress in the manufacturing process results from the significantly

elevated viscosities of these formulations. After purification through a variety of

chromatographic steps and filters, one of the final steps in the manufacturing process

is accomplished via TFF, in which the purified protein pool must be exchanged into its

final formulation solution and adjusted to the proper protein concentration. There are

limits to the pressure that can be tolerated with the large scale equipment used for this

step. In the process of concentrating the protein on these units, the rise in viscosity

causes a backpressure which often exceeds the operating limit. FFF could conceivably

be used to model and characterize this step. Applying FFF as an analytical scale TFF

with online detection, a series of monoclonal antibodies (mAbs) were injected into the

Fig. 5.5 HF FlFFF of Rasburicase. (a) UV/visible fractogram at 280 nm; four repeated runs.

(b) Enzymatic activity of the collected fractions determined by the CL assay (Reprinted with

permission from [32], # 2006, American Chemical Society)
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FFF channel at equivalent high load amounts and analyzed at high and low crossflows.

The high crossflow rate resulted in effective overloading of the FFF channelmanifesting

as a distorted elution peak profile, while the low crossflow rate resulted in a normally

eluting peak. The different mAbs exhibited overlapping, symmetric peak profiles at the

low crossflow; while at the higher, overload inducing crossflow, the elution profiles

differed. Work by Arfvidsson [34] has shown that the overloading phenomena in FFF

are linked to viscosity, therefore the varyingmAb elution profiles are suspected as being

due to protein self-interactions and viscosity at high concentrations. This hypothesiswas

supported by direct viscometry measurements of the samples which corresponded with

the observations by FFF. The experiments were repeated using a variety of solutions

including formulation solutions as FFF carrier fluids, and the results were found to be

formulation dependent, opening up another possible application of screening

formulations and TFF behavior by FFF with online detection.

Trace amounts of host cell proteins in the final drug product constitute a critical

quality attribute. Typical analysis involves ELISA’s, 2D gel electrophoresis and

MS analysis. As described earlier, online non-gel-based 2D separation with online

desalting may have the potential to offer increased sensitivity for host cell

impurities at various stages of the process.

5.6 Conclusion

In this chapter we have discussed a broad range of potential applications of FFF to

the protein therapeutic discovery and development process. Many of these

applications have been proven in concept, yet have not been widely adapted in

practice. For example, FFF has exciting promise as a tool to provide information

even more rich than that obtained from SEC for characterizing protein aggregates in

commercial therapeutic protein development. However, that promise has run into

several fairly serious impediments; (1) unexpectedly high membrane interactions

placing commensurate restrictions on carrier fluid composition; (2) low separation

efficiency in the size range of many proteins and their low order oligomers relative

to SEC; and (3) severe load limitations (low tens of micrograms) manifesting in

weak signal to noise ratios.

Nonetheless, there are strengths of FFF that make it amenable to these types of

applications. The technologies for FFF, SEC, and AUC are all evolving along with

the number and applications to protein therapeutics, and it will be interesting to see

where we are with these technologies in a few years. Currently SEC is the work-

horse, and AUC is often used as the orthogonal method to SEC, with FFF applied as

a niche technique. Due to its technical complexity and labor-intensive nature,

AUC’s applicability is rather limited; and with improved performance such as

detection sensitivity and resolution, FFF has the potential to replace AUC as the

default orthogonal sizing method, particularly in cases where high throughput is

required.
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One area in which FFF can potentially make a significant impact is the analysis

of particles such as the fractionation and quantification of sub-visible and sub-

micron particles. With the right detection mechanism, FFF has the potential to

quantify the amount of particles present in samples in a high throughput, automated

manner while requiring little sample amount. This will find ample applications in

protein product and process development. Another such area is the analysis of

protein aggregate using formulation buffer as the FFF carrier fluid, providing

significant benefit in permitting the sample to be maintained in a desired environ-

ment during analysis.
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Chapter 6

Assessing and Improving Asymmetric Flow

Field-Flow Fractionation of Therapeutic

Proteins

Jun Liu, Qing Zhu, Steven J. Shire, and Barthélemy Demeule

Keywords Analytical ultracentrifugation • Field-flow fractionation • Monoclonal

antibodies • Protein aggregates • Size exclusion chromatography

6.1 Introduction

Field-flow fractionation (FFF) refers to a family of flow-based separation techniques

that have been widely utilized to separate and analyze cells [1], macromolecules [2]

and particles [3, 4]. The method was originally invented by J.C. Giddings in 1966

as a separation tool for macromolecules [5], and later has been found useful for

analyzing large particles that are beyond the normal separation range of chro-

matographic and electrophoretic methods [4]. Unlike conventional separation

methods, FFF separates macromolecules inside a buffer-filled open channel without

any column matrix. Separation of macromolecules or particles in FFF is achieved

by applying an externally generated field that is perpendicular to a laminar channel

flow. The external orthogonal field can be gravitational, centrifugal, magnetic,

electrical, temperature or flow-based according to the physical properties of

macromolecules, such as size, shape and apparent charge [5].

Flow field-flow fractionation methods have provided useful alternatives for

protein aggregate characterization [6, 7]. The method covers a wide range of

molecular sizes from 0.001 to 50 mm in size [5]. There are no matrices involved

that may influence the separation. The methods can be applied to proteins under a

broad range of buffer conditions, even in the formulation buffers of biopharma-

ceuticals. This would be extremely valuable to understand protein aggregation that

is susceptible to ionic strength, pH, buffer and excipient conditions. Flow FFF has a
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solid theoretical basis, and when used with suitable detectors, has a potential to

provide an accurate estimation about quantity, size and shape of multiple protein

aggregate species without the use of molecular weight standards [5]. Like typical

chromatography methods, flow FFF can also be interfaced with ultraviolet (UV),

refractive index (RI) and light scattering (LS) detectors for further protein charac-

terization. The UV and RI detectors are mainly used to measure the concentration

of proteins, and an on-line LS detector can be used for protein characterization and

determination of the molecular weight for each species.

Among all the flow FFF configurations, asymmetrical flow FFF (AF4) is the

most commonly used for therapeutic proteins. As discussed in other chapters,

separation by AF4 is achieved by applying a cross flow that is perpendicular to a

laminar flow in a channel. The cross flow drives macromolecules toward an

accumulation wall and differences in diffusion coefficients create a concentration

distribution in the laminar flow, resulting in different elution times. This method has

been used for separation of proteins and their aggregates [8]. For most protein

molecules, the size of aggregates is well below ~1 mm and therefore separation

depends mainly on the diffusion coefficient of the protein species. This is also

known as normal mode FFF operation. In this elution mode, the retention time is

related by a well-defined equation to the applied field and the translational diffusion

of the proteins [8]. The diffusion coefficient of different proteins, fragments

and aggregates can then be determined and molecular weight can be calculated

assuming spherical structures for all components.

In contrast, for protein particles that are larger than ~1 mm in size, the diffusion

effect that drives the molecule towards the center of the channel is essentially

negligible compared to the cross flow effect that moves the molecule towards the

membrane [5]. The larger particles driven by the vertical field will form equilibrium

layers whose thicknesses are determined by the size of the particles. The larger the

particle, the further its center of mass is from the wall and the earlier the elution.

This is also known as the steric-hyperlayer mode [8].

Overall AF4 has several advantages over the traditional symmetrical flow FFF

system. It has a simpler construction of the fractionation channel with only one

permeable wall covered by a semi-permeable membrane on the bottom of channel.

The upper wall usually consists of a transparent plastic block, allowing visual

monitoring of samples and membranes, and also the presence of air bubbles during

the experiment. In addition the channel has a trapezoidal shape, which is used to

compensate for the loss of flow along the channel. This results in reduced dilution

and much improved relaxation and focusing properties that may potentially

improve the separation [9].

Despite these advantages, the precision and accuracy of AF4 for detecting

protein aggregates and fragments are not well established for many protein

molecules and very often extensive development activities are required to optimize

the method. In this chapter, we have reviewed the use of AF4 technologies for

quantitative characterization of several well-characterized protein molecules and

their mixtures. Considerations for experimental conditions and data analyses are

also proposed to improve quantification of protein aggregates.
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6.2 Advantages and Challenges

Size exclusion chromatography (SEC) has been the workhorse of the pharmaceuti-

cal industry for determining size distribution of protein therapeutics. However, AF4

has several advantages over SEC. Unlike conventional SEC, the AF4 method does

not use a stationary phase. Thus, all separations occur in a single aqueous phase

eliminating potential problems, such as changes in retention time and loss of

aggregates, caused by column fouling and matrix-protein interactions. Although

membrane-protein interactions may compromise separation and recovery in an AF4

channel, particularly at high cross flows, these problems can be partially mitigated

by selecting low adsorption membranes or by lowering the cross-flow rate.

The AF4 method has a broad dynamic range and is one of the few methods that is

capable of separating proteins over the entire colloidal size range (1–1,000 nm)

with a reasonable resolution [5]. The method can resolve protein fragments, soluble

aggregates and protein particles. In particular, it has been successfully used for

analyzing larger aggregates or particles that are filtered by an SEC column matrix or

sediment instantaneously under a centrifugal field [10]. However, AF4 also has

several limitations. The separation of protein and aggregates is based on hydrody-

namic properties, such as the diffusion coefficient, rather than the molecular mass.

Therefore an on-line light scattering detector is often connected to the AF4 system

to determine the molar mass of each species. The AF4 system is also not suitable for

the analysis of high concentration protein solutions, since the concentrated protein

may form a viscous layer during the focusing and relaxation step and this would

significantly compromise the resolution [11]. For better resolution, small amounts

of samples are often loaded into the channel. This will create significant dilution of

the protein during the elution process and is therefore not suitable to study

aggregates that dissociate rapidly at lower concentrations.

6.3 Selection of Channel Components

The structure and geometry of the AF4 channel, where samples are separated, are

critical for instrument performance and determination of separation speed, resolu-

tion, accuracy and sample capacity. The channel typically has a dimension of

10–50 cm in length and 50–500 um in thickness, which is controlled by a plastic

spacer. The actual thickness of the channel compartment is usually less than that of

the spacer because of the compressibility/swelling of the membrane [12]. A

trapezoidal design of the spacer is often used for AF4 in order to help maintain a

reasonable channel flow velocity. The thickness of the spacer is a critical parameter

that will have direct impact on the shape of the parabolic profile of the laminar flow,

and therefore impact the separation and retention time. In general, a thin spacer will

provide a steeper gradient of laminar flow and less dilution (channel flowrate is

constant), which may lead to a better and faster separation. However, the minimum
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allowable thickness usually is determined by the compressibility/swelling of the

membrane under a specific running condition. For a given sample, reducing

the channel thickness (while maintaining the same channel flowrate) must be

accompanied by an increase in cross flow to maintain the separation resolution,

and this increased cross flow can lead to very high system pressure that may

go beyond the system limit. In addition, using a thin channel may increase

the perturbations arising from surface imperfections that may reduce the overall

resolution [9].

The semi-permeable membrane is another key component of the AF4 channel.

Ideally the membrane should be completely flat and permeable to the mobile phase

but not the protein samples. The membrane should also be compatible with the

carrier and protein without significant adsorption of proteins. The typical

membranes used for proteins include regenerated cellulose, poly(ether)sulfone,

polycarbonate, and polyamide [8]. These membranes have been shown to provide

adequate separation for many protein molecules under normal conditions [8].

However, the interactions of these membranes with proteins can vary significantly

from protein to protein and from mobile phase to mobile phase. To study these

effects, three well characterized proteins, protein I (a full length monoclonal

antibody), protein II (a single-armed monoclonal antibody), and protein III (a Fab

fragment from a monoclonal antibody) with approximate molecular weights of 150,

100 and 50 kDa respectively were selected. These protein molecules were mixed at

a near equal weight ratio and then analyzed by AF4. Although a model system

containing well defined protein aggregates would be more relevant for our study,

unfortunately there is no easy way to prepare these protein aggregates and ensure

their stability. Instead, we have selected a model system with well characterized

protein monomers which have sizes and diffusion coefficients in the typical range

of many protein aggregates. This model system should be useful to provide relevant

information about resolution, precision and accuracy of the AF4 method. As shown

in Fig. 6.1, although a separation between each individual molecule in 10 mMNa/K

phosphate, 140 mM Na/K Cl at pH 7.2 was achieved at a cross flow of 3.0 mL/min

and a channel flow of 0.4 mL/min using a poly(ether)sulfone (PES) membrane, the

peak area and retention time for each individual molecule were not consistent with

repeated injections. For clarity, results are shown for only the first, third, and fifth

injections. Both proteins I and II showed an increase of elution time and peak areas,

while protein III showed an increase of elution time and a reduction in peak area

with repeated injections. These results suggest that there are significant protein

membrane interactions under the conditions of the experiment. The increase of

peak area for protein I and II over repeated injections suggests that the adsorption of

these proteins on the membrane is quite strong and these adsorbed proteins cannot

be easily removed during the washing step. As a result, the binding of the mem-

brane with these proteins appears to be saturated over time. On the other hand, the

decrease of the peak area for protein III over repeated injections suggests that there

is an increase of protein III adsorption on the membrane over time. It is not clear

what causes this phenomenon. One possible explanation is that the adsorption of

protein III to the membrane may be enhanced by an increase of the binding of other
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proteins. The results presented in Fig. 6.1 demonstrate the importance of

minimizing protein-membrane interactions for consistent results.

The interaction between protein and membrane can be minimized by several

different approaches. One of the more successful approaches is to replace the

components of the mobile phase with molecules that can prevent protein-membrane

interactions. As shown in Fig. 6.2, the reproducibility of the retention times and

peak areas for protein I and protein II have been largely improved by replacing

phosphate buffer with 0.2 M arginine acetate at pH 7.2. Results from four of the

seven injections are shown. Although the reproducibility of the retention time for

protein III was improved significantly, the increase of the peak area with repeated

injections indicates that protein III has a strong adsorption on the membrane under

these conditions, resulting in an eventual saturation of binding sites on the

membrane.

Another approach to decrease the potential protein adsorption is to select a

different membrane. As shown in Figs. 6.3 and 6.4, the replacement of the PES

membrane with either regenerated cellulose or amphiphilic regenerated cellulose

membranes has largely improved the reproducibility of retention time and peak

areas for all molecules that were tested. Although there is slightly more peak

broadening observed for protein I, this does not appear to interfere with the final

results. Our studies also showed that, when the right membrane was selected, the

impact of different elution buffers on the separation and quantification was

minimized. The results were comparable whether we used the buffers containing

arginine or phosphate. These data demonstrate the importance of selecting the right

type of membrane in order to achieve more consistent and reliable results.
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Fig. 6.1 Separation of a mixed protein sample by AF4 at a cross flow of 3.0 mL/min and a channel

flow of 0.4 mL/min using a poly(ether)sulfone membrane on an AF2000 instrument from Postnova

Analytics (Landsberg/Lech, Germany). The samples were injected repeatedly into the channel and

data collected after each injection. The mobile phase contains 10 mM Na/K phosphate, 140 mM

Na/K Cl at pH 7.2. The peaks were monitored using an on-line UV detection system at a

wavelength of 280 nm
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Fig. 6.2 Separation of a

mixed protein sample by AF4

at a cross flow of 3.5 mL/min

and a channel flow of

0.25 mL/min using a poly

(ether)sulfone membrane on

an AF2000 instrument. The

mobile phase contains 0.2 M

arginine acetate at pH 7.2.

The peaks were monitored

using an on-line UV detection

system at a wavelength of

280 nm
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mixed protein sample using a

regenerated cellulose AMPH

amphiphilic membrane on an

AF2000. The mobile phase

contains 180 mM NaCl,

20 mM Na2HPO4, pH7.0.
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as for Fig. 6.2
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Fig. 6.2
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6.4 Selection of Operation Parameters

The typical AF4 experiment includes sample injection, relaxation/focusing, sepa-

ration and detection. The selection and control of flow rates during these different

stages are essential for optimal results. The strength of the cross-flow, which can be

easily adjusted according to the size of the protein and aggregates, is a critical factor

for AF4 performance. In addition, a cross flow gradient can also be programmed for

optimal separation. In the normal mode operation, an increase in the cross flow

increases resolution, but also results in an increase in the separation time, sample

dilution, back pressure and non-specific adsorption. An excessively high cross flow

is usually not recommended since it may also lead to significant sample loss due to

the increased interaction with the membrane. For large particle separation, a lower

cross flow is preferred since it minimizes the loss of protein due to non-specific

adsorption onto the membrane. The channel flow rate is another important experi-

mental parameter for AF4 performance whereby a decrease in the channel flow rate

may improve resolution, but will result in longer separation times and increase of

sample dilution.

A multivariate design of experiment study was conducted to further evaluate the

impact of changing cross flow, channel flow, focus time, focus flow and injected

mass on peak resolution and recovery. Our data (not shown) are consistent with

previous observations [13] showing that the cross flow and channel flow are the two

most important parameters that have significant impact on the overall resolution

and recovery. The increase of the cross flow and decrease of the channel flow lead

to an increase of resolution and a decrease of recovery. The other parameters

appeared to have minimal impact on the resolution and recovery within the ranges

that we have tested (data not shown).

Traditionally flow FFF systems operate only at ambient temperature. With the

recent introduction of a temperature control apparatus with a temperature range

from 5 to 80�C, it is now possible to analyze proteins by a flow FFF system at

temperatures significantly different from ambient temperature. The increase in

operating temperature can significantly increase the diffusion coefficients, and

potentially can reduce the separation time and enhance the resolution [14]. In

addition, the temperature-controlled flow FFF system may potentially be used to

separate the intermediates of thermally unfolded proteins and help to better under-

stand the protein unfolding process.

6.5 Precision and Accuracy

One of the most important applications of AF4 technology to biopharmaceuticals is

the characterization of protein aggregates. Previous studies showed that AF4 can

resolve protein fragments and aggregates [6, 7]. In addition, this method has been
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found useful to detect large protein particles in combination with a light scattering

detector [8].

The precision and accuracy of an analytical method are critical factors that

should be carefully evaluated during the method development, qualification and

validation. The precision and accuracy of AF4 can be influenced by many factors,

including instrumentation, mobile phase, membrane, and running conditions, such

as flow rates, focusing time and channel temperature. These parameters should be

optimized to achieve the best results.

Quantitative analyses on precision and accuracy of an AF4 method have been

assessed in a number of papers [6, 15, 16] for polymers and macromolecules. The

result from a reproducibility study of AF4 measurements using two monoclonal

antibodies showed reasonable repeatability with a standard deviation at ~2.3% to

~3.5% [15]. In a similar study, we have used the three well characterized therapeutic

proteins as described previously (proteins I, II and III) to evaluate the intra-day

precision and accuracy of the AF4 method. An optimized FFF procedure with an

isocratic elution mode was successfully developed to separate these protein species in

a mobile phase containing 180 mM NaCl, 20 mM Na2HPO4, pH 7.0. In this method,

the cross flow was set at 3 mL/min and the channel flow was at 0.5 mL/min. As

shown in Fig. 6.5, all three proteins with different molecular weight were well

resolved by this method.

The precision of these measurements was determined by analyzing data

from five repeat injections. As shown in Table 6.1, the standard deviation for

experimentally determined % species from five repeat injections is only about

0.1%, which is comparable to the typical standard deviation from the size exclusion
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Fig. 6.5 Separation of a mixed protein sample at near equal weight ratios for Proteins I, II and III

(as defined in the text) by AF4 at a cross flow of 3 mL/min and a channel flow of 0.5 mL/min using

a regenerated cellulose AMPH amphiphilic membrane on an AF2000 instrument. The mobile

phase is 180 mM NaCl, 20 mM Na2HPO4, pH 7.0. The peaks were monitored using an on-line UV

detection system at a wavelength of 280 nm. The cross flow was turned off at ~52 min
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chromatography method. In addition, the retention time between different repeated

injections is also quite consistent, with a standard deviation less than 0.2 min

(Table 6.1). Overall, these results demonstrate excellent intra-day precision of

AF4 to separate and quantitate proteins in this size range (50–150 kDa). It should

be noted that our intra-day precision is based on the results from a single user using

the same membrane on the same day. It is likely that the true precision of this

method may be lower if the data were generated by multiple users using multiple

membranes on different days. These parameters should be carefully evaluated if the

method needs to be fully validated.

The accuracy of this method was assessed by comparing the actual value

(determined from a preparation at a near equal weight ratio of Proteins I, II and

III) to the experimentally determined value. As shown in Table 6.1, the deviation

from the actual percentage of each protein is less than 1.7%. This is comparable

with many of the chromatographic and other orthogonal methods for size determi-

nation. The level of protein II showed the largest deviation, which is probably due

to the lack of baseline resolution between protein I and protein II.

Besides the individual protein peaks, an additional peak was also observed at the

end of each run after the cross flowwas stopped (see Fig. 6.5). This peak corresponds

to a significant portion of the total area. Although the retention time of this peak

would indicate the presence of larger particles, data from light scattering and other

orthogonal methods suggest that this peak is mostly composed of monomeric

proteins (data not shown). This peak has been observed not only for the mixed

protein samples, but also for each individual protein sample (data not shown). The

size of the peak increases with an increase of the cross flow rate. A cross flow

gradient can reduce the peak size, but cannot completely eliminate it. These

observations suggest that this peak may be due to the non-specific adsorption of

protein monomer to the membrane. In our case, this non-specific adsorption does not

appear to interfere with the quantification of the percentage of individual protein

species as shown in Table 6.1. However, for samples without prior knowledge of the

size distribution, additional characterization studies are warranted. A comparison of

results from different cross flows should provide a quick assessment of the potential

impact of non-specific adsorption on the quantification. The other approaches to be

considered are to compare the result from AF4 with those from other orthogonal

methods or to collect this adsorption peak and re-inject it into the AF4 channel or

SEC column. If the results from different orthogonal methods or from the purified

peak are consistent with those from original samples, this would strongly indicate

that the non-specific adsorption does not interfere with the quantification.

Table 6.1 Analysis of a protein mixture by AF4

Samples MW

(kDa)

% Species

(actual)

% Species (experimental) Accuracya

(%)

Retention time (min)

n ¼ 5, mean � s n ¼ 5,mean � s

Protein I 150 32.99 31.97 � 0.13 �1.02 27.17 � 0.19

Protein II 100 33.88 35.53 � 0.08 +1.65 22.28 � 0.10

Protein III 50 33.13 32.50 � 0.05 �0.63 17.11 � 0.09
aAccuracy was determined by subtracting the experimental values from actual values
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6.6 Comparison with Other Methods

In addition to the AF4 method, size exclusion chromatography (SEC) and analytical

ultracentrifugation (AUC) are two of the most commonly used methods to deter-

mine the size distribution of therapeutic proteins [14]. In particular, SEC is the

method of choice and has been fully validated for product release and stability

testing in the Quality Control system of most biopharmaceuticals. AUC has been

an important orthogonal method to support SEC development, qualification and

validation [17].

To compare the precision and accuracy of these methods, the mixed protein

sample that was used for AF4 evaluation was also analyzed by SEC and AUC

sedimentation velocity. SEC experiments were conducted in 0.2 M potassium

phosphate, 0.25 M potassium chloride, pH 6.2 using a TSK G3000SWXL column.

The eluted peaks were detected by an on-line UV detector at a wavelength of

280 nm. As shown in Fig. 6.6, three individual proteins were well resolved by SEC.

The precision from five repeat injections is extremely high with a standard devia-

tion < ~0.05% (Table 6.2). The percentage of each individual protein obtained by

SEC analysis also matches the actual values quite well, with the largest deviation

<0.5%. This is better than the results from AF4 analysis. These data demonstrate
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Fig. 6.6 Separation of a

mixed protein sample by size

exclusion chromatography at

a flow rate of 0.5 mL/min

using a TSK G3000SWXL

column (7.8 � 300 mm) on

an HP 1100 HPLC (Agilent).

The mobile phase contains

0.2 M potassium phosphate,

0.25 M potassium chloride,

pH 6.2. The peaks were

monitored at a wavelength of

280 nm

Table 6.2 Analysis of a protein mixture by SEC

Samples MW

(kDa)

% Species

(actual)

% Species (experimental) Accuracya

(%)

Retention time (min)

n ¼ 5, mean � s n ¼ 5,mean � s

Protein I 150 32.99 32.80 � 0.03 �0.19 15.17 � 0.01

Protein II 100 33.88 34.31 � 0.05 +0.43 16.72 � 0.01

Protein III 50 33.13 32.87 � 0.04 �0.26 19.44 � 0.00
aAccuracy was determined by subtracting the experimental values from actual values
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that SEC is a very precise, accurate and robust method to determine the size

distribution of proteins.

In a similar study the mixed protein sample was analyzed by sedimentation

velocity, which is one of the most commonly used AUC methods to study the size

distribution of proteins (Table 6.3). The sedimentation velocity experiments were

conducted at 40,000 rpm and 20�C using a ProteomeLab XLI analytical ultracen-

trifuge (Beckman Coulter, Palo Alto). As shown in Fig. 6.7, the three protein

species were well resolved by the sedimentation velocity method. The resolution

from AUC is among the best in comparison with AF4 and SEC methods. The

precision of the measurement from six repeat determinations is also very good, with

a standard deviation of <0.01%. However, the results from a c(s) analysis with

continuous distribution appear to be significantly different from the actual value.

The largest deviation was observed at ~3.5% for protein III. Similar deviations were

also observed previously from a mixed sample containing both full length antibody

and Fab fragment [6]. This deviation has been attributed to significant differences

between the frictional ratios of antibody and Fab fragment. Further analysis using a

three discrete non-interacting species model (Table 6.4) leads to improved

accuracy.

Table 6.3 Analysis of a protein mixture by sedimentation velocity using a c(s) analysis

Samples MW (kDa) % Species

(actual)

% Species (experimental) Accuracya (%)

n ¼ 6, mean � s

Protein I 150 32.99 36.5 � 0.01 3.5

Protein II 100 33.88 33.6 � 0.00 �0.3

Protein III 50 33.13 30.0 � 0.00 �3.1

The c(s) fitting yielded an average frictional ratio of 1.38
aAccuracy was determined by subtracting the experimental values from actual values

Fig. 6.7 Separation of

a mixed protein sample by

sedimentation velocity at

40,000 rpm and 20�C using

ProteomeLab XLI analytical

ultracentrifuge. Samples were

diluted in 10 mM Na/K

phosphate, 140 mM Na/K Cl

at pH 7.2. The sedimentation

was monitored at 280 nm.

Data were analyzed using

sedfit v12.1 b
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6.7 Conclusions

Field-flow fractionation is a useful orthogonal method to determine the size distri-

bution of protein aggregates and fragments. With appropriate procedures and

careful optimization, this method can provide useful quantitative information

about the size and amounts of protein aggregates and particles. The nature and

quality of the membrane is of particular importance for method optimization. Since

AF4 is based on a different separation mechanism than the SEC method,

with proper optimization AF4 may be used as an additional orthogonal technique

to assess protein pharmaceutical quality. Overall this information is essential to

maintain product quality and help to better understand the potential impact of

aggregates on the safety and quality of protein pharmaceuticals.
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Chapter 7

Studies of Loose Protein Aggregates by Flow

Field-Flow Fractionation (FFF) Coupled to

Multi-Angle Laser Light Scattering (MALLS)

Caroline Palais, Martinus Capelle, and Tudor Arvinte

Abstract Flow FFF was used to study the aggregation properties of an antibody,

two different proteins and a protein-polysaccharide conjugate (PPC). Two FFF

methods were applied, the standard FFF method with separation (with focus flow

and with cross flow) and FFF without separation (without focus flow and without

cross flow). The FFF method without separation was found to be less destructive on

the aggregates. By comparing the two FFF methods, loose aggregates could be

detected for the antibody and the two different proteins. These loose aggregates

reversed to mainly monomers during standard FFF analyses. The presence of these

aggregates was confirmed by complementary spectroscopic and microscopic

techniques. In the case of the PPC, focus flow and cross flow induced the formation

of bigger and smaller aggregates. These results document the importance of using

different methods to characterize the complexity of protein aggregation.

Keywords Antibody aggregation • Effects of cross flow • Effects of focus flow •

Flow field-flow fractionation • Freeze-thaw cycles • Loose aggregates • Protein

aggregation • Protein-polysaccharide conjugate • Stability studies

7.1 Introduction

Development of biopharmaceuticals is often confronted with various types of

protein aggregation phenomena. A complex battery of analytical methods- includ-

ing less destructive methods for loose aggregates- is needed to detect and charac-

terize these protein structures.
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Compared to size-exclusion chromatography, the flow field-flow fractionation

(FFF) technique applies less stresses on protein samples during separation. How-

ever, protein aggregation state may also be disturbed or induced by FFF during the

concentration of the sample by focusing or during the fractionation when a perpen-

dicular flow field is applied. Minimal sample disturbance can be achieved by using

FFF without focus flow (VF) and without cross flow (VX); the sample is only eluting

with the main flow (VM). Under these conditions, we were able to obtain informa-

tion on the presence of loose antibody aggregates in Herceptin [1]. Depending

on the formulation, the eluted antibody was either monomeric or in an aggregated

state [1].

In this chapter, we will present four protein case studies where loose aggregates

were investigated by standard FFF methods [2] and by the FFF method without

focus flow and cross flow.

7.2 Instrumentation

All FFF measurements were performed using a Wyatt Eclipse Separation System

(Dernbach, Germany), coupled with an Agilent UV detector (Waldbronn,

Germany) monitored at 280 nm, and a Wyatt MALLS instrument (Dernbach,

Germany). The separation channel consisted of a porous frit covered with a

Mycrodin Nadir (Wiesbaden, Germany) regenerated cellulose ultrafiltration mem-

brane with a molecular weight cut-off of 10 KDa and a 350 mm spacer. For each

sample, the carrier fluid had the same composition as the protein formulation buffer.

Data analyses were performed using the Wyatt software, Astra. The results are

presented as molar mass or rms radius (dots; left Y-axis; logarithmic scale) versus

time graphs with the UV signals at 280 nm (solid lines; right Y-axis; relative scale).

The UV-Vis absorbance measurements were recorded in a quartz cuvette at

25�C with a GBC Cintra 40 spectrophotometer (Melbourne, Australia) with a

double beam and two monochromators. The 90� light-scatter measurements were

performed with a Spex FluoroMax spectrofluorometer (Stanmore, UK) at 25�C.
The protein samples stained with Nile Red (Invitrogen) were observed on a Zeiss

Axiovert 200 microscope (G€ottingen, Germany) equipped with a mercury dis-

charge lamp. The images were acquired with a QImaging cooled Retiga 1300C

color CCD camera (Burnaby, Canada).

7.3 Therapeutic Antibody, About 150 KDa

A therapeutic antibody in liquid formulation was stored for 1 year at –80�C, 2–8�C,
25�C and 40�C. The samples were analyzed with an optimized FFF method (VM ¼
1.0 ml/min, VX ¼ 1.5 ml/min, VF ¼ 1.0 ml/min), Fig. 7.1a. No significant
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differences could be observed between the samples stored at –80�C and at 2–8�C
for 1 year. They contained about 95% of monomer. The chromatograms of the

antibody solutions stored at 25�C and 40�C presented two additional peaks, one

between 7 and 8 min, and one between 10 and 11 min, insert in Fig. 7.1a. For the

sample stored at 40�C, a peak eluted during the cleaning phase (no cross flow),

between 15 and 17 min. The samples stored for 12 months at 25�C and at 40�C

Fig. 7.1 Molar mass (dots) versus time graphs with the UV signals at 280 nm (solid lines) of the
antibody stored at different temperatures (black, –80�C; blue, 2�–8�C; green, 25�C; red, 40�C). (a)
FFF method with separation (VM ¼ 1.0 ml/min, VX ¼ 1.5 ml/min, VF ¼ 1.0 ml/min). The insert

is a magnified view of the chromatograms between 5 and 12 min. (b) FFF method without

separation (VM ¼ 1.0 ml/min, no focus flow, no cross flow). For each method, each sample was

injected twice. The FFF running buffer was the same as the protein formulation buffer
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contained 93% and 80% of monomer, respectively. These FFF results show that in

solution the antibody degraded and aggregated after storage at 25�C and 40�C.
There were no differences observed in the stability of the therapeutic antibody for

the solutions stored at –80�C or 2–8�C for 1 year.

Chromatograms of the antibody solutions analyzed by the FFF method without

separation (VM ¼ 1.0 ml/min, no focus flow, no cross flow) consisted of one peak,

Fig. 7.1b. The peaks of the samples stored at 25�C and 40�C showed a tailing

between 3 and 4 min. For the sample stored at –80�C, the main peak corresponded

to particles with a molecular weight between 200 and 2,000 KDa. Higher molecular

weight complexes were observed in all the other samples, including the solution

stored at 2–8�C. Thus, the FFF method without separation was able to detect

differences between the –80�C and the 2–8�C samples, Fig. 7.1b. These differences

were not detected by the FFF method with separation, Fig. 7.1a.

These results show that the antibody formed loose aggregates when stored for

1 year at 2–8�C, aggregates that are reversed to monomers during the standard FFF

analysis. The presence of aggregates in the antibody samples stored at 25�C and

40�Cwas observed by both FFF methods. The FFF method with separation detected

antibody fragments, small amount of presumably dimers and, for the sample stored

1 year at 40�C, large aggregates during the cleaning phase. The ultrasonic resonator
technology (TF instruments, Heidelberg, Germany), UV-Vis spectroscopy, 90�

light-scatter measurements in cuvette (data not shown), together with the FFF

results showed that the –80�C sample contained the smallest amount of protein

aggregates.

7.4 Protein X, 60 KDa

The effect of successive freeze-thaw cycles (freezing at –24�C and thawing in a

thermostated bath at 25�C) on the protein X (MW ~ 60 KDa) was studied by FFF

with and without separation. The protein solution was analyzed at start and after

each freeze-thaw cycle.

With the FFF method with separation (VM ¼ 0.5 ml/min, VX ¼ 3.0 ml/min,

VF ¼ 1.0 ml/min), small differences in the chromatograms were observed before

and after freeze-thawing, Fig. 7.2a. After the third freeze-thaw cycle, the retention

time of the main peak increased of about 0.3 min and the peak intensity slightly

decreased. However, the molecular weights of the main peak (monomer) and of the

eluted aggregates were the same after each freeze-thaw cycle. Thus, based on the

FFF method with separation, one will conclude that protein X survives the freeze-

thawing process without the formation of aggregates; the observed increase of the

retention time may be due to changes in the protein conformation.

Analysis of the protein X samples with the FFF method without separation

(VM ¼ 0.5 ml/min, no focus flow, no cross flow) showed that each freeze-thaw

cycle induced aggregation of protein X; the molar mass of the detected particles

increased after each freeze-thaw cycle, Fig. 7.2b. After three freeze-thaw cycles,
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large aggregates formed with a molecular weight between 103 KDa and 106 KDa.

The presence of such large aggregates after freeze-thawing was confirmed by UV-

Vis absorbance, 90� light-scattering and fluorescence microscopy, Fig. 7.3. After

one freeze-thaw cycle a small increase in the UV-Vis background spectrum of

protein X was observed around 250 nm showing the formation of small aggregates

(mainly Rayleigh scatter), Fig. 7.3a. After the third freeze-thawing cycle, there

was a strong increase of the background absorbance between 320 and 450 nm,

Fig. 7.2 Molar mass (dots) versus time graphs with the UV signals at 280 nm (solid lines) of the
protein X at time 0 (black), after one freeze-thaw cycle (blue), after the second freeze-thaw cycle

(green), and after the third freeze-thaw cycle (red). (a) FFF method with separation (VM ¼ 0.5 ml/

min, VX ¼ 3.0 ml/min, VF ¼ 1.0 ml/min). (b) FFF method without separation (VM ¼ 0.5 ml/min,

no focus flow, no cross flow). For each method, each sample was injected twice. The FFF running

buffer was the same as the protein formulation buffer
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which indicates the formation of large aggregates (Thompson and Mie scatter). 90�

light-scatter measurements of the protein X samples showed a small increase in

scatter after the first freeze-thaw cycle and a strong increase after the third freeze-

Fig. 7.3 Effect of successive freeze-thaw cycles on protein X. The sample was characterized by

UV-Vis absorbance (a) and 90� light-scattering (b) at time 0 (black), after one freeze-thaw cycle

(blue), and after the third freeze-thaw cycle (red). Protein X was also observed by Nile Red

fluorescence microscopy at time 0 (c) and after three freeze-thaw cycles (d)
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thawing, Fig. 7.3b. Nile Red fluorescence microscopy [3] showed few particles

before freeze-thawing, Fig. 7.3c (13 � 5 particles in 0.9 ml), and a strong increase

in the number of aggregates after three freeze-thaw cycles, Fig. 7.3d (490 � 100

particles in 0.9 ml).
The UV-Vis spectroscopy, 90� light-scattering and Nile red microscopy data

together with the FFF results show that freeze-thawing induced aggregation of

protein X. These aggregates are loose since a mild FFF separation cannot detect

their presence, Fig. 7.2a.

7.5 Protein-Polysaccharide Conjugate, 5,000–10,000 KDa

Effects of cross flow and focus flow on a heterogeneous protein-polysaccharide

conjugate (PPC) were studied in more details. The heterogeneous PPC had about

30% polysaccharide content and a molecular weight varying between 5,000 and

10,000 KDa.

In a first step, PPC was characterized by FFF with separation (VM ¼ 1.0 ml/min,

VX ¼ 0.5 ml/min, VF ¼ 1.0 ml/min); the rms radius versus time graph shows a

broad size distribution, radii between 20 and 600 nm, Fig. 7.4a. FFF without

separation (VM ¼ 0.2 ml/min, no focus flow, no cross flow) showed the presence

of relatively uniform particles with radii between 70 and 90 nm, Fig. 7.4b (black

plots). With the latter method, using main flows of 0.5, 1 and 2 ml/min did not

change the size of the detected particles (data not shown). All the areas under the

curve were the same for the two FFF methods, showing that PPC did not bind to the

membrane during focusing or separation.

However, the focus flow had a strong effect on the size distribution of PPC.

Increasing the focusing flow (VF of 0.2, 0.5 and 1.0 ml/min) induced the formation

of both smaller and larger PPC aggregates, radii between 50 and 600 nm. Interest-

ingly, we could not detect the 20 nm aggregates which were observed in Fig 7.4a.

The smallest detected particles had radii between 45 and 60 nm, Fig. 7.4b. The FFF

standard method with focus flow and with cross flow induced a further reduction in

the size of the protein aggregates (20 nm radius), the large particles of 600 nm

remaining present, Fig. 7.4a.

7.6 Protein Y, About 33 KDa

Differences in the aggregation state of protein Y (MW ~ 33 KDa) in two

manufacturing batches were investigated using the two FFF methods, Fig. 7.5.

The FFF method with separation (VM ¼ 0.5 ml/min, VX ¼ 1.0 ml/min, VF ¼ 1.0

ml/min) showed that the batches have similar molecular weight distributions,

Fig. 7.5a. However, the UV chromatograms were different, Fig. 7.5a.
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The main population of the two samples corresponds to the particles detected in

the width of the main peak at the half-peak height. For batch 1, the main peak

contained monomers and aggregates up to about 100 KDa, between 7 and 12 min.

For the second batch, aggregates with larger molar mass, 100–500 KDa, were

detected between 11 and 15 min.

The FFF chromatograms (VM ¼ 1.0 ml/min, no focus flow, no cross flow;

Fig. 7.5b), UV-VIS spectroscopy, 90� light-scatter measurements in cuvette and

Nile Red microscopy showed the presence of much larger aggregates in batch

Fig. 7.4 Rms radius (dots) versus time graphs with the UV signals at 280 nm (solid lines) of the
protein-polysaccharide conjugate (PPC). (a) FFF method with separation (VM ¼ 1.0 ml/min,

VX ¼ 0.5 ml/min, VF ¼ 1.0 ml/min). (b) FFF method without separation; effect of the focus

flow on the rms radius (black, VF ¼ 0 ml/min; blue, VF ¼ 0.2 ml/min; green, VF ¼ 0.5 ml/min;

red, VF ¼ 1.0 ml/min), with VM ¼ 0.2 ml/min and no cross flow. For each method, each sample

was injected twice. The FFF running buffer was the same as the protein formulation buffer
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2 (data not shown). For batch 1 the mass distribution was between 200 and 700 KDa

whereas for batch 2 the maximum detected mass was 2 � 104 KDa.

The two FFF methods provided complementary information. The FFF results

with focus flow and cross flow show that both batches contained aggregates of

similar molar mass, but in different proportions, Fig. 7.5a. The protein in both

batches has a tendency to form loose aggregates; this process is more pronounced in

batch 2.

Fig. 7.5 Molar mass (dots) versus time graphs with the UV signals at 280 nm (solid lines) of two
batches (red, batch 1; blue, batch 2) of protein Y. (a) FFF method with separation (VM ¼ 0.5 ml/

min, VX ¼ 1.0 ml/min, VF ¼ 1.0 ml/min). (b) FFF method without separation (VM ¼ 1.0 ml/min,

no focus flow, no cross flow). For each method, each sample was injected twice. The FFF running

buffer was the same as the protein formulation buffer
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Chapter 8

Field-Flow Fractionation for Assessing

Biomolecular Interactions in Solution

Robert Y. -T. Chou, Joey Pollastrini, Thomas M. Dillon, Pavel V. Bondarenko,

Lei-Ting T. Tam, Jill Miller, Michael Moxness, and Shawn Cao

Abstract Many biological systems are primarily governed by protein-protein

interactions. It is important to develop sensitive analytical techniques to identify and

characterize these bimolecular interactions in order to understand their fundamental

roles in biological processes and in disease. In this book chapter, we summarize three

case studies that applied asymmetrical flow field-flow fractionation (AF4) to access

the protein-protein interactions of therapeutic proteins with their counterparts. These

new applications of AF4 provide a unique and innovative tool that extends the

bioanalytical capability to study protein complexes beyond micro-molar affinity.

Keywords AF4 • Aggregation • FcRn • Fcg Receptor • FFF • Human serum

albumin • Monoclonal antibodies • Particle • Protein interaction

8.1 Introduction

Many biological systems are primarily governed by protein-protein interactions,

such as signal transduction, transcriptional regulation, activation of the immune

system, and protein recycling by Fc receptors (Fcγ/FcRn). It is important to
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develop sensitive analytical techniques to identify and characterize these bimolec-

ular interactions in order to understand their fundamental roles in biological

processes and in disease. A variety of methods have been utilized in recent years

to study protein-protein interactions both in vivo and in vitro [1, 2]. The yeast two-

hybrid system, protein fragment complementation, and resonance energy transfer

are the major techniques for identification of protein-protein interactions in vivo,

while immunoprecipitation, pull-down assays and protein microarrays provide

in vitro evidence for these interactions [1]. For characterizing the interactions of

purified proteins in vitro, several biophysical and biochemical analytical tools

have been used to obtain the binding kinetics, the stoichiometric ratio, the

oligomeric state and even the conformations of the interaction sites [2]. The

techniques include surface plasmon resonance (SPR), mass spectrometry (MS),

nuclear magnetic resonance (NMR) spectroscopy, isothermal titration calorime-

try (ITC), analytical ultracentrifugation (AUC), liquid chromatography (LC) and

others. There are a few major challenges for the current techniques, especially to

indentify and characterize “weak” protein-protein interactions (Kd > mM), as

well as to study complex protein interactions that have more than two protein

components.

In the biopharmaceutical industry, therapeutic monoclonal antibodies (mAbs)

comprise the majority of recombinant proteins currently in clinical development,

because of their high specificity and strong binding to a selected antigen, predict-

able properties and long life in circulation. However, the major therapeutic immu-

noglobulin gamma (IgG) mAbs also interact weakly by their conserved regions

with several Fcg receptors expressed on leukocytes, complement and neonatal Fc

receptor (FcRn) expressed on many cells[3, 4]. These interactions are weak with Kd

values in the mM range and also involve multiple protein components (Fig. 8.1).

Size-exclusion chromatography (SEC), a technique commonly used for strong

antibody-antigen interactions, has been less successful while characterizing weak

protein-protein interactions due to the secondary interactions of protein with the

column media and on-column dilution effects. Unlike SEC, asymmetrical flow

Fig. 8.1 Comparison of enhanced resolution of AF4 in detecting weak binding with other

methods [7–11]. (● represents the experiments where the binding was detected in this report

and [11]; - was detected by AUC [10]; ○- was not detected in [11])
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field-flow fractionation (AF4), the most commonly used form of the field-flow

fractionation (FFF) technique, is a matrix-free system that utilizes a flow-assisted

fractionation method whereby the analytes are separated along a ribbon-like chan-

nel by differences in their diffusion coefficients [5]. AF4 has been considered an

orthogonal method to other separation techniques, such as SEC and AUC [5]. The

ability of AF4 to separate analytes in a wide size range (from nanometers to

microns) [6] is gaining attention due to an increasing demand for studying aggre-

gation and particles in protein therapeutics. Recently AF4 has been exploited in the

studies of protein-protein interactions of therapeutic proteins that involve multiple

binding events.

In this book chapter, we summarize three case studies that applied AF4 to access

the protein-protein interactions of therapeutic proteins with their counter parts.

These new applications of AF4 provide a unique and innovative tool that extends

the bioanalytical capability to study protein complexes beyond micro-molar affinity

(Fig. 8.1).

8.2 Case Studies

8.2.1 Experimental

Unless otherwise specified, AF4 experiments in all case studies were performed

using an Agilent LC system (degasser, autosampler and pump) connected to

a Wyatt Eclipse 3 Separation System. Detection included an Agilent UV detector

(wavelengths 215 and 280 nm collected), Wyatt HELEOS on line multi-angle

light scattering (MALS) detector, and a Wyatt rEX differential refractive index

(RI) detector. The separations were performed using a 10 kDa molecular

weight cutoff regenerated cellulose membrane in the 25 cm channel with

a 490 mm spacer thickness, 21.5 mm breadth. The tests were carried out at

ambient temperature using Dulbecco’s phosphate-buffered saline (DPBS) as

the carrier fluid (3.2 mM Na2HPO4, 0.5 mM KH2PO4, 1.3 mM KCl, 135 mM

NaCl). Astra (Wyatt) and ChemStation (Agilent) software were used to process

all signals.

8.2.2 Case Study 1: FcRn:IgG Binding

8.2.2.1 Introduction

The neonatal Fc receptor (FcRn) salvages the two most abundant soluble proteins in

serum, IgG and human serum albumin (HSA), from the lysosomal degradation

pathway, resulting in reduced clearance and extended half-lives [12, 13]. HSA
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maintains the oncotic pressure of the circulatory system and functions as a carrier

protein for steroids, fatty acids, thyroid hormones, and drugs. IgG is composed of

two unique structural properties, two variable antigen-binding (Fab) regions

and the constant (Fc) region, which represent its specificity for the target

antigen, and unique effector functions [14], respectively. IgG, comprising 75%

of serum immunoglobulins in humans, provides the majority of antibody-based

immunity against invading pathogens. IgG also interacts with the FcgR family

(FcgRI, FcgRII, FcgRIII and FcgRIV) to mediate effector responses, including

antibody-dependent cell-mediated cytotoxicity (ADCC), inflammation, cell activa-

tion and antibody production [15, 16]. Therefore, recombinant IgG antibody thera-

peutics hold the promise of being one of the major treatments for various diseases.

Studying the protein-protein interactions between FcRn and IgG, as well as HSA

have become major interests in the biopharmaceutical industry.

FcRn interacts with both IgG and HSA in a pH-dependent manner, in which

FcRn-binding occurs in the endosome at acidic pH (pH < 6.5), and IgG/HSA are

released at the neutral cell surface (pH ~ 7.4) [17]. Although this pH-dependence is

due to the presence of conserved histidine residues, the protein-protein interactions

of IgG and FcRn are distinct from that of HSA and FcRn [12, 18]. FcRn interacts

with IgG at the CH2–CH3 domain interface, mediated by electrostatic interactions

involving histidine residues H310, H433, H435 and H436 [19]. These interactions

serve as the basis for the currently proposed mechanism of intracellular IgG

trafficking and recycling. Both hydrophobic and electrostatic interactions between

H166 of FcRn and HSA domain III have been proposed as the mechanism for the

FcRn:HSA interactions [12, 18, 20].

SPR, ITC, X-ray crystal structures and many other analytical/biophysical

techniques have been developed and used to characterize the FcRn and IgG

interactions [21–23], and interactions between FcRn and HSA [12, 18]. However,

the relatively weak interaction (Kd > mM) between FcRn and IgG and between

FcRn and HSA have presented difficulty in studying these interactions. Recently,

AF4 has been applied to study the weak protein-protein interactions between IgG

and FcRn, and also to assess the physiologically relevant multi-component IgG:

FcRn:HSA complexes in solution [11]. These new applications demonstrate that

AF4 is a unique and innovative bioanalytical tool in studying weak protein-protein

interactions (Kd > mM) in complex protein systems. The following case study

discusses the findings of these applications.

8.2.2.2 Method

The recombinant IgGs were expressed in Chinese Hamster Ovary (CHO)

cells and purified using conventional manufacturing process steps. Recombinant,

soluble human FcRn was expressed in CHO cells and purified using nickel-NTA

chromatography by the Amgen Protein Science department. Native Albumin

(Human) was purchased from CSL Behring LLC (Kankakee, IL). The samples

were prepared at approximately 0.3–1 mg/mL in PBS and injections were made
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in the range of 10 uL to target 6–20 ug loads. The tests were carried out at various

pHs (5.2, 5.8, 6.1, 6.3, 6.5, 6.6, 7.4 and 8.1). The run parameters used for all

samples included a focus flow of 2 mL/min for 2 min duration and the elution

conditions consisted of channel flow at 1.0 mL/min throughout, and a constant

crossflow of 2.3 mL/min.

8.2.2.3 Results and Discussion

pH-Dependent FcRn:IgG Binding Observed by AF4

AF4 was used to assess the interactions between FcRn and IgG at different pH

values (from pH 7.4 to 5.2). Equal amounts (0.07 mmol) of FcRn and IgG were

mixed and injected onto AF4 system. At pH 7.4, both peak areas and retention times

of free FcRn and IgG2 were equal to the controls (data not shown), indicating that

no binding between FcRn and IgG2 occurred. At mildly acidic conditions (Fig. 8.2),

binding was observed and binding affinity was seen to increase with decreasing pH,

based on the observation of changes in retention times of IgG:FcRn complex and

the amount of free FcRn. The ability to monitor the pH-dependent binding event of

IgG to FcRn by AF4, which was also observed previously by other groups using

other analytical methods [24–27], suggested that AF4 was capable of characterizing

weak protein-protein interactions with Kd in the mM range.

Fig. 8.2 AF4 analyses of IgG2:FcRn complexes at different pHs. The IgG:FcRn complex was

mixed at a 1 to 1 molar ratio prior to injection (0.07 mmol)
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AF4 Analyses of Interactions Among HSA, FcRn and IgG

FcRn has been reported to bind both HSA and IgG independently and in the same pH-

dependent manner [18, 28]. To characterize the interactions of the three components

FcRn:HSA:IgG, mixtures at different ratios of FcRn (0.14 mmol), HSA (0.14 mmol),

and/or IgG (0.070 mmol) were prepared and analyzed by AF4 (Fig. 8.3) [11]. As

expected, no complex was formed when HSA and IgG were incubated without FcRn

(Fig. 8.3(4)) [11]. When HSA and FcRn were incubated together, an HSA:FcRn

complex was resolved (Fig. 8.3(5)) [11]. Although a significant amount of free FcRn

was still present, this was thought to be the result of weak mM binding (Fig. 8.3(5))

[11]. Due to overlapping peaks between FcRn (44.7 kDa) and HSA (66.7 kDa), a

quantitative assessment of peak areas was not feasible. However, future adjustments

could be made to the instrument settings to achieve optimized separation resolution

between FcRn and HSA. The purpose of this experiment was to qualitatively charac-

terize the binding of FcRn, HSA, and IgG (147 kDa) at the same time. Therefore, the

AF4 method was optimized for the separation of the higher molecular weight

complexes. Since both HSA:FcRn and FcRn:IgG interactions fall into the weak

binding category (Kd > mM), it has been shown that the observed complex peak

contains both unbound individual components and bound complex under an equilib-

rium state determined by Kd; for that reason, the peak of complexes is relatively

broader than the peak of each individual component. Breadth of the complex peak

also owes to the combined 1:1 and 2:1 stoichiometries being unresolved under a single

peak. Based on the internal reference standards (FcRn 44.7 kDa, HSA 66.7 kDa, FcRn:

HSA 111 kDa, HSA dimer 133 kDa, IgG 147 kDa, 2FcRn:IgG 236 kDa and IgG dimer

294 kDa), the elution time of the predominant species was consistent (r ¼ 0.989) with

the mass of HSA:FcRn:IgG:FcRn complex (303 kDa), with the next few possible

Fig. 8.3 AF4 analyses of interactions among HSA (0.14 mmol), FcRn (0.14 mmol) and IgG

(0.07 mmol). (1) IgG, (2) FcRn, (3) HSA, (4) HSA + IgG, (5) FcRn + HSA, (6) FcRn + IgG,

and (7) FcRn + HSA + IgG (This figure was adapted from [11])
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complexes being HSA:FcRn:IgG:FcRn:HSA (370 kDa), HSA:FcRn:IgG (258 kDa)

and FcRn:IgG:FcRn (236 kDa) (Figs. 8.3 and 8.4) [11]. The observation of predomi-

nant species HSA:FcRn:IgG:FcRn was unexpected, but was not surprising, although it

has not been reported yet in published studies. SPR and immunoblotting experiments

have shown that both IgG and HSA bind non-cooperatively to distinct sites on FcRn

[18], which may imply that HSA:FcRn:IgG:FcRn:HSA should be the predominant

species. However, under similar weak protein-protein interactions (Kd ~ mM) [15] and

our experimental condition (molar ratios HSA:FcRn:IgG ¼ 2:2:1), the extra available

binding site of IgG to FcRn may be one possible reason to explain why HSA:FcRn:

IgG:FcRn is the predominant species at the equilibrium state in solution. The qualita-

tive results described here could not address the influence of each ligand but suggested

that the binding of IgG to FcRnwas slightly stronger than the binding ofHSA to FcRn,

based on the relative amounts of unbound FcRn in Fig. 8.3(5, 6) [11]. Unlike SPR and

other techniques, utilizing AF4 to study weak protein-protein interactions has the

advantage that interactions were observed in solution state without having to immobi-

lize proteins to a matrix. Improving the resolution of AF4 for studying proteins with

similar molecular weights will be the direction for further development.

8.2.3 Case Study 2: FGF21:FGFR Binding

8.2.3.1 Introduction

Fibroblast growth factor 21 (FGF21) is a potent hormone involved in regulating

blood glucose and triglyceride levels [29–31] and can be a very attractive

Fig. 8.4 Internal size reference standard curve for AF4 analyses of interactions among HSA,

FcRn and IgG (This figure was modified from [11])

8 Field-Flow Fractionation for Assessing Biomolecular Interactions in Solution 119



therapeutic protein to treat diabetes. In order to develop FGF21 for therapeutic uses,

it is important to understand its mode of action. It has been shown that FGF21 alone

cannot activate its receptor (FGFR); it requires a cofactor bKlotho for FGFR

signaling [32]. However, the nature of interaction between FGF21, FGFR and

bKlotho is not completely understood. It has been suggested that FGF21, bKlotho
and FGFR may form a ternary complex in a highly coordinated manner [33]. Thus

far, the existence of such a complex has not been observed by any analytical means.

The following case study demonstrates the application of FFF to study the forma-

tion of such a complex in solution.

8.2.3.2 Method

Recombinant engineered forms of FGF21,bKlotho and FGFRwere cloned, expressed,

purified, and analyzed on SEC andAF4. The sample injection amount was about 10 mg
each. AF4 separation conditions included a detector flow of 1.0 mL/min, a focus-flow

at 1.5 mL/min for 3 min, a constant cross-flow at 1.5 mL/min for 30 min then ramping

to 0 mL/min for 10 min, and an inject flow of 0.2 mL/min.

8.2.3.3 Results and Discussion

Figure 8.5 shows the overlaid UV traces of SEC chromatograms andAF4 fractograms

of the recombinant engineered forms of FGF21, bKlotho, FGFR and their mixture.

A peak corresponding to a highmolecularweight complex inmixture (d)was observed

by AF4, but was not quite clear by SEC. The light scattering signals of the mixture

(d) from both SEC and AF4 were further analyzed as shown in Fig. 8.6. The results

confirmed that the high molecular weight complex observed by AF4 is indeed a

ternary complex of FGF21, b-Klotho, and FGFR1c. As suggested earlier, the

interactions between FGF21, FGFR and b-Klotho are very weak. Apparently, the

ternary complex formed in their mixture readily dissociated on SEC while still

remained intact on AF4. These results demonstrated that AF4 can be applied to

study the formation of FGF21-bKlotho-FGFR complex, as well as other weak pro-

tein-protein interactions in solution, particularly those involvingmultiple components.

8.2.4 Case Study 3: Immune Complex

8.2.4.1 Introduction

Anti-drug antibody (ADA) responses against human mAb therapeutics can result in

formation of circulating immune complexes (CIC). These complexes consist of

human IgG (drug) non-covalently complexed with IgM or IgG (antibody), which

can result in type 3 hypersensitivity reactions such as complement activation and CIC
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Fig. 8.6 SEC-MALS and AF4-MALS analyses of mixture (d) shown in Fig. 8.5

Fig. 8.5 Overlaid UV traces of recombinant engineered forms of FGF21 (a), bKlotho (b), FGFR

(c) and their mixture (d)
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deposition into various tissues. The size of CIC can range from the nanometer to

micrometer range. SEC is effective at separating smaller CIC from monomeric IgG;

however, larger CICmay be lost or disrupted on the column bed. FFF has been applied

to blood plasma and serum to study the distribution of lipoproteins which range in size

from approximately 5–600 nm in diameter [34–36]. The retention profile of patient’s

lipoproteins samples was clearly distinguishable between healthy and those exhibiting

coronary heart disease. FFF was effectively applied to quickly separate plasma

proteins and to characterize drug/plasma protein interactions [37]. In the following

case study, an AF4 method was developed to separate serum components and to

investigate the potential presence and size of ADA CIC. FFF was chosen because it

does not utilize filters or chromatography media, which can cause artifactual removal

of large aggregates and disruption of non-covalent bonds in a sample.

8.2.4.2 Method

Serum was diluted threefold with DPBS containing a fluorescently labeled anti-

human IgG Fab fragment (Fab-488) (Molecular Probes, Inc., Eugene, OR). The

sample injection volume was 6 uL. Separation conditions included a detector flow

rate of 1.0 mL/min, a cross-flow rate starting at 2 mL/min ramping to 0.0 mL/min

over 30 min, and an injection flow rate of 0.2 mL/min. In addition to UV, LS and RI,

fluorescence detection (FLD), obtained with a fluorescence detector (Agilent) set to

absorbance at 495 nm and emission at 519 nm, was used to specifically detect Fab-

488-labeled serum human immunoglobulins.

8.2.4.3 Results and Discussion

Albumin, immunoglobulin, and lipoproteins were identified as major peaks in both

the MALS and UV profiles [35]. UV 280 and LS 90 traces of the AF4 separated

profiles demonstrated that the Fab-488 probe did not alter the elution profile

(Fig. 8.7). The FLD profile of normal serum showed two response peaks, a free

Fab-488 peak and a second peak eluting in a region of the profile consistent with the

elution time and size of serum IgG (Fig. 8.8). Samples containing CIC

demonstrated a shoulder on the serum IgG peak indicating larger molecular size

(Fig. 8.9).

The method was successfully implemented for separating the individual

components of the serum samples and specifically detecting human IgG using the

Fab-488 as a label. MALS detection allowed for the detection and molecular weight

analysis of human IgG as well as immune complexes comprised of ADA and

human monoclonal therapeutic in different animal models. This assay has been

applied to detect and measure the molecular weight of uncomplexed and complexed

human IgG in preclinical and clinical studies to better understand the role of

immune complexes and related pathology findings.
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8.3 Conclusions

Weak protein-protein interactions play an important role in biological systems.

Characterizing and understanding these weak interactions is essential in developing

effective protein therapeutics. Currently there exists an analytical gap in our ability

to analyze these weak protein-protein interactions. Due to its gentle and matrix free

separation mechanism, FFF has the potential to fractionate complexes bound by

weak interactions, therefore offering an opportunity to characterize such weak

interactions with this technique. However, it must be pointed out that up to this

Fig. 8.8 AF4 separation with FLD profile overlay of 5 uL PNHS diluted with 10 uL 1X DPBS

(blue trace) and 10 uL Fab-488 (red trace), 6 uL injection of each. (a) free Fab-488 (b)

IgG + Fab-488

Fig. 8.7 AF4 separation with MALS (solid lines) and UV 280 nm (dotted lines) detection profile

overlay of 5 uL PNHS diluted with 10 uL 1X DPBS (red trace) or 10 uL Fab-488 (blue trace), 6 uL
injection of each. serum albumin (+HDL) (a), IgG (b), LDL (c), VLDL (d), chylomicrons (e)
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point only qualitative results have been obtained in the form of complex preserva-

tion, and sometimes stoichiometry estimation based on species elution time and

analysis of collected fractions under denaturing conditions. Precise and detailed

calculations of association rate constants, ka, dissociation rate constants, kd, and

affinity Kd are complicated by the variations of protein concentrations in the FFF

channel. The technique will also benefit from better resolution of the separation of

species with close molecular weight values. We hope that these limitations of FFF

will be addressed in the future.
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Chapter 9

Flow Field-Flow Fractionation: Analysis

of Biomolecules and Their Complexes

Samantha Schachermeyer and Wenwan Zhong

Abstract This chapter is an overview on flow field-flow fractionation (FlFFF) and

its use for investigations of biomolecules and their complexes. Separation theory

will be discussed and compared to other separation methods. Example studies will

be described applying FlFFF for the analysis of a wide range of biological subjects

including proteins, ribosomes, viruses, and bacteria. In addition, the utilization of

FlFFF as a biological clean-up tool and as a method for investigating biomolecules-

metal interactions will be explored.

Keywords Bacteria • Biomolecule-metal complex • Biomolecules • Clean-up •

Flow field-flow fractionation • Organelles • Protein analysis • Theory • Viruses

9.1 Introduction and Theory

FlFFF differs from other FFF techniques in that the separation force is provided by

a secondary carrier-flow introduced into the system perpendicular to the channel-

flow. In FlFFF, the channel walls are permeable, which allow such a cross-flow to

enter and escape. The channel flow forms a parabolic profile due to the viscosity of

the carrier solution. The flow rate approaches zero near the channel walls and

reaches the maximum at the center of the channel [1]. Analytes positioned further

into the channel experience a greater flow velocity than those towards the wall and

are eluted faster. The cross-flow pushes analytes towards the opposing wall, while

the analytes attempt to diffuse back to the center of the channel. The balance of

these two determines the analyte’s location within the parabolic flow profile.

Analytes with larger diffusion coefficients can travel furthest into the channel and

be eluted first. Smaller molecules have greater diffusion coefficients leading to an
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elution order of small to large, and this elution mode is called the normal mode. The

diffusion plays a lesser role for analytes larger than 1 mm. Instead, the mass center

of such large analytes already locates at a distance no closer than one radius from

the wall. Consequently, the larger analytes position closer to the center of the

channel, and are eluted earlier than the smaller ones, the so-called “steric” mode.

Additionally, a high channel-flow rate can be employed to separate large particles.

It is believed that a hydrodynamic force could be created from the high-speed

channel-flow to lift the molecules approximately twice the diameters’ width away

from the wall. This phenomenon is termed the hyperlayer mode. In the normal

mode, the retention time tr can be estimated for analytes with known hydration

sizes; or the hydrodynamic radius of a particle can be calculated from tr, using

Eq. 9.1,

tr ¼ p�w2dVc

2kTV
(9.1)

in which Vc is the cross flow rate, w the channel thickness, d the particle hydration

diameter, Z the carrier viscosity, T the temperature, k the Boltzmann constant, and

V the axial flow rate.

FlFFF can be operated with either symmetrical or asymmetrical channels. In the

symmetrical channel, there are two permeable walls. The axial- and cross-flows are

operated separately by two pumps. The cross-flow passes through the top wall into

the channel and leaves via the opposite wall. On the contrary, asymmetrical FlFFF

(AsFlFFF) only contains one permeable wall and requires only one pump (Fig. 9.1).

The cross-flow is generated by the loss of liquid through the membrane and is

controlled by a valve that indicates the total volume passage. As the carrier fluid

moves down the channel, it continuously leaves via the membrane. The decrease of

Fig. 9.1 AsFlFFF channel structure and parabolic flow profile
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total volume in turn reduces the channel pressure. To compensate for the loss of

liquid and to maintain the pressure, the channel is designed to decrease in width.

This not only allows for controlling the pressure, but also has the added benefit of

concentrating the analytes relative to symmetrical FlFFF. For this reason AsFlFFF

has found greater use in research over the symmetrical apparatus.

Unlike other separation apparatuses, such as HPLC, FlFFF lacks the packing

material that can be harsh on biological molecules. FLFFF can be used in a wide

variety of solution conditions such as pH, temperature, and high salt concentration,

which is advantageous in comparison with another open-channel liquid-based

separation technique, capillary electrophoresis (CE). This feature allows selecting

the optimal buffer conditions to maintain the integrity of analytes like protein

complexes and biological particles. It is necessary to mention, however, that care

needs to be taken in choosing such conditions as to minimize interactions between

the membrane wall and analytes. Any interaction between the two may affect the

retention of the analytes, skew the size information, and increase sample adsorption

on the membrane. The most common membrane material used with biological

samples is regenerated cellulose (RC) as it offers good resistance to adsorption of

proteins.

The biggest advantage of FlFFF is the wide size range of its analytes. The

minimum size is determined by the molecular weight cut-off (MWCO) of the

membrane. The upper size limit can be estimated by 20% of the channel height.

Analytes as small as 1 kDa and as large as 100 mm in diameter have been separated

using FlFFF [2]. In the case of size exclusion chromatography (SEC), the upper size

limit is only 50 nm. The main limitation of FlFFF is the inability to separate

analytes of very similar sizes. As shown by Fraunhofer and Winter, full resolution

of human serum albumin (HSA) dimer (133 kDa) and immunoglobulin (Ig) G

(147 kDa) could not be achieved even under optimized conditions [3]. Analytes

should have at least 20% difference in diameter to be resolved by FlFFF.

9.2 Protein Analysis

FlFFF has found great use in the study of proteins, because its large analyte size

range is well compatible with the wide size distribution of proteins. The size of

proteins can range from a few kDa to a few hundred kDa; and they can be found as

monomers, dimers, or larger aggregates. Early use of FlFFF in the food industry

studied the large proteins found in wheat [4, 5] and dairy products [6]. Aggregation

of recombinant proteins can be of interest to biotechnology processes. For example,

inclusion bodies (IB) can form due to the over-expression of foreign genes in

prokaryotes. The location, size, and molar mass of IBs are important for the

downstream processing of the recombinant proteins. AsFlFFF has been applied to

analyze the size distributions of the green fluorescent protein (GFP) IBs in

Escherichia coli (E. coli) [7]. By monitoring the hydrodynamic radius of IBs

formed under different culture conditions, IBs production was optimized, and the
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cell culture and disruption conditions for E. coli were identified. Coupled with a

multiangle light scattering detector (MALS), the size of IBs was found to range

from 400 to 1,000 nm, and the shape was near spherical.

Proteins can aggregate after undergoing destabilization. Unfolding of protein

due to environmental stress such as heat, high levels of salt, and pH variations can

result in intermolecular bonding and thus protein aggregation. FlFFF has been used

to monitor the thermal aggregation for bovine serum albumin (BSA) when temper-

ature changed from room temperature to 80�C (Fig. 9.2) [8]. BSA was shown to

have remained stable up to 60�C with only the monomers and dimers being

observed, which agreed with the BSA denaturing temperature of 63.4�C previously

measured by calorimetry [9]. Above the denaturing temperature larger aggregates

began to appear as the proteins began to unfold and reveal potential bonding sites.

In addition to the incubation temperature, effects from other factors such as BSA

concentration, incubation time, and salt concentration have been studied. It was

found that heat alone could not induce aggregation. Without the presence of NaCl,

minimal protein aggregation existed even at high temperatures due to the electro-

static repulsion between protein molecules.

Although small molecules cannot be individually analyzed by FlFFF, their

interactions with proteins can be monitored. Drug-protein analysis is a particularly

important area of study for pharmaceutical industries, because protein binding can

affect the adsorption, distribution, metabolism, and elimination (ADME) properties

of a drug [10]. To analyze the drug distribution in a complex sample, such as blood

plasma, can be challenging, and FlFFF may provide effective solutions.

Fig. 9.2 BSA (1.0 mg·mL�1) particle size after 1 h incubation at different temperatures. Outlet

flow: cross-flow (0.50:2.52 mL·min�1). (a) room temperature, (b) 50�C, (c) 60�C, (d) 63�C, (e)
65�C, (f) 70�C, (g) 75�C, and (h) 80�C [8] (Reprinted from [8], # 2010, with permission from

Elsevier)
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By applying AsFlFFF, Leuenberger et al. were able to separate human plasma in

under 10 min into four major protein fractions, including human serum albumin

(HSA), high density lipoprotein (HDL), a2-macroglobulin, and low density lipo-

protein (LDL) [11]. The distribution of the lipophilic drug N-benzoyl-staurosporine

(NBS) within the human plasma was then analyzed by fluorescence microscopy. In

their study, it was found that the membrane material and carrier fluid significantly

influenced the recovery of drug and proteins and needed to be carefully examined.

NBS was completely adsorbed onto the RC membrane with PBS as the carrier fluid,

while the recovery of the FITC-labeled serum albumin was 70%. Addition of a

nonionic surfactant, Tween 80, could increase the drug recovery to almost 97%

even with the RC membrane; or a hydrophobic ALPHA membrane was discovered

to prevent the NBS adsorption without the addition of surfactant. However, due to

the possibility of the surfactant interacting with the lipoprotein structure and

skewing drug-binding data, the study was conducted using the ALPHA membrane

and the phosphate buffer without the addition of Tween 80, decreasing the drug

recovery to 70%. NBS was found only in the HSA fraction of the human plasma,

showing the feasibility of AsFlFFF in studying drug/protein binding under near

native conditions.

9.3 Ribosomes and Mitochondria

Intracellular organelles such as mitochondria and ribosomes are important cellular

machineries, the functions of which are not fully understood. It is very challenging

to extract specific organelles with high purity for functional analysis or gene/protein

expression study. Ultracentrifugation could be used, but it requires long centrifuga-

tion times of up to several hours and laborious experimental handling, both

resulting in residual artifacts [12]. FlFFF could be a superior technique to the

centrifugation-based methods in that it is able to fractionate organelles by size,

while well preserving the organelle structure and significantly cleaning it up with its

open separation channel and continuous liquid flows.

FlFFF methods have been developed to analyze ribosomes that are responsible

for intracellular protein synthesis by translating RNA to genes. Active ribosomes

(70 S) are composed of two subunits, the small subunit (30 S) and the large subunit

(50 S). One important development in this area was to use AsFlFFF to study the

ribosomes and ribosomal subunits in E. coli under different protein production and

expression conditions [13]. The 30 S, 50 S, and the whole ribosome were fully

separated with calculated hydrodynamic radiuses of 17, 20, and 24 nm. In addition

to the ribosome peaks, a tRNA and a protein fraction were identified with the

elution time equivalent to that of the 5-nm and 10-nm particles, respectively.

Samples were taken from E. coli cell cultures at lag, logarithmic (log), stationary,

and declining phases; and it was revealed that the number of ribosomes per cell

differed depending on the growth phase with the exception of the stationary and log

phases. The measured ribosome amounts corresponded well with E. coli’s growth
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activity, with the stationary and log phases having the highest amount of ribosomes

and the declining phase consisting of the lowest. In addition to normal cell culture

conditions, cells treated with antibiotics were examined to determine the effect of

antibiotics on ribosomal composition, which should indicate the state of protein

synthesis. The antibiotic chosen for this study was chloroamphenicol, which targets

the 70 S ribosome to inhibit peptide bond formation. After the addition of

chloroamphenicol, the number of the 30 S and 50 S ribosomal subunits increased

while the 70 S ribosomes decreased, solid proof of the termination of protein

synthesis. Further optimization of cell harvest, lysis, and separation conditions

has reduced the entire analysis time from almost 2 h to 16 min, providing a fast

method for investigating ribosome levels [14].

Mitochondria play vital roles in cellular functions, such as energy production

and apoptosis, and irregularities have been linked to several neurodegenerative

diseases like Huntington’s and Alzheimer’s disease [15]. Analyzing protein expres-

sion within mitochondria at various disease stages or under different environmental

stimulus may help to reveal the fundamentals of disease development, which could

be achieved by first isolating mitochondria from intact cells using AsFlFFF. In one

representative study performed by the Moon research group, mitochondria was

isolated from rat liver and analyzed using nLC-ESI-MS-MS to identify 130

proteins, among which 105 were uniquely mitochondrial [16]. In addition, the

MS result indicated that the protein contents increased proportionately with the

size of mitochondria.

9.4 Virus and Virus-Like Particles (VLPs)

Virus and virus-like particles are large protein complexes that can exceed a couple

100 nm in diameter. They are imperative to the pharmaceutical industry as vaccines

and as gene delivering agents. Therefore, it is important to have a well-defined and

high-throughput method to monitor batch-to-batch consistency. Early work with

FlFFF and viruses brought concerns on membrane adsorption and on the possibility

of changing the aggregation state by the “adsorption effect” [17]. “Adsorption

effect” means that particles retained on the membrane become reversibly adsorbed.

A delay in retention time is then observed. Giddings’ early work using FlFFF to

calculate the diffusivity of a variety of viruses exemplified this problem. The

greatest error in calculation of diffusion coefficients was seen at high cross-flow

rates in which the viruses were forced to interact more closely with the membrane.

The pressing by cross-flow exacerbated the adsorption or trapping of the particles.

This suggests that lower cross-flow rates are desirable as to minimize analyte-

analyte and analyte-membrane interactions. Middelberg et al. has also shown that

by optimizing the cross-flow rates, analyte adsorption could be minimized [18].

However, low cross-flow rates result in poor resolution for nanometer-sized

subjects. Another potential solution would be to discard the membrane completely

and use the frit as the accumulation wall [19]. Although this method has been
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shown to work with some degree of success, it also requires stringent optimization

of the separation conditions to minimize wall-particle interactions.

AsFlFFF coupled with MALS has been proved to be powerful in virus analysis

with less occurrence of adsorption. In the development of vaccines, the quality of

produced virions within chick embryos is essential. They could be a heterogeneous

mixture of infectious and non-infectious particles. In a study carried out by Wei

et al., the virus subpopulations were analyzed and characterized with AsFlFFF-

MALS [20]. The virus content measured by AsFlFFF-MALS was compared with

the gold virus counting standards, transmission electron microscopy (TEM) and

polymerase chain reaction (PCR), and little difference was found. This study well

demonstrated that AsFlFFF was effective in rapidly analyzing size distributions and

quantifying particle count, and has great potential for monitoring the virus quality

in vaccine production.

9.5 Bacteria

It is of great interest to bioremediation, biodefense, and biotechnology to quantify

bacteria in complex matrices, such as food, soil, and blood. The biggest challenge is

the separation of bacteria from other particulate matter and the differentiation of

live and dead bacteria. The dead bacteria can dissemble and release endotoxins to

the environment, acting on disease-causing mechanisms different than the live

bacteria [21]. Flow cytometry can be an effective approach in separating and

quantifying bacteria [22], but is restricted from analyzing smaller bacteria due to

its lower size limit of 200 nm. FlFFF, sedimentation FFF (SdFFF), and electrical

FFF (ElFFF) were found to be able to separate four different bacterial strains within

15 min [23]. In addition, the live bacterial particles were resolved from the dead

ones with earlier elution times.

Whole-cell bacterial vaccines rely on characteristic surface features of the

deactivated bacteria. The surface features of bacteria can affect the pathology of

bacteria and, thus, their usefulness in vaccines. Gravitational FFF (GrFFF) and

AsFlFFF have been applied to separate E. coli based on the presence of fimbriae on

the bacterial membrane [24]. AsFlFFF was able to achieve baseline separation of

bacteria belonging to the same strain, but with surface characteristic difference.

Due to the fast reproduction rate of bacteria and the health hazards they pose,

there are pressing needs for early identification of even trace levels of bacterial

contamination in the food industry to prevent food-borne diseases in consumers.

Conventional culturing methods require several days. Utilizing FlFFF to fractionate

the whole bacterial cells and analyzing the cells using matrix-assisted laser desorp-

tion/ionization time-of-flight mass spectrometry (MALDI-TOF/MS) [25], the entire

bacterial analysis was accomplished within 1 h, a promising high-throughput

method. Some optimization was necessary in order to successfully combine the

two instruments, as some of the standard FlFFF conditions were not compatible

with MS. For instance, the commonly used ionic surfactant FL-70 carrier solution
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could generate background in MS and probably reduce the efficiency of MALDI.

To prevent this, a non-ionic surfactant, such as Triton-X100, can be used to replace

FL-70.

9.6 Biological Clean-up Tool

Another application of FlFFF is the use as a clean-up tool. By utilizing the cross-

flow as a washing force, nonspecific bindings can be removed while preserving the

specific interaction. The problem that often occurs during a standard vortex and

centrifugation wash is the co-precipitation of the non-specific, background

molecules that generate artifacts in down-stream analysis. Since FlFFF can with-

stand a wide range of solution conditions (salt concentrations, pH, and buffer

compositions), it is a favorable tool for cleaning up immune-complexes. In a

feasibility study carried out by our group, the Protein A-conjugated microparticles

were incubated with its interactive proteins in the crude yeast cell lysate, and then

washed using either the standard centrifugation or magnetic pull-down methods, or

with FlFFF [26]. The collected particles were analyzed on a SDS-PAGE gel and the

results showed similar antibody bands proving that the specific protein A- immu-

noglobulin G (IgG) bond was preserved throughout the FlFFF process. However,

the FlFFF had significantly reduced nonspecific bands when compared with the

standard methods (Fig. 9.3a).
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Fig. 9.3 (a) SDS-PAGE of proteins extracted through three different procedures. Lane 1, proteins

extracted by regular magnetic particle with the magnetic pull-down procedure; lane 2, proteins

extracted by the modified polystyrene microspheres with the magnetic pull-down procedure; lane

3, proteins extracted by the modified polystyrene microspheres with the MAPcP procedure; lane L,

protein molecular weight marker [26] (Reprinted with permission from [26], # 2008, American

Chemical Society). (b) Flow cytometry fluorescence data showing preserved binding between

Protein A and the secondary antibody for both centrifugation and FlFFF wash [27] (Reprinted with

permission from [27], # 2008, American Chemical Society)
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The clean background can help to enhance the signal-to-noise ratio in

immunoassays. Thus, our group has explored the feasibility of coupling FlFFF

with flow cytometry to create a two dimensional suspension array system for

multiplexed protein detection [26]. The IgG-conjugated microparticles were

incubated with the FITC-labeled protein A or the secondary antibody, separated

by FlFFF, and detected in the flow cytometer. Comparable fluorescence levels to

those obtained with centrifugation-based washes were detected on both particles,

proving the possibility of using FlFFF to remove background interference in the

bead-based immunoassays (Fig. 9.3b).

9.7 Biomolecule-Metal Complexation Analysis

Inductively coupled plasma (ICP) is a powerful tool in metal analysis, but the high

nebulizer flow-rates can complicate the interface design if used as an on-line

detector. Both HPLC and FlFFF’s flow-rates are compatible with ICP nebulization,

however, because of its low sheer force that effectively maintains any weak but

specific interaction, FlFFF is more attractive in coupling to ICP for simultaneous

elemental and size distribution analysis of biological samples. Many proteins carry

out their functions through complexation with metals. By utilizing on-line ICP-MS

detection, it is possible to study these complexations. Barnes and Siripinyanond

applied FlFFF-ICP-MS to analyze several different proteins ranging from 6 to

669 kDa and their associated metals as a feasibility study [28]. Several protein

standards were analyzed and both Zn and to a lesser extent, Cu, were found in the

metalloenzymes, carbonic anhydrase and alcohol dehydrogenase. In addition, the

authors examined Cu and Zn distribution in bovine ceruloplasmin. Here, the free Cu

and Zn eluted early followed by the first main peak of the ceruloplasmin in which

only Cu was bound and the final peak contained both metal ions. This preliminary

study showed the feasibility of using FlFFF-ICP-MS to study metal distribution in

biological samples.

FlFFF-ICP-MS has also been applied in the study of environmental remediation.

How bacteria participate in the transport of contaminates is of particular interest.

FlFFF-ICP-MS was used to study the uptake of uranium in Shewanella oneidensis
strain MR-1 [29]. Utilizing hyperlayer mode the cells were separated from exo-

polymers in the cell suspension. When comparing the adsorption behavior of a fixed

uranium concentration over a range of pH 5–9, the optimum adsorption pH was

found to be pH 5, which was in agreement with literature values (Fig. 9.4). At the

maximum adsorption pH of 5, the complexation occurred between the negative

carboxyls present on the cells surface and the cationic UO2
2+. As the pH increased,

the portion of positively charged uranium species was reduced due to the reaction of

uranium with hydroxides and carbonates, inhibiting their interactions with cell

surfaces. For the first time, the presence of a uranium binding exopolymer was

detected by the ICP. By combining ICP with FlFFF, metal associating biomolecules

that have minimal UV absorption can be studied.
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9.8 Conclusion

FlFFF has great potential in biological research.With a large separation size range of

1 nm to 100 um, it is compatible with a variety of biomolecules from proteins to

cells. The high tolerance to salt, buffer compositions, pH, and temperature allows the

researcher to explore and understand how biomolecules react to different environ-

mental conditions. In addition, coupled with ICP-MS on-line, metal-molecule

interactions can be studied and quantified. Finally, the cross-flow can be taken

Fig. 9.4 (a) Decreasing cellular uranium sorption as pH increases (b) Percentage of uranium

bound to the exo-polymer relative to the cell as a function of pH [29] (Reprinted with permission

from [29], # 2005, American Chemical Society)
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advantage of as a washing force and be used as a biological clean-up tool which, in

combination with the size separation ability, can be exploited in detection assays for

the removal of background materials in complex matrices providing a potential

method to increase the signal-to-noise level of the assay and thus the limit of

detection. More understanding of the membrane-analyte interactions, minimizing

such interactions, and increasing sample loading would widen the application of

FlFFF in the bio-related fields.
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Chapter 10

Analysis of Prions by Field-Flow Fractionation

Kelly A Barton, Valerie L Sim, Andrew G Hughson,

and Byron Caughey

Abstract Prion diseases, like many protein misfolding diseases, are characterized

by the formation of abnormal protein aggregates that can range in size from

oligomers to large amyloid fibrils and plaques. An important issue is the extent to

which various abnormal prion protein multimers contribute to prion disease trans-

mission and neuropathogenesis. In order to understand the etiology of these

diseases and to design effective diagnoses, prophylaxes, and therapies, the relation-

ship of prion protein aggregate size and structure to infectivity and neurotoxicity

must be considered. A variety of approaches have been taken to fractionate and

characterize abnormal prion protein particles. One method that has been effectively

employed is flow field-flow fractionation (FlFFF), which separates particles on the

basis of diffusion coefficient. Advantages of FlFFF include fractionation across

wide dynamic range of particle sizes and the ease of making in-line connections to a

variety of detectors (i.e., light scattering, refractive index and UV) that can rapidly

evaluate particle size, shape, and concentration. Here we review the application of

FlFFF to the characterization of prions.

Keywords Amyloid fibrils • Asymmetrical flow FFF • Effects of sonication •

Particle size • Prion aggregates • Prion protein • Size-infectivity relationship •

Spongiform encephalopathies • Template-directed polymerization

K.A. Barton (*) • A.G. Hughson • B. Caughey

Rocky Mountain Laboratories, National Institute of Allergy and Infectious Diseases,

National Institutes of Health, Hamilton, MT, USA

e-mail: bartonk@niaid.nih.gov

V.L. Sim

Centre for Prions and Protein Folding Diseases, University of Alberta, Edmonton, AB, Canada

S.K.R. Williams and K.D. Caldwell (eds.), Field-Flow Fractionation in Biopolymer
Analysis, DOI 10.1007/978-3-7091-0154-4_10, # Springer-Verlag/Wien 2012

139

mailto:bartonk@niaid.nih.gov


10.1 Introduction

Transmissible spongiform encephalopathies (TSEs) or prion diseases are infectious

neurodegenerative diseases characterized by aggregation of the host’s prion protein

(PrP) and spongiform degeneration of the brain [1]. These diseases, which include

Creutzfeldt-Jakob disease in humans, bovine spongiform encephalopathy (mad cow

disease), scrapie in sheep, and chronic wasting disease in cervids, can have

inherited, sporadic, or infectious origins. Inherited prion diseases are linked to

specific host PrP mutations, which can in turn result in the accumulation of

infectious prion aggregates. The exact components and structure of the infectious

agent are not fully established, but recent studies have shown that at least modest

levels of infectivity can be propagated in vitro using purified PrP alone [2–5], or,

more effectively, with the addition of brain homogenates [6, 7] or cofactors such as

RNA and lipids [8, 9].

The normal cellular prion protein (PrPC) is a glycosylphosphatidylinositol (GPI)-

linked glycoprotein [10, 11] enriched in detergent resistant membranes. PrPC has a

long, flexible N-terminal tail and a globular C-terminal domain comprised of three

alpha helices and a short two-stranded antiparallel b-sheet [12, 13]. Within the

N-terminal tail is a set of five repeats of an eight amino acid sequence believed to

be important in metal and ligand binding (for reviews, see [14, 15])

During disease pathogenesis, the soluble and protease sensitive PrPC molecule

undergoes a conformational shift from a largely alpha helical structure to one

characterized by a large proportion of b-sheet [16–18]. The converted PrP mole-

cule, (PrPres or PrPSc), tends to be less soluble and more protease resistant than PrPC

[19]. These different properties are due in part to the oligomerization that

accompanies the conformational change [20–24] (for recent review, see [1]).

Under a variety of in vitro conditions, purified PrPres can induce the conversion

of PrPC to new PrPres [8, 25–31] which can in turn be infectious [2, 6–8]. Although

the mechanistic details of the conversion reaction remain to be determined, consid-

erable evidence is consistent with an autocatalytic seeded polymerization or tem-

plate-directed mechanism [20, 24, 25, 32, 33]. In such mechanisms, interactions

between PrPC and an existing PrPres oligomer catalyze or stabilize the conversion of

the former to the latter as it is recruited into a growing PrPres multimer, as has been

observed in in vitro reactions (e.g., [21, 23, 28]).

In infected cells, the conversion of membrane anchored PrPC occurs on the cell

surface or in endocytic vesicles that are internalized from the cell surface [34–36].

The GPI-anchored PrPC may interact with PrPres aggregates that are also anchored

to the membrane, leading most commonly to amorphous accumulations on cell

surfaces or in intracellular vesicles (for review, see [1]). Alternatively, and most

notably with human Gerstmann-Str€aussler-Scheinker syndrome or scrapie-infected

transgenic mice expressing only PrPC that lacks the GPI anchor [37], the PrP

molecules can escape from cells and accumulate in extra-cellular amyloid

fibrils and plaques (Fig. 10.1a). Some purified PrPres samples have paracrystalline
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Fig. 10.1 Analysis of PrP size ranges. (a) GPI-anchored PrPC is usually present on the cell

surface as a monomer. PrPC can be converted to PrPres upon interaction with PrPres aggregates on

the cell surface, endosomes, or in extracellular fibril deposits or amyloid plaques. (b) Quantification

of PrP (per fraction) by dot immunoblotting with anti-PrP antibody (blue circles), calculated
specific infectivity (red squares), and transmission electron microscopy images of PrPres oligomers
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two-dimensional arrays [38] of what appear to be ring-like trimers [39], potentially

the basic unit of prion amyloid fibrils.

Understanding the relationship between PrPres particle size, infectivity,

converting activity, and toxicity is important in identifying effective prevention

and treatment strategies [1, 40]. The reported sizes of infective prion particles have

ranged greatly from 20 kDa [41] to ~1 MDa with the former corresponding in mass

to a single PrP molecule. However, the association of infectivity with PrP

monomers has not been readily confirmed.

Studies on several neurodegenerative protein misfolding diseases have implied

that small abnormal protein oligomers might be much more neurotoxic than larger

amyloid fibrils of the same protein or peptide [40, 42]. In a variety of prion diseases,

little or no accumulation of amyloid fibrils or plaques of PrPres is apparent (for

review, see [1]), despite the fact that the diseases are fatal and transmissible. Such

observations have led to suggestions that, rather than being problematic, the

formation of large amyloid fibrils might be protective by sequestering more harmful

oligomers into a relatively inert state [40, 42]. However, this is clearly not always

true in the case of prion diseases because scrapie infections in the anchorless PrP

transgenic mice lead to accumulations of PrPres mainly in amyloid plaques which,

in turn, cause fatal transmissible neurodegenerative disease [37]. Interestingly, the

clinical and neuropathological manifestations of scrapie in these mice differ sub-

stantially from those of classical scrapie, and instead resemble a cerebral amyloid

angiopathy [43]. On the other hand, inoculation of human Gerstmann-Straussler-

Scheinker infectivity into transgenic mice expressing a mutant GPI-anchored PrPC

can cause PrP amyloid accumulation without spongiform encephalopathy or clini-

cal deficits [44]. Clearly, much remains to be learned about the roles, or lack

thereof, of various types of abnormal PrP aggregates in the transmission and

neuropathogenesis of various prion diseases.

Many techniques have been used to separate prion protein aggregates on the

basis of size. Some techniques are limited by small fractionation ranges which

would be unable to cover the wide assortment of prion protein aggregate sizes. Size

exclusion chromatography, polyacrylamide gel electrophoresis, and filtration

depend on sieving effects involving contact between aggregates and some form

of stationary matrix. As prion aggregates are inherently sticky, they may interact

with solid matrices and yield artifactual results.

Field-flow fractionation (FFF) techniques provide alternative methods for size-

based separation of macromolecular complexes with a wide range of particle

dimensions (see other chapters in this volume). FFF separates sample components

on the basis of diffusion coefficients, not chemistry or sieving, by loading them

into a thin open channel and applying an external force to move the sample

Fig. 10.1 (continued) in early, middle and late fractions. (c) Analysis of in-line light scattering

results with ASTRA software to determine values for molar mass (blue), radius of gyration

(purple) and hydrodynamic radius (green) (Adapted by permission from Macmillan Publishers

Ltd: Nature [46], # 2005)
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components perpendicular to the main flow of the mobile phase. The applied

force causes the particles to move towards the accumulation wall while this effect

is directly counteracted by diffusion. Smaller particles, with their higher diffusion

coefficients, will naturally migrate more rapidly away from the accumulation wall

and into the main stream of the mobile phase, resulting in faster elution. The more

rapid elution of smaller particles, which is the opposite of what occurs in size

exclusion chromatography, can be a distinct advantage when attempting to charac-

terize the smallest particles with a given activity because there is less likelihood that

large active particles will contaminate small-particle fractions due to artifactual

interactions with the matrix.

Sklaviadis, Manuelidis and colleagues pioneered the use of sedimentation field-

flow fractionation (SdFFF) to analyze prion particles isolated with sarkosyl disag-

gregation and density gradient fractionation [45]. Sedimentation FFF generates an

external centrifugal force perpendicular to mobile phase flow by rotating the

separation channel in a centrifuge rotor basket. Their analyses indicated a molecu-

lar mass of ~15 MDa and a radius of ~30 nm for the infectious particles, which they

proposed to be protein-nucleic acid complexes.

More recently, Silveira and colleagues characterized much smaller infectious

particles in analyses of the sizes of infectious prion particles, and their relative

specific infectivities, using an alternative method called flow field-flow fraction-

ation (FlFFF) [46, 47]. As described in more detail in Chap. 1, FlFFF differs from

SdFFF in that the external force is applied with a fluid stream crossflow. Here we

review the use of FlFFF for the characterization of prions.

10.2 Flow Field-Flow Fractionation of PrPres

PrPres is typically purified from infected hamster brains through a series of

centrifugations and washes. In the Silveira et al. studies [46], particles ranging

from PrP monomers to long amyloid fibrils were generated from large detergent

insoluble aggregates by treating purified PrPres samples with 1% sodium n-undecyl
sulfate, sonication, freeze/thaw, and heating. The partially disaggregated samples

were passed through a 0.2 mm filter to remove large particles or contaminants.

Asymmetrical FlFFF on an Eclipse F instrument (Wyatt) was used to resolve and

separate the various sizes of PrP containing particles. The trapezoidal channel was

26.5 cm in length, 350 mm in height and a maximum of 21 mm in width at the inlet

port. A polyethersulphone membrane with a 10 kDa molecular weight cut-off

(MWCO) was chosen for the accumulation wall due to its compatibility with the

mobile phase and low sample loss. Samples of PrP were loaded in five repeated

injections with each injection followed by a 3-min focus. After the last injection/

focus cycle, an additional 12 min focus concentrated the protein in a thin band prior

to elution. Focusing times were kept to a minimum to decrease the chances of

reorganization or re-aggregation of PrP particles upon concentration. The small

percentage of SUS in the mobile phase (20 mM Tris, pH 7.0, with 0.1% SUS)
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reduced sample aggregation, reorganization, and binding to solid surfaces but was

kept below the critical micelle concentration to prevent interference with light

scattering measurements. Programmable elution modulated the crossflow linearly

from 3 to 0 mL/min over 20 min followed by an additional 10 min elution without

any crossflow.

Elution of PrP was monitored with in-line static light scattering (Dawn EOS),

refractive index (Optilab DSP) and dynamic light scattering (QELS) while 1 mL

fractions were collected. Unlike the homogeneous peak observed in the SdFFF

experiments, two main peaks or populations of PrP were evident: one within

fractions 5–8 that had low light scattering and the other within fractions 19–27

that had high scattering (Fig. 10.1b). The first peak corresponded to PrP monomers

and small oligomers and the latter peak contained much larger PrP fibrils as seen in

EM images (Fig. 10.1b inset). Using ASTRA software, the data from all the

detectors was compiled to calculate a weight average molar mass (Mw), average

radius of gyration (rg), and hydrodynamic radius (rh). The wide range of separation

in a single FlFFF run was evident from the analysis; a 30-fold range (5–150 nm) of

hydrodynamic radii accompanied masses ranging from 70 kDa to 10 MDa

(Fig. 10.1c). With this large range of fractionated sizes there was reduced resolu-

tion, most notably at the extremes. Small oligomers co-eluted with the monomers

and the large fibrils eluted in a bolus at the end of the crossflow. With these

crossflow and elution parameters, the greatest resolution was found in the particles

sized 10–30 nm or fractions 10–16. For these experiments, this was the range of

interest, but it should be said that resolution can be predictably improved within

specific size ranges with adjustments of the cross-flow gradient relative to the main

flow.

10.3 Infectivity Measurements of Fractionated PrPres

To assess the infectivity associated with the various particle sizes of PrPres, the

collected fractions were diluted into normal hamster brain homogenate and

inoculated intercerebrally into hamsters. The incubation times of the disease,

which are inversely related to infectivity levels, shortened beginning at fraction 9

and reached a minimum at fraction 12. Levels of infectivity for each fraction were

estimated based on the comparisons of incubation times to those obtained from

scrapie brain homogenate standards. A > 600 fold increase in infectivity correlated

to the 28-day shortening of the incubation period seen between fractions 7 and 12.

The small amount of infectivity seen before fraction 7 was most likely due to the

leading edge of the infective particles. Although infectivity was sustained through-

out the elution of larger fibrils, fractions 18–25 had a much higher quantity of

protein. These results demonstrated a major discordance between PrP concentra-

tion, particle size, and infectivity.

To more accurately describe infectivity in terms of the PrPres components, a

‘specific infectivity’ value was calculated by dividing each fractions’ infectivity
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values by their total PrP content determined by semi-quantitative immunoblotting.

This analysis showed a sharp peak at fraction 12, indicating the presence of the

most active infective particles per unit PrP (Fig. 10.1a – red squares). Light

scattering analysis indicated that these particles had 12–14 nm radii and weighed

several hundred kDa. The compact nature of the particle can be estimated using a

ratio of the radius of gyration to the hydrodynamic radius (r value). Higher r values

are typical for extended structures but the r value of ~0.9 for the fraction

12 particles indicated a fairly compact, spherical or ellipsoid structure.

The average mass and radius assigned to the particles represented not only the

mass of the infectious particles but also any bound detergent molecules or other as

yet unidentified constituents. A set of protein standards run in the presence or

absence of detergent showed that the presence of detergent could increase the

molecular weight and hydrodynamic radius by as much as 73% and 60%, respec-

tively. Therefore the most infectious PrP particles (named J-particles, after their

discoverer), when devoid of detergent, would likely have had molecular mass

values between 300 and 600 kDa and be 17–27 nM in diameter. Assuming the

infectious particles were only PrP molecules with average molecular weights of

21.5 kDa, each infectious particle would contain 14–28 PrP molecules. This

suggested that although large amyloid bundles of PrPres are extremely stable and

able to transmit the disease, the most infectious particles per unit protein are smaller

oligomeric species.

The most infectious J-particles identified by Silveira and colleagues [46] were

considerably smaller than the 60 nm, 15 MDa particles characterized by Sklaviadis,

Manuelidis and colleagues using SdFFF [45]. We presume that the differences in

these findings can be largely attributable to sample preparation, which, in the

Silveira study, intentionally included strong partial disaggregating conditions to

enhance the chances of generating a continuum of PrP particle sizes including not

only large amyloid fibrils, but also the smallest infectious particles and non-

infectious monomers and oligomers.

10.4 Perspectives

In FlFFF experiments, elution can be monitored with a myriad of detectors,

including RI and QELS. Most recently, we have tried to use absorbance detection

to more accurately quantify the protein in individual fractions to refine the size of

the most infectious particle. Interestingly, the absorbance profile does not align

fully with the profile of PrP concentrations (Fig. 10.2). These results revealed some

hazards in using UV absorbance detection. Although proteins absorb at 280 nm,

other contaminants or mobile phase constituents may add to the overall absorbance

due to chromophores or light scattering. The mobile phase absorbance can be

subtracted by running a blank without protein. Contaminants or substances that

co-purify with the protein aggregate sample (i.e., nucleic acids or lipids) may

remain bound to the prions or be freed during the disaggregation procedure and
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fractionated by size along with protein during the elution. Moreover the molar

extinction coefficients of proteins can vary between their monomeric and highly

packed aggregated forms [48], complicating UV absorbance based estimations of

the protein concentration.

Another limitation of FlFFF relative to some other size-based fractionation

methods such as sedimentation velocity centrifugation is the small amount of

sample that can be loaded, focused, and effectively fractionated. With our instru-

mentation, we have been limited to <100 mg PrPres when largely purified. This has

been particularly problematic because our goal has been to produce and analyze the

most active particles, but only small amounts were produced from the disaggre-

gation protocol. We have found that the characteristic saddle shape of the elution

profile can be altered with different sonication times and powers. However, these

treatments have tended to change the ratio of small oligomers (�4 PrP molecules)

to larger aggregates or fibrils, rather than the proportion of intermediate-sized

particles. If another disaggregation protocol was found to produce more intermedi-

ate sized particles, less total protein could be loaded. In more recent attempts to

fractionate more complex tissue extracts, we have rapidly overloaded the capacity

of our FlFFF instrument. Thus, if fractionation of a larger amount of starting

materials is required, alternative methodologies or modifications of the FlFFF

instrumentation will likely be required.

Nonetheless, FlFFF has been successfully used to separate prion protein

aggregates. Moreover, the general technique should be widely applicable to other

protein aggregates or macromolecular structures. The sizes and compositions of

channel and membrane can be chosen to optimize fractionation of samples of
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different types, volumes, and properties. Also, as noted above, changes in the

beginning and ending crossflow rates as well as the slope of the gradient elution

can enhance resolution of smaller or larger particle size ranges. For example,

Rambaldi and colleagues used FlFFF to follow the aggregation process of Ab1–42
that is a crucial event in the pathogenesis of Alzheimer’s disease [49]. Using FlFFF,

they were able to separate not only the small, soluble oligomers of a 4 kDa peptide

but also the less soluble, larger aggregates. Further applications of FlFFF to the

analysis of different types of prions and other peptide and protein aggregates may

provide valuable insights into their physiological and/or pathological functions.
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Chapter 11

Multifunctionalized Particles for Biosensor Use

Karin D. Caldwell and Karin Fromell

Abstract The mass sensitive sedimentation subtechnique of FFF differs from the

flow analogue in two principal ways: Firstly, resolution in sdFFF varies with

analyte size to the third power – compared to the first power size dependence for

the flow system. Secondly, conversion of sdFFF retention data into mass or size

information for the analyte requires knowledge of its density, a quantity that has to

be determined separately. Since no such input parameter is required to extract size

information from flow FFF data, the sedimentation analogue has obtained a reputa-

tion for being less “universal” than its flow counterpart. The present article intends

to demonstrate some of the advantages offered by the high mass sensitivity of

the sdFFF technique, especially in the design and optimization of bioanalytical

processes involving nanoparticles.

Keywords Controlled surface modification of nanoparticles • Lectins •

Luminometry • Multiple attachment modes • Particle attachment to surfaces •

Quantification of protein attachment • Reactivity of attached binders. • Sedimentation

FFF • Ultra-mass sensitive balance

11.1 Introduction

In recent years biofunctionalized nanoparticles have attracted significant interest

for use in various contexts, ranging from servicing as vehicles for drug delivery to

being responsible for the capture and quantification of metabolites and clinical

markers in the diagnosing of disease [1–5]. For many of these applications it is

essential to know not only the particle size, but its load of drug or of capturing

K.D. Caldwell (*) • K. Fromell

Department of Physical and Analytical Chemistry, Section of Surface Biotechnology,

Uppsala University, Uppsala, Sweden

e-mail: karin.caldwell@biorg.uu.se

S.K.R. Williams and K.D. Caldwell (eds.), Field-Flow Fractionation in Biopolymer
Analysis, DOI 10.1007/978-3-7091-0154-4_11, # Springer-Verlag/Wien 2012

151

mailto:karin.caldwell@biorg.uu.se


moiety as well. For instance, particles intended for in vivo use will perform very

differently depending on their size and load, as they will reach different target

organs depending on their physical size. This means, for instance, that they may

perform a site-specific delivery of a size-related amount of a drug with which they

are loaded.

In designing an optimally performing particle-based diagnostic process it is

frequently desirable to determine both the number of grafting sites implanted on

a particle surface as well as the grafting efficiency, i.e., the number of sites that have

the ability to become occupied with a particular ligand. Additional questions to be

answered concern the grafting density and its effect on the ligand’s biological

activity, as well as the amounts of specific and nonspecific adsorption of the analyte

to the particle. None of these questions are easy to answer without access to a

sensitive analytical balance, such as a sdFFF instrument.

11.2 Theory of sdFFF

In the following we will briefly review the retention theory applicable to sdFFF and

exemplify its use with the linking of polymers and proteins to the surfaces of

primarily polymeric nanoparticles.

The general theory of FFF retention relates to the parabolic flow of carrier

through a thin duct. This applies to all systems, regardless of which field is used

to concentrate an injected sample into a thin sliver near one of the channel walls.

With the ribbon-like channel geometry, common to FFF systems, the elution

volume Ve explicitly relates to the reduced thickness of this sliver labeled “l” in

general FFF literature [6, 7]:

V0=Ve ¼ 6l coth 1=2lð Þ � 2l½ � � 6l� 12l2
� �

(11.1)

In the case of sd FFF, the field G is gravitational (centrifugal). For most practical

applications the separation channel is therefore coiled and positioned inside a

centrifugal rotor basket.

The sample property which makes it susceptible to the field is the buoyant mass

M0 ¼ mDr=r0 (11.2)

i.e., the mass m of the particle corrected for the mass of carrier displaced by the

particle as it sediments towards the channel wall. If m is replaced by the product of

volume and density, and the volume is expressed in terms of particle diameter d, M0

can be written in a form that clearly demonstrates the high (third order) size

selectivity of the SdFFF technique

M0 ¼ pDrd3=6 (11.3)
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In the above expressions Dr stands for the difference in density between particle

and carrier, while r’ symbolizes the density of the particle. The reduced layer

thickness l in the SdFFF case is given by [7]

l ¼ kT=GM0w (11.4)

From Eqs. 11.2 and 11.4 it is quite evident that an evaluation of SdFFF retention

data requires input of density data for both particle and carrier. While this can

appear somewhat cumbersome, it actually allows a composition analysis of even

highly complex layered particle structures, such as those that are generated when

polymeric particles are allowed to adsorb or bind complex mixtures of proteins and

polymers.

For a composite sample, M0 in Eq. 11.4 can be replaced by M0
comp as the sum of

the various mass-density pairs (i) that make up the sample, ranging from the core

particle (i ¼ 1) to its various adsorption/grafting layers (i ¼ n).

M0
comp ¼

X
i
mi Dr=rið Þ (11.5)

In this manner the sequential uptake of ligands to a binder-derivatized surface is

conveniently performed and evaluated, as will be discussed below.

An early demonstration of FFF-based surface analysis of adsorption complexes

involved the comparative adsorption of the two milk proteins b-lactoglobulin
(BLG) and b-casein (BCN) to polystyrene (PS) latex particles of uniform size [8].

The conventional way of performing this type of comparison consisted of adding a

known amount of particles to an aliquot of well quantified protein, and determining

the uptake as the difference in aliquot protein concentration before and after

exposure to the particles. Given that this approach is rather error prone it was

decided to quantify the amounts adsorbed, both by SdFFF and also by amino acid

analysis of the particle-protein complex. A clear advantage of the FFF approach is

the constant washing that the coated particles undergo as they travel down the

separation channel. In this way the analytical procedure itself removes all loosely

adhering protein, leaving behind only that which might be actively involved in the

subsequent function of the coated particle such as being the active part in an

immunodiagnostic test. The agreement between the various analytical methods

used in ref. [8] was quite comforting and encouraged further refinements of the

SdFFF quantification technique [9–11].

11.3 Ligand Attachment to Polymeric Nanoparticles

Most polymeric latex particles are hydrophobic in nature, and their behavior as

protein adsorbents is well illustrated by the numerous polystyrene standard particles

that are commercially available in a wide variety of sizes. One issue of great interest
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is the possibility to shield a surface from an unwanted uptake of protein. This type

of problem is readily studied using nanoparticles exposed to different coatings,

whose protective qualities are illustrated by their respective uptake of protein

following the coating. In our laboratories we have frequently based the protection

on an adsorbed layer of polymeric surfactants of the poloxamer type. These

surfactants are block copolymers consisting of hydrophilic PEO-containing blocks

that frame one or more hydrophobic PPO-containing blocks. In an aqueous envi-

ronment the latter adsorb rapidly and tenaciously [12–14] to hydrophobic surfaces,

providing them with a protein repellant shield of highly mobile PEO chains.

Although the naked PS surface adsorbs significant amounts of protein, the adsorbed

molecules are frequently more or less denatured by the adsorption, leading to a loss

in biological activity, as seen in Fig. 11.1. The sweet pea lectin (LOA) in solution
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Fig. 11.1 Studies of lectin from Lathyrus odoratus (LOA). (a) Differential Scanning Calorimetric

profiles of LOA in native condition (solution) and adsorbed to 240 nm PS latex with apparent loss

of secondary structure; (b) sdFFF of 240 nm PS latex: bare (bottom trace), in adsorption complex

with LOA (middle trace), in complex with LOA in presence of excess of dextran 5,000 (top trace).
The lack of mass difference between the top and middle samples indicates adsorption-induced loss

of LOA carbohydrate binding ability
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has a strong affinity for the carbohydrate glucose. Following adsorption to PS latex

particles, a SdFFF analysis of the LOA coated particles in the figure confirmed that

the particles contained just under 1 mg/m2 of protein. Yet, this carbohydrate-

binding protein had totally lost its ability to bind the glucose polymer Dextran

500. A calorimetric look at the particle-protein complex further revealed that during

the adsorption the protein had completely lost its original secondary structure. This

and many similar examples clearly illustrate that the mere presence of a protein, be

it a receptor or an enzyme, on a surface is not enough to ensure a reactive

arrangement.

For this reason we have turned to the poloxamers, in particular to a product

referred to as Pluronic F108, for surface protection. Given its efficiency and ease of

handling this product has further inspired our efforts to introduce different reactive

structures at the ends of the PEO chains. Thus modified, the Pluronic derivatives

have offered a practical approach to ligand attachment while also providing protec-

tion against non-wanted adsorption. The end-groups are generally without effect on

the surfactant’s adsorption, and one can therefore readily mix differentially

derivatized Pluronics with the underivatized compound, and recognize the stoichi-

ometry of the solution mixture upon analysis of the surface composition following

adsorption.

Figure 11.2 illustrates a bouquet of Pluronic F108 derivatives that are produced

to couple certain specific ligands to the surface to which they are adsorbed.

Examples of such ligands are pyridyl disulfide with its specific ablility to attach

thiol-containing structures [15], NHS-derivatives with strong affinity towards

heavy metal ions such as Ni or Co chelated to some structure intended for linking

[16], or some oligonucleotide which will specifically bind its complementary

nucleotide sequence if such is introduced into a molecule for the purpose of

allowing its specific attachment [17].

X = PDS
Y= NTA
Z= oligo-
nucleotides

Hydrophobic  substrate

Fig. 11.2 Schematic illustration of the polymeric surfactant Pluronic F108 with assorted reactive
end groups introduced on the PEO for functionalizing the underlying surface
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11.4 Analytical Instrumentation and Methods

The SdFFF instrument used in the characterizations described here is a precursor to

the Model CF1000 from Postnova Analytics. The channel length and breadth are

94 cm and 2.0 cm, respectively, while the thickness, w, is 0.0254 cm. [7]. This

channel is curved to fit inside a stainless steel rotor basket with a radius of 15.5 cm.

The basket was spinning at rates controlled by the system’s computer through use of

a specially designed software package.

Densities were determined using a well thermostatted PAAR densitometer

which enabled the determination of r for both carrier and analyte with six place

accuracy. This was done in connection with each change in sample or carrier.

The pump rate and effluent volume were monitored by collecting the weight of

the latter using a Mettler analytical balance, whose electronic output was fed

directly to the system’s control unit thus allowing a continuous monitoring of

both field and flow.

The actual detection of sample protein was primarily done by luminometry,

using a Berthold recording device. Alternatively, detection was based on the

monitoring of fluorescence or UV absorbance, as indicated in each special case.

11.5 Examples of Applications

The ability to introduce and quantify multiple functionalities to a particle surface is

extremely desirable, e.g., when optimizing surfaces for diagnostic use. Such

surfaces normally contain some protein with high affinity for the analyte to be

captured and quantified. The capturing moiety can for instance be a receptor

analogue, if the tool is to be used in hormone analysis, or it may be an antibody

or a specifically designed binder for analysis of plasma proteins with a marker

function, indicating a clinical problem of some kind. Questions of importance in

this context concern the ability of the analytical surface to reproducibly capture and

report the concentration of the marker. The adsorption of inconsequential

molecules must, as a rule, be kept to a minimum in order to provide maximum

detection sensitivity. Another problem to be handled concerns the specific capture

activity, i.e., the ability of each unit of analytical surface area, alternatively each

capturing molecule, to execute its binding function. Here, the close-packing of

binders is of importance, as is the possible steric hindrance presented by the

attachment chemistry itself. Finally, storage stability is a matter of significant

importance that also must be attended to. All of these questions require knowledge

of the performance of specific protein types in their specific presentation.

Figure 11.3 exemplifies the SdFFF based analysis of a composite surface

arrangement on a polystyrene latex particle, which is decorated to serve as a

glycoprotein capturing agent. The particle has a diameter of 240 nm, a value

verified by the sedimentation technique in the initial run of the sequence [18].
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The first step in configuring this surface consists of the adsorption of Pluronic F108

with its different PEO chain terminators, designed to link in the various functions

that the particle is to acquire. Here, the FFF analysis reports that the particle surface

has taken up 14 400 � 400 Pluronic F108 molecules.

The next step in shaping this configuration is to attach an oligonucleotide,

deoxyguanin (dG), to the surface-attached Pluronic. This is to enable the linking

of the particle to a surface similarly coated with Pluronic F108, only this one

containing the antagonist, deoxycytosin (dC). The two oligonucleotides hybridize,

linking the particle to the surface in a firm attachment that can withstand washing at

high shear [17]. In order to capture glycoproteins of interest, the carbohydrate-

sensitive lectin Concanavalin A (ConA), is attached to the surface via an available

thiol group that rapidly reacts with a pyridyldisulfide (PDS) group resident on a

Pluronic F108. This coupling chemistry is not only efficient and robust, but has the

added advantage of generating a strong chromophor, namely the pyridyl thio-

ketone, as a reaction product when linking occurs [15].This compound has a unique
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Fig. 11.3 SdFFF analysis of a multilayered PS particle constructed for glycoprotein analysis via
the lectin ConA. Sequential analyses are used for layer-by-layer quantification of: (1) adsorbed

Pluronic F108; (2) (F108 + dG); (3) (F108 + dG + ConA); and (4) the affinity trapped glycopro-

tein Ovalbumin. The SdFFF derived masses in each layer are given in the Table (Adapted from

[18] with permission from Elsevier, # 2005)
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and strong UV-absorbance at 343 nm which allows quantification of the protein

coupling by means of a route independent of the FFF assessment. A summary of the

quantitations performed in conjunction with shaping the capturing entity is shown

as an insert in Fig. 11.3.

Thus configured, the particles are ready for attachment to an analytical surface

for capture and quantification of glycoproteins. The model analyte used in

Fig. 11.4a, b is a fluorescently (Cy5) labeled Ovalbumin, known to contain at

least one sugar moiety on its main peptide chain. Ovalbumin has a molecular

weight of 45 kDa and is therefore large enough to potentially suffer steric hindrance

in its binding to the capture agent, ConA, which is just over twice its size. It was

therefore essential to investigate whether coupling could indeed take place.

Remarkably, the SdFFF binding analysis showed that nearly 3 out of the 4 available

binding sites on ConA were occupied by Ovalbumin. This is a good indication that
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Fig. 11.4 Thin-layer arrangement of the ConA particles from Fig. 11.3 for the analysis of
glycoproteins. (a) row 1 human serum albumin (unglycosylated), row 2 ovalbumin, row 3 fetuin,
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the particle itself causes no significant hindrance to binding, and furthermore, that

the PEO-linker between Pluronic F108 and ConA causes minimal harm to the

binding reaction.

Figure 11.4 compiles a number of fluorescence measurements on model particles

of the type described in Fig. 11.3. Following suspension in buffer, these particles

had been dispensed in 6.4 mL aliquots to a Polystyrene sheet coated with Pluronic

F108-dC. The dispensing gave rise to spots of uniform size as shown in Fig. 11.4a,

each spot containing approximately 106 particles. After 15 min of hybridization the

sheet was washed extensively and solutions of Cy5-labeled Ovalbumin, or other

similarly labeled proteins, were layered over rows of attached particles and

incubated for 15 min followed by exhaustive washing. The analytical accuracy in

this procedure is illustrated in Fig. 11.4b, where series of ten spots were exposed to

one out of five concentrations of Cy5-Ovalbumin. The fluorescence intensity for

each spot was measured and averaged for the ten spots in each series, as seen in

Fig. 11.4b. The lack of signal between the spots is reassuring proof that the Pluronic

F108-dC protects the surface from nonspecific protein adsorption.

11.6 Biosensor Applications Involving Nanoparticles

Diagnostic analyses of the type referred to as “Point-of-Care” tests are gaining ever

more interest, as our population ages and will need health care that is rapidly

and conveniently administered in private homes or at a nearby doctor’s office.

This implies that the analysis has to be performed on reasonably priced and easy-

to-transport equipment, and executed by, at times, moderately inexperienced

personnel. Such is particularly the case when it is left to the patient him- or herself

to carry out the measurement and report the analytical result to the responsible

physician. In the following we will outline two nanoparticle-based approaches,

neither of which requires specialized high-technology clinical laboratories for

execution.

In carrying out analytical work based on protein-coupled particles, it is espe-

cially important to pay attention to such practical details as efficiency of rinsing

after sample contact, for the purpose of minimizing false background signals that

are often caused by e.g., adhering reagents. The rinsing of nanoparticles without

error-causing losses of the capture surface is a difficult proposition, since their

small mass makes settling a slow process. This is true even under centrifugal fields

such as those generated in ordinary table centrifuges, and collection of a “clean”

population of analyte covered particles is typically both time-consuming and error

prone. Alternately, filtration following washing is for the most part extremely

wasteful in work with small particles, and results in large losses carrying with

them significant analytical errors.

One way around this dilemma, recently explored in our laboratory [19],

combines the practical advantages of working with large, massive and readily

settling particles, with the capture sensitivity offered by the small protein decorated
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nanoparticles. The combination shown in Fig. 11.5 builds on the oligonucleotide

coupling described above (see Fig. 11.2), only now the large particle serves the role

of the flat surface to which the small particles are attached. Through this arrange-

ment one gains both the rapid washing with minimal material losses that is offered

by the macro-particles, and the high reactivity offered by the highly curved and

readily accessed nano-particulate surfaces. Figure 11.5 illustrates a typical gain in

signal that can be accomplished in this manner. The diagram illustrates a compari-

son between the bioluminescence intensity generated, on the one hand, by a given

number of 19 mm PS particles (4.2 � 105 in this case) whose surfaces were

decorated with Pluronic F108-linked BSA, and on the other hand with the same

number of 19 mm PS particles (4.2 � 105), only now the surface decoration also

included 0.24 mm PS particles equipped with the Pluronic-linked BSA as in the

Fig. 11.5 Method for surface expansion of large and easy-to-wash macroparticles. Bovine serum
albumin (BSA) was the analyte captured, either by direct adsorption to the 19 mm diameter PS

particles, or to 240 nm PS particles, themselves attached to the 19 mm PS particles by means of an

oligonucleotide coupling. The quantification was based on bioluminescence, generated by pyru-

vate kinase conjugated to an anti-BSA antibody
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companion case. The antigen binding was detected as the bioluminescence intensity

generated by the anti-BSA linked kinase. In both cases the bioluminescence

intensity is consequently proportional to the amount of BSA on the big particles,

as it is generated by pyruvate kinase conjugated to anti-BSA. This construct readily

binds to BSA on both large and small particles. After careful washing it is allowed

to operate on its substrate which is contained in the suspension buffer together

with luciferase/luciferin. The example shown in Fig. 11.5 clearly demonstrates

the potential for gaining signal strength by working with hybrid particles, as

suggested here.

11.7 Nanoparticles in Microfluidic Sensing

A biological system is characterized by a number of metabolic reactions that are

“coupled” in the sense that the product of one enzymatically catalyzed reaction is

shuttled to a neighboring enzyme where it will function as a reactant. A typical

example of this behavior is demonstrated by the electron transport chain of mito-

chondrial reactions, where protons are oxidized to water through a series of 18

Fig. 11.6 Schematic of the thin-layer biosensor design (Adapted from [18] with permission from

Elsevier, # 2005)
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redox steps. In order for this sequence to have a chance to occur, the various

enzymes engaged in the shuttle must be strategically positioned on the mitochon-

drial membrane surface with minuscule distances between producer and consumer.

In order to maximize the productivity of coupled enzyme systems, like the ones in

e.g., the Citric Acid Cycle, it is not enough to have the various catalysts free in

solution in arrangements where intermolecular distances may be micron sized or

more. Rather, one should strive for the Ångstr€om-to-nm sized distances character-

istic for living tissue and similar to those that can be obtained through controlled

attachment to nanoparticles (It might be of interest in the present context to consider

that the diameter of a more or less round liver mitochondrion is about 1 micron, i.e.,

four times the diameter of the PS latex particles frequently used in this study).

There are a great number of requirements put on a microfluidic device for

sensing, as is illustrated in Fig. 11.6 [19]. Reaction chambers have to be minimized

in number as well as in volume, reagents have to be stored on the device in a form

that allows dispensing upon command, the analyte has to be transported into the

reaction chamber in a reproducible fashion and there be able to bind the reading

element in a manner that gives rise to a readable signal and, finally, the signal has to

be read in triplicate, in parallel with similar maneuvers for calibrants. The entire

arrangement has to have a shelf-life of at least a year.

In our study the first issue concerned the signal generation. A system was

selected that was built around the enzyme pyruvate kinase, which would be made

to bind to the analyte via an antibody or a specially designed peptide binder [20].

Fig. 11.7 Light emitting
sensor construct. A PS core

particle is decorated with

Pluronic F108 to which are

attached oligonucleotides for

surface fixation, analyte

capture molecule (e.g.,

antibody), and chelate-

coupled luciferase for signal

generation. The amounts of

each, as determined by

SdFFF, are given in the Table
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The same capturing system was attached to 240 nm polystyrene particles, decorated

in analogy with the particles in Fig. 11.3. The kinase was then immersed in a

mixture of phosphoenol pyruvate and ADP, from which it produced ATP. Further-

more, the capturing particles also contained the enzyme luciferase, which produced

sharp light pulses upon contact with ATP in the presence of luciferin. This substrate

was packaged to surround the capturing particles, and the entire reaction sequence

was optimized with the help of SdFFF, which kept a close tab on the number of

capturing entities needed per particle in order to arrive at a readable signal. The idea

was to let a sensitive mobile phone camera picture the luminescent surface and

make possible a direct transmission of the image to a physician for simple distant

diagnosis [19]. Regrettably, the design was never brought to market, but the small

binder was attached to the capture particles in adequate numbers, so that these

particles were found to contain on the average 240 luciferase molecules per particle.

Given the number of particles per unit surface area that were observed in a

preliminary study [18], the generated light intensity was considered to be easily

detectable with a sensitive CCD device (Fig. 11.7).

11.8 Conclusion

Recent developments of diagnostic systems are to a large extent based on multi-

functionalized nanoparticles, due to their small size and relative ease of handling

[21–23]. Whenever a particle-based analytical system is being designed there is a

general need to identify methods that allow quantification of the various

functionalities that are built into the system. As shown in the present chapter,

sedimentation FFF offers an unusually precise and accurate method for determining

the mass of both the core particles as well as of their various designed shells, so that

the designer can convince himself of the optimal nature of his design.
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Chapter 12

Starch and Other Polysaccharides

Lars Nilsson

Abstract Polysaccharides constitute one of the major groups of biological

macromolecules and they include some of the most abundant macromolecules in

nature. In this chapter instrumental considerations when analyzing polysaccharides

with flow field-flow fractionation (flow FFF) are briefly discussed. Furthermore, an

overview of characterized properties is given with special attention to multi angle

light scattering. Included is an extensive review of literature on applications

regarding flow FFF and polysaccharides.

Keywords Cellulose • Field-flow fractionation • Gums • Light scattering •

Macromolecules • Polymers • Polysaccharides • Starch

12.1 Introduction

Polysaccharides constitute one of the major groups of biological macromolecules

and they include some of the most abundant macromolecules in nature such

as chitin, cellulose and amylopectin. A wide range of chemical structures can

be found. The latter being dependant on the type of sugar monomer, glycosidic

linkage and the presence of non-carbohydrate moieties in the macromolecule.

Polysaccharides, naturally, play an important role in many biological systems as

structuring, barrier and energy reserve molecules. Aside from the obvious

nutritional importance of for instance starch and dietary fiber, polysaccharides are

also important for many applications which can be found within the food, pharma-

ceutical, paper, coatings and other industries.

Polysaccharides are macromolecules that are inherently polydisperse which,

together with their sometimes huge molar mass, can put great demands on the
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methods of characterization. Branching and self-association are other properties

that further complicate the characterization work. Asymmetrical flow field-flow

fractionation (AsFlFFF or AF4) is a powerful and highly suitable separation

technique for the characterization of polysaccharides. The method’s suitability

for these applications is due to its large size range (approximately 2 to

>800 nm), its mild separation conditions (i.e., low shear forces) and that filtering

of samples is often not required prior to injection onto the separation channel.

However, in order to obtain accurate and reliable information about molecular

properties, as for instance molar mass (M), root-mean-square radius (rrms) and

conformation, it is a necessity to utilize adequate detection such as multi-angle

light scattering (MALS). The suitability of AsFlFFF for the characterization of

polysaccharides was demonstrated for dextran and hyaluronic acid by Wahlund

et al. [1] Some early works showing the strength and possibilities of combining

FlowFFFwithMALS for polysaccharideswere reported for symmetrical flowFFF [2,

3] and for AsFlFFF [2]. Due to the large size range thatAsFlFFF is able to fractionate it

is also possible to characterize samples containing super molecular aggregates. Natu-

rally, the distinction between molecular species and aggregates can be very difficult if

not impossible. However, it is possible that such distinctions can be made utilizing

AsFlFFF-MALS as has been shown for aggregates of casein micelles.[3] The possi-

bility to be able to do such distinctions would indeed be desirable for polysaccharides

which are prone to aggregation in aqueous environments.

12.2 Instrumental Considerations When Analyzing

Polysaccharides

12.2.1 Choice of Membrane

Several types of membrane material are commercially available. A suitable mate-

rial for the analysis of polysaccharides is typically regenerated cellulose or other

similar materials. If analysis under conditions utilizing, for instance, carrier liquids

at high pH such materials are, however, unsuitable and membranes withstanding

such harsh conditions must be selected. The potential adsorption of non-surface

active polysaccharides at the membrane are sometimes discussed, especially in

conjunction with poor mass recoveries from the separation channel [4]. This has,

however, at present not been thoroughly investigated and such assumptions should

be handled with care.

12.2.2 Validation of Separation Channel Performance

It is recommended that the performance of a newly assembled channel be verified

before analysis of samples commences. This can typically be performed by
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injecting a small amount of a water soluble dye, sufficiently hydrophilic to not

adsorb strongly at the membrane surface. In the case of cellulose based membranes

a suitable dye is bromophenol blue (BPB) in aqueous solution at pH 6.5 [5]. The dye

should be injected during elution with a constant cross-flow and migrate along

the center of the channel following a straight line. If deviations in the flow pattern

are observed this can indicate a damaged membrane, flow obstructions, leaks etc.

The focusing point in the channel can be checked by injecting the same dye during

focusing; a colored macromolecule such as dextran blue can also be utilized.

Finally, it is good to validate the performance of the system with a standard sample

which may be a protein, a standard polysaccharide (such as pullulan or dextran) or a

small colloidal particle.

12.2.3 Carrier Liquids

For neutral polysaccharides, in an aqueous environment, a carrier liquid consisting

of dilute electrolyte (such as NaNO3) with added NaN3, to prevent microbial

growth, is most of the time suitable. As for most applications pure water is not

advisable to use as any electrostatic interaction acting during separation will

become long range at such low ionic strength. This may, in turn, cause disturbances

in the elution of sample components and poor reproducibility. The Debye length

(k�1) [6] can be considered as the distance over which significant electrostatic

interaction occurs and is given by

k�1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ere0kBT

2NAe2 � 1
2

Xn
i¼1

ciz
2
i

vuuuut (12.1)

where er is the relative dielectric permittivity of the solvent, e0 is the dielectric

permittivity of vacuum, kB is the Boltzmann constant, T is the temperature, NA is the

Avogadro number, e is the elementary charge, ci is the concentration (mol/m3) of ion

i and zi is the valence of ion i. For comparison, k�1 is about 3 nm in a 10 mMNaNO3

solution (Fig. 12.1) which means that any weak electrostatic interaction present will

be short ranged and, thus, is unlikely to influence the elution of sample components.

For charged polysaccharides, higher ionic strengths in the carrier liquid may be

necessary. It should be noted that this can, of course, influence the size and

conformation of macromolecules [7]. An important consideration regarding ionic

strengths of carrier liquids for the analysis of charged macromolecules is the

dependence of the second virial coefficient, B2, on the ionic strength, i.e., inter-

molecular interaction. In a study concerning diffusion of DNA (i.e., a polyelectro-

lyte), Ferrari et al. studied the influence of ionic strength on the diffusion coefficient,

D [8]. The authors showed that B2 decreased rather sharply with increasing ionic
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strength indicative of less repulsion between molecules. Consequently, D had a

strong dependence on DNA concentration at rather low ionic strength (at 10 mM

NaCl, an increase in DNA concentration from about 12–17 mg/mL lead to a three

fold increase in D). However, at an ionic strength above 0.05 M the obtained D

values appeared stable. These are important factors to consider in the selection of

carrier liquid ionic strength as one could expect differences in the apparent D for

molecules of the same size. As there would be species of the same size with different

apparent D, this would lead to increased peak-tailing because species with lower

apparent D elute later. This phenomenon can be observed experimentally for

anionic polysaccharides [9, 10] and can also contribute to tailing observed for

cationic polysaccharides, although the latter can be further complicated by mem-

brane-sample attraction.

12.2.4 Choice of Injected Amount and Flow Conditions

The amount injected onto the channel needs to be optimized in order to assure that

overloading is eliminated or minimized and that sample components are eluted in

normal mode. This is especially important if accurate data, such as diffusion

coefficients, are to be obtained from the elution times. The optimization is straight-

forwardly performed by injecting various amounts of sample for which the reten-

tion time should be constant if elution occurs in normal mode. In Fig.12.2 examples

of overloading in amylopectin fractionations are shown, illustrated by elution times

which are dependent on injected amount and peak asymmetry.

Due to the high polydispersity of polysaccharides it is often beneficial to utilize

programmed cross-flows (Vc) which decay in some suitable manner that optimizes

selectivity over the entire size distribution. Common decays are linear and expo-

nential but other decays such as stepwise decay and power programmed decay [12]

are also utilized. The flow profiles for the above defined cross flows are shown

in Fig.12.3. The employment of programmed fields for the separation of
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macromolecules has been reported by several authors [13–15]. However, studies

dealing with the basis for choosing a specific type of programmed cross-flow are

scarce. Leeman et al. have investigated the suitability of different programmed

cross-flows for the analysis of starch and cellulose derivatives utilizing pullulan

standards [14]. The authors found that constant cross-flows did not result in

satisfactory fractionation of the samples which was, however, accomplished using

programmed cross-flows. By comparing different programmed cross-flows (i.e.,

linearly and exponentially decaying cross-flows) it was found that exponentially

decaying cross-flows gave higher molar mass selectivity for high molar mass

fractions. This was at the expense of only a minor decrease in selectivity for low

molar mass fractions. Furthermore, no benefits were observed by having an initial

constant cross-flow during elution, which then decayed. The authors observed

rather large differences for late eluting pullulan estimated and observed retention

times. The secondary relaxation effects are expected to be more pronounced for

larger components [16, 17]. However, they should also be more pronounced for

rapidly decaying cross flows, which was not observed. A possible explanation is
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programmed cross flows

expressed as cross flow (Vc)

versus time (t). (a) step-wise

decay, (b) power programmed

decay, (c) exponential decay

and (d) linear decay

Fig. 12.2 Study of

overloading in amylopectin

analysis with AsFlFFF-

MALS. Injected amounts: (a)
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(d) 5 mg (Reprinted from [11],
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that the large components are forced so close to the accumulation wall at the

beginning of elution that they are practically immobilized until the cross flow is

decreased [13] which, together with the secondary relaxation effects, could explain

the observations.

12.3 Preparation of Samples for Analysis

The aqueous dissolution of various polysaccharides can sometimes prove to be a

demanding task. The difficulties encountered have different contributions as

they suffer both from kinetic contributions and the fact that water is not necessarily

a good solvent for the macromolecules. Many polysaccharides, such as starch,

galactomannan gums and b-glucans, are well known as being difficult to dissolve.

Dissolution procedures typically evolve around utilizing elevated temperatures,

high pH, organic solvents (such as dimethylsulphoxide, DMSO), addition of salts

(such as LiBr) etc. Table 12.1 shows an overview of methods, reported in the

literature, for starch dissolution.

A problematic contribution to selecting a dissolution procedure is that there

seems to be no or little comparison between different methods in the literature and,

hence, a great demand for such studies to be undertaken exists. An important issue

is, naturally, whether harsh conditions such as elevated temperatures and high pH

will cause degradation. The dissolution process is schematically illustrated in

Fig. 12.4. Thus, part of the difficulties stem from choosing conditions which result

in dissolution but do not cause degradation. Another difficulty is the determination

Table 12.1 Examples of dissolution conditions for starches from the literature

Dissolution method (aqueous solutions) Temperature (�C) Time (min) Note Reference

Boiling 100 30 a [18]

Microwave heating 143–211 0.6–1.5 a [19]

– 1.5 [20]

Autoclaving/pressure cooking 175 20–60 [21]

– 30 a [22]

121 20 a [4]

Jet cooking 110–140 – b [7]

Dissolution in non-aqueous solvents

MSO �20–121 15–1440 [23]

70 �1000 [24]

37–80 1–500 [25]

DMSO/LiBr 80 �120 [26]

90–120 60–480 [27]

N,N-dimethylacetamide/LiBr c [28]

1-butyl-3-methylimidazolium chloride 100 60 [29]
aPre-treatment with DMSO at various conditions
bCationically modified starch
cStep wise dissolution: 1. 150�C, 1 h; 2. 100�C, 1 h; 3. 50�C overnight
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of whether degradation has occurred as, for instance, a low degree of degradation of

large macromolecules may be very difficult to detect.

12.4 Characterized Properties

12.4.1 Root-Mean-Square Radius and Molar Mass

The molecular properties obtained from analyses with AsFlFFF depend on the

detectors utilized. Diffusion coefficient (D) and, hence, hydrodynamic radius (rh)

can be obtained directly from elution times from the channel but determination of

molar mass requires the use of suitable detectors. Light scattering is one of the few

methods with which direct molar masses can be obtained without calibration

against molar mass standards or by assumptions regarding scaling between mass

and size. Thus, it is a powerful tool for the characterization of samples fractionated

by AsFlFFF. The most commonly used detectors are multi-angle light scattering

(MALS) detectors which detect the scattered intensity at different angles in relation

to the incoming light. A full treatise on light scattering is beyond the scope of this

chapter and readers are referred to textbooks on the subject [30–32]. The obtained

light scattering data is fitted to different models of which the Debye [33], Zimm

[34, 35] and Berry [36] models are the most commonly utilized [37]. Basically, the

models allow the determination of the rms radius (rrms), also referred to as the radius

of gyration (rg), from the slope of a curve fitted to the angular dependence of the

scattered light. Provided the refractive index increment with concentration (dn/dc)

is known for the substance and a concentration detector is used, the molar mass can

be determined from the intersection of the fitted curve. The selection of model is not

necessarily straight forward. A comprehensive investigation regarding the suit-

ability of the different models for different types of macromolecules has been

performed by Andersson et al. [37]. In this work the authors showed that for

relatively small scattering species (rrms < 50 nm) the error in M is less than 1%

regardless of which model is employed. However, for larger scattering objects

the choice of method is more critical in order to obtain accurate results. It was

also shown that higher order polynomial fitting gave more accurate fits but at the

expense of robustness as they are more sensitive to errors in individual data

points. As a general recommendation the authors suggested that for an unknown

sample the utilization of low angle data, plotted with the Berry method, is

preferable as good accuracy is obtained in both M and rrms without using higher

order polynomial fits.

Fig. 12.4 Schematic illustration of a dissolution process of polysaccharides
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12.4.2 Diffusion Coefficient and Hydrodynamic Radius

As separation in AsFlFFF occurs based on diffusion coefficient (D) of sample

fractions, D can be determined from elution times. From D the hydrodynamic

radius (rh) can be obtained through the Stokes-Einstein equation [38]. The calcu-

lation of D from elution times becomes more complicated when utilizing

programmed cross-flows, compared to constant cross-flows, as Vc is a function of

both time and the position along the separation channel. Furthermore, the so-called

secondary relaxation effects [39] may distort results as the field is continuously

decaying causing sample components to migrate to new equilibrium distances from

the accumulation wall. Hence, the concentration profile in the separation channel

may lag behind the equilibrium distance if the field decays rapidly and/or diffusion

of fractions is slow. For rectangular channels the calculation of D can be performed

analytically [13]. However, for trapezoidal channels, which are common today, the

equations for the calculation of D need to be solved numerically [40]. Recent

findings have shown that good accuracy can be obtained by using the approach

by Nilsson et al. [41] Errors are typically about a few percent but do increase rapidly

when steeper time gradients in Vc are employed i.e. if accurate determination of D

and rh is desirable, steeply decaying functions for Vc should be avoided. This

behavior is of a more general character for field-flow fractionation and has been

observed in earlier studies [17, 42]. In-house made Matlab based software, for

the calculation of rh and other conformational properties, is available from the

author upon request.

12.4.3 Conformation and Shape

Several macromolecular conformation measures can be obtained from AsFlFFF-

MALS. A commonly used conformational measure is [43]

rrms ¼ kMg (12.2)

and by plotting the logarithm of rrms versus the logarithm of the molar mass, g can

be obtained as the slope of the plot. For a sphere g ¼ 0.33, for a rod g is closer to 0.5
and for a random coil macromolecule g ¼ 0.5 � 0.6. The approach can be useful to

distinguish between different conformations within the distribution obtained from

the AsFlFFF. A drawback can sometimes be that if somewhat noisy data is

processed g will be rather sensitive to errors.

Another interesting conformational parameter is the ratio between rrms and rh.

As discussed above, rh can be readily obtained from AsFlFFF elution times.

The ratio can give valuable information about conformation and shape of the

macromolecules. For a solid, smooth sphere (i.e., rh is identical to the geometrical

radius) the ratio is equal to 0.775. Typical ratios for macromolecules are between
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1 and 2 and ratios >2 generally indicate an anisotropy in the molecules i.e.,

more elongated conformations. Ratios <0.7 typically represents highly swollen

macromolecules or “micro gels”[44]. In Table12.2 both theoretical and experimen-

tal values of rrms/rh from literature can been found. In a similar way as for g, rrms/rh
can be used to distinguish between different conformations present within the size

distribution. Furthermore, rrms/rh has been proposed as a means of distinguishing

between aggregates and non-aggregates in a population [3].

The apparent density over a size distribution can be obtained by calculating it

from M and radii data, utilizing either rrms or rh as

r̂rms;i ¼
Mi

VðrrmsÞi
� a or r̂h;i ¼

Mi

VðrhÞi
(12.3)

Table 12.2 Calculated values for rrms/rh for different objects and experimental results from

literature

Object rrms/rh Reference

Homogeneous sphere 0.775

Rod

Axial ratio ¼ 25 2.1 [45]

Axial ratio ¼ 100 2.8 [45]

Random coil, linear chain

y-conditions 1.50 [46]

Good solvent 1.78 [46]

Randomly branched polymer 1.73 [47]

Hyper branched polymer 1.23 [47]

Experimental results rrms/rh M range (106 g/mol) Reference

Starch 1.0–1.8 0.07–100 [48]

Amylose 1.64–2.20 0.02–1.0 [49]

Amylopectin 1.02–1.29 78–270 [50]

Glycogen 0.4–1.5 1.9–35.9 [51]

Pullulan 1.1–1.5 0.15–0.9 [52]

1.62–1.86 0.17–0.9a [53]

Dextran 1.3–1.7 0.03–0.7 [52]

1.00–1.27 0.013–2.66a [54]

Non-ionic cellulose derivatives 1.71–2.64 0.23–5.0a [55]

Xanthan Gum 2.17–2.95 1.37–2.94a [56]

k-Carrageenan (coil) 1.96 0.01–4 [57]

1.65 0.31a [58]

Alginate 1.1–2.5 0.06–1.0 [59]

Gum arabic 0.6–1.0 2–10 [60]

1.0–3.0 0.15–30 [61]

Mesquite gum 1.7–3.0 1.5–5.0 [61]

Polyvinylacetate microgels 0.54–0.60 32–423 [44]
aWeight-average molar mass (Mw) or range of Mw
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whereMi is the molar mass of fraction i, Vi is the volume of fraction i and a is given
by Eq. 12.4 where r is the geometrical radius of a sphere.

a ¼ Vsphere rrmsð Þ
VsphereðrÞ ¼ r3rms

r3
¼

ffiffiffiffiffiffiffiffi
3=5

p � r
� �3

r3
¼ 3

5

� �3
2

(12.4)

Although being an apparent property it describes the distribution of mass in

volume for the fractions and, thus, provides additional information about scaling

in a macromolecular population. The apparent density also, indirectly, describes

the apparent volume of the molecules. Thus, it may be considered to influence

fundamental parameters such as the overlap concentration of macromolecules, i.e.,

the concentration where transition from dilute to semi-dilute solution occurs and

solution viscosity starts to be strongly dependent on macromolecule concentration.

Such a relationship has been shown for starch. [62] The apparent density is also

linked to the branching density as highly branched macromolecules are expected to

display a higher density than less branched molecules. Consequently, glycogen

which is an a(1- > 4) glucan with a(1- > 6) linked branches and a degree of

branching (DB) of 0.07–0.1 displays considerably higher apparent densities than

amylopectin [51], which is also an a(1- > 4) glucan with a(1- > 6) linked

branches although with lower DB (approximately 0.05) [63, 64].

Another useful way of processing light scattering data in order to obtain confor-

mational data from the angular dependence of the scattered light is by the creation

of a Kratky plot [65, 66], which requires high quality in the light scattering

data [67]. The angular variation in the scattered light is described by the

relationship

Ry

Kc
¼ Mw � PðuÞ (12.5)

where Ry is the excess Rayleigh ratio, K is an optical constant, Mw is the weight-

average molar mass and P(u) is the scattering function. The Kratky plot is created

by plotting u2P(u) as a function of u defined as

u ¼ q � rrms ¼ 4pn0 sin y=2ð Þ
l0

� rrms (12.6)

where q is the scattering vector, n0 is the refractive index of the solvent, y is the

scattering angle and l0 is the wavelength of the incident light. At low y and for

small objects P(u) ¼ 1–u2/3 while for larger objects P(u) becomes increasingly

dependent on structure and shape of the scattering macromolecule. The obtained

experimental results plotted in this way are typically compared to theoretically

calculated plots for differently shaped and structured macromolecules. In gen-

eral, Kratky plots are useful for the characterization of macromolecules with

rrms � 100 nm and can for instance be a useful tool for detecting the presence of
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branches in a molecular structure. [46] Kratky plots have been constructed from

AsFlFFF-MALS data for the characterization of amylopectin [68], cationically

modified amylopectin [7], as well as cellulose derivatives [69].

12.5 Starch, Starch Derivatives and Glycogen

AsFlFFF is one of a few separation methods that are well suited for the analysis of

starches due to their high polydispersity and large size. Starch is a mixture of two

macromolecules: amylopectin (branched) and amylose (largely unbranched). Amy-

lopectin consists of a(1 ! 4) linked glucose units and a(1 ! 6) linked branches

while amylose consists mainly of a(1 ! 4) linked glucose units, but low

amounts of a (1 ! 6) branches can also be present [70]. The amylose/amylopec-

tin composition of starch can vary widely but is commonly about 20–30%

amylose. When discussing the separation and characterization of starches a

distinction should be made between natural starches (sometimes referred to as

“native starches”) and those that have been modified chemically, enzymatically

etc. The reason for the distinction is that separation and characterization of such

substances can be considerably different compared to natural starches as modifi-

cation often results in partial degradation. Studies on native starches were

reported by van Bruijnswort et al. [11], utilizing AsFlFFF-MALS, Roger et al.

[71] and You et al. [4], utilizing symmetrical FlFFF-MALS. These early studies

displayed some of the difficulties that could be encountered with starch fraction-

ation as for instance the sensitivity to overloading [11]. Roger et al. studied corn

starch with varying amylose content and reported high recoveries (84–100%)

using an initially constant crossflow which then decayed stepwise [71]. The

authors found a fraction eluting close to the void peak (identified as amylose)

and a late eluting, rather tailing, peak identified as amylopectin. No repeatability

of the results was reported. The authors attempted to quantify the amount of

amylose from an integrated RI-signal which was then compared to results

obtained with iodine binding capacity (IBC). The values from the integrated

RI-signal were higher than those from IBC and the deviation increased consider-

ably when the amylose content increased. No size data could be obtained for the

amylose peak as the MALS-signal was too weak. You et al. showed that efficient

separation of barley starch amylose and amylopectin could not be achieved by

applying constant cross-flows [4]. Hence, samples were analyzed using a cross

flow profile with an initially higher cross flow which was then abruptly decreased

to a low cross flow under which the remaining sample components were eluted.

Rather low recoveries of about 70% were reported and attributed to extensive

retention of amylopectin in the separation channel as recoveries decreased to

about 50% when zero amylose barley starch was analyzed.

Rolland-Sabaté et al. performed an extensive study of amylopectins from

various botanical sources utilizing AsFlFFF-MALS and linearly decaying cross

flows [68]. The purpose of the study was to investigate branching and structure in
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the various amylopectins which was performed with a comprehensive treatment

of light scattering data. The authors found that it was impossible to discriminate

between different amylopectins utilizing Kratky plots (discussed earlier in this

chapter). Rather, fractal dimensions were determined from light scattering data

which has the possible benefit that through such results obtain structural features

free of M and rrms. Shrinkage factors were determined for the amylopectins by

comparing the rms radii for the branched (amylopectin) and corresponding linear

macromolecule (amylose) enabling the acquisition of branching data. The

authors observed peak distortions when the channel membrane supplier was

changed which was attributed to sample adsorption at the membrane. Further-

more, the channel became more sensitive to overloading effects. This could

indicate that the problem has contributions due to variations in channel thickness,

w, illustrating the importance of adequate calibration of channel height [72] and

validation of channel performance using standard proteins, polymers or particles.

Rojas et al. have reported results for the characterization of waxy barley starch

(6% amylose) [62]. The purpose of the study was the determination of influence

of high-pressure homogenization on the molecular properties of the starch.

Degradation was observed, the extent of which depended on the homogenization

pressure. Drastic changes in conformation and apparent densities were observed.

The apparent densities increased and the molecules appeared to have more

spheroidal shapes (as represented by changes in rrms/rh) after homogenization.

The results from the AsFlFFF-MALS analyses were compared to capillary

viscometry and increases in apparent densities were reflected in increases in the

overlap concentration, c*.

A number of different starch derivatives have been studied with AsFlFFF-

MALS. These include hydroxypropyl and hydroxyethyl starch (HPS and HES)

[73], octenyl succinic anhydride (OSA) starch [40, 74, 75], cationic starch [7, 76,

77] and carboxymethyl (CMS) [10]. The potential for rapid separation of starch

derivatives was clearly shown by Wittgren et al. [73] The influence of high-

pressure homogenization, a common process in the formation of emulsions, on

the molecular properties of OSA starch (from waxy barley origin) has been

reported. The authors found that homogenization caused a disruption of the

macromolecules. Furthermore, dramatic effects on conformational properties,

manifested by changes in apparent densities and rrms/rh, could be observed. The

molar mass of the molecules decreased, apparent densities increased and rrms/rh
decreased leading the authors to suggest a “hairy tennis ball” conformation as a

result of high-pressure homogenization. The implications could be that the

treatment may increase the surface activity of the material which would be

beneficial as the substance is utilized as an emulsifier. The selective adsorption

of ultra-high molar mass components from OSA starch, during emulsification,

could also be quantified using AsFlFFF-MALS a task which would not have been

feasible with other existing techniques [75]. Although bearing charges, the OSA

starch should be considered a weak polyelectrolyte as the degree of substitution,

for food applications, is low (DS ¼ 0.008 � 0.022) [64]. However, for more

densely charged starch derivatives fractionation can be expected to be more
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demanding, especially if the charges are cationic in which case attractive

interactions can be expected with, for instance, channel membranes. Lee et al.

have analyzed cationically modified potato amylopectin (CPAP) [76]. In this

study it was shown that peak tailing increases with increasing cross flow rate,

indicating that it is desirable to keep cross flow rates as low as possible in order to

minimize unfavorable attractive interaction between sample components and the

channel membrane. However, a trade off may be involved as this may lead to loss

in retention and, thus, resolution. Increasingly distorted peaks with increasing

cross flow rates was also observed by Krentz et al. who studied highly substituted

cationic starches (DS ¼ 0.28 � 1.48) [77]. Modig et al. further investigated the

influence of ionic strength and jet cooking temperature on the fractionation of

CPAP and found that the recovery was 93–97% using carrier liquids with

concentration � 50 mM NaNO3 while the recovery with 10 mM NaNO3 was

about 77% [7]. Lee et al., similarly, observed that peak tailing was substantially

decreased when the salt concentration in the carrier liquid was increased to

50 mM NaNO3 for the analysis of CMS [10] utilizing power programmed

decaying cross flows [78]. The minimization of the unfavorable electrostatic

interaction can be viewed in light of the Debye length [6] as shown in

Fig. 12.1. The screening length dependence on salt concentration is quite weak

above 50 mM of a salt with charge ratio 1:1. Hence, as shown by Modig et al. [7]

and Lee et al. [10, 76], further minimization of unfavorable attraction is not

necessarily obtained at higher concentrations. An approach may be to utilize ions

with higher valence as the Debye-H€uckel screening length depends strongly on

ionic valence (Eq. 12.1).

Glycogen, the energy storage polysaccharide in animals, has a similar chemical

structure to amylopectin however the branching density is higher: DB is approxi-

mately 0.07–0.1 as determined by 1H-NMR. Fernandez et al. analyzed glycogen

extracted from tissue from various animal sources with AsFlFFF-MALS [51]. The

results showed that the average apparent densities were substantially higher

(26–260 kg/m3) than those found for barley amylopectin [62] (about 5 kg/ m3).

The glycogen samples also displayed a rather large difference in rrms/rh varying

both between samples as well as over the respective size distribution. Values for

rrms/rh stretched between those corresponding to branched polymers in good solvent

to micro gels. In the study by Rolland-Sabaté et al. of amylopectins from various

sources, discussed above, a commercially available glycogen was included as

comparison to amylopectin [68].

12.6 Cellulose Derivatives

Cellulose is a linear chain of b(1 ! 4) linked glucose units which is commonly

chemically derivatized to yield a range of substances which are widely used in

many applications. Comprehensive work with AsFlFFF has been performed on

cellulose derivatives including hydroxypropylmethyl cellulose (HPMC) [2, 79],
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hydroxypropyl cellulose (HPC) [14, 80], hydroxyethyl cellulose (HEC) [80],

ethylhydroxyethyl cellulose (EHEC) [69, 81] and carboxymethyl cellulose

(CMC) [82, 83]. Wittgren et al. illustrated the importance of optimizing experi-

mental conditions, such as flow rates and injected amounts, in order to assure

adequate analysis of modified celluloses [2]. Large injected amounts lead to

underestimations of polydispersity and lower observed molar mass of a given

sample which was attributed to a loss in size separation ability. The injected

amounts also influenced the recovery which was >85% when the injected amount

< 100 mg and decreased to <50% when the injected amount was 240 mg. Further-
more, high cross flow rates led to decreased recoveries. Andersson et al. detected an

ultra-high molar mass (UHM) fraction in EHEC in separations performed utilizing

constant cross flows (similarly to Wittgren et al. [2]) and emphasized the possibly

beneficial effects of using decaying cross flow gradients [81]. The properties of the

ultra-high molar mass component were further investigated in a later paper [69].

From Kratky plots and log rrms versus log M plots it was shown that the UHM

fraction had a denser structure and considerably different conformational properties

than the lower molar mass material. These findings together suggest that the UHM

fraction consists of supra molecular aggregates.

12.7 Dextran and Pullulan

Dextran is a branched bacterial glucan composed of a(1 ! 6) linked glucose units

with a(1 ! 3) branches. Pullulan is a linear microbial glucan composed of a(1 ! 6)

linked maltotriose units. Since dextran and pullulan are available as standards they

have been widely used to evaluate AsFlFFF performance and to investigate the effect

of various parameters such as injected amount [1, 2, 84], temperature [52], flow

conditions [2, 14], carrier liquid composition [83, 84] etc. on the fractionation. A

number of studies on derivatives of pullulan have also been reported [85–88].

Williams et al. have reported on the biological and physical reactivity of dextran in

sea water incubation, analyzedwith symmetrical FlFFF [89]. Adolphi et al. performed

extensive characterization of pullulan with symmetrical FlFFF-MALS determining

molar masses and radii as well as the persistence length (i.e., chain stiffness), rrms/rh
and apparent densities from average properties which were discussed in relation to the

overlap concentration c* [53]. The results confirmed that pullulan behaved as a

flexible coil in good solvent. Furthermore, the study is one of the earliest to show

the strength of FlFFF-MALS for polysaccharide characterization.

12.8 b-glucans

b-glucans are a diverse group of polysaccharides composed of glucose units linked

by b-glycosidic linkages. The position in the glucose unit at which the linkage

occurs varies depending on the subtance. Sources of these types of polysaccharides
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are commonly fungal, bacterial or from the bran of some cereals such as oats and

barley. For cereal b-glucans (alternating blocks of b(1 ! 3) and b(1 ! 4) linked

glucose units) the solubility varies greatly and dissolved molecules tend to readily

aggregate into what has been described in the literature as “fringed micelles” [90].

Lambo-Fodje et al. investigated an exopolyssacharide (EPS) from Pediococcus
damnosus 2.6 which is a linear b(1 ! 3) b-glucan with b(1 ! 2) linked side

groups with AsFlFFF [91]. The authors investigated the influence of heating in

the dissolution of the substances and found that heating did shift elution times to

slightly shorter times. However, a corresponding shift in z-average rrms and Mw was

not observed and these parameters appeared to be unaffected. The authors attributed

this to the relative error in the determination of M and rrms which is higher than in the

retention times resulting in that any changes in Mw and rrms was within the experi-

mental error. The results also showed the polysaccharide to have an elongated

conformation in solution. In two studies by Ulmius et al. b-glucans from oat and

barley were studied with AsFlFFF [92, 93]. The purpose of the investigations was to

characterize the solution behavior depending on dissolution conditions and influence

of common processing parameters i.e. heating, freezing etc. [92]. Furthermore, the

purpose was to investigate the effect of simulated gastro-intestinal passage on the

molecular properties and solution behavior [93]. b-glucans could be qualitatively

identified in the elution profiles by fluorescence detection and labeling of sample

components with calcoflour [94]. The labeling was performed in-line after the separa-

tion channel and the calcoflour was delivered using a separate piston pump. M and

radii were obtained from separate runs utilizingMALS andRI detection. It is known in

literature that common types of processing influences the molar mass and the solubil-

ity of b-glucans [95]; however, Ulmius et al. could, by utilizing AsFlFFF, showmore

comprehensive data regarding molecular and aggregate properties throughout the size

distribution. The results show that complete dissolution of b-glucans could not be

achieved even in 0.5 M NaOH which has been reported by other authors [96]. The

aggregate structure found had similarities to the fringed micelle structure suggested

earlier by Grimm et al., i.e., a structure consisting of a dense core with polymer

coils emanating into the surrounding solution [90]. Passage through in vitro gastro-

intestinal passage showed that considerable disruption of aggregates occurred in the

gastric conditions while extensive re-aggregation occurredwhen the environment was

changed to intestinal conditions. Furthermore, re-aggregated structures displayed

considerably different structural properties, i.e., considerably denser structures com-

pared to the initial aggregates were observed. Such drastic changes in solution/

colloidal properties and behavior are likely to have effects on the functional and

nutritional aspects of b-glucans.

12.9 Gums and Pectin

Various types of gums are typically used as thickeners in different types of

applications. Some gums posses surface active properties, i.e., gums that are

exudates from various trees and shrubs. Gums have not been widely characterized

12 Starch and Other Polysaccharides 179



with FlFFF the exceptions being xanthan gum [58, 97], konjac glucomannans

[83], gum Arabic [60, 61], mesquite gum [61] and pectin [98]. Xanthan gum

is a microbial, anionic heteropolysaccharide composed of a repeating unit of

a D-glucopyranosyl backbone with branches of mainly D-mannopyranosyl and

D-glucopyranosyluronic acid. The substance is known for giving rise to highly

pseudo-plastic flow properties already at low solution concentrations which is

attributed to its ability to form double helices [99] with extended and rod-like

conformation. The viscous properties are retained over a wide range of

temperatures and pH. Pauck et al. have investigated xanthan gum with AsFlFFF

in a comparative study with analytical ultra centrifugation [97]. The interpretation

of the obtained results were that AsFlFFF gives the “wrong” diffusion coefficient

for elongated and rod-like macromolecules. Unfortunately, however, the

experiments reported in the paper are rather limited. For instance, no investigations

on the influence of flow conditions and injected amounts are reported and the results

can, thus, be regarded as rather inconclusive. Taking into consideration the rather

extreme molecular structure and conformation and its very strong viscosity increas-

ing properties, it is likely to be very sensitive for overloading as is the case for other

highly viscosity increasing macromolecules [100]. The sensitivity to overloading

for xanthan gum in AsFlFFF has been reported [58].

Gum arabic and mesquite gum have complex polysaccharide structures which

are mainly of an arabinogalactan polymeric type. In the molecular structure,

proteinaceous moieties, closely associated to the polysaccharide structure, are

also present. The presence of these moieties gives rise to the surface activities of

the substances and enables their utilization as emulsifiers. Gum arabic is known to

contain two populations of which one is rich in protein and the other, major

population, is rather poor in protein [101]. A comparison between size exclusion

(SEC) chromatography and symmetrical FlFFF for the analysis of gum arabic has

been performed by Picton et al. [60]. The authors reported that more extensive

characterization could be obtained by FlFFF as the two populations had higher

resolution than in SEC. The late eluting population (in the FlFFF analysis) had a

non-gaussian appearance which the authors remedied by changing to a linearly

decaying cross flow rather than a stepwise decrease. This illustrates the benefits of

using continuously decaying programmed cross flows. By utilizing AsFlFFF with

fluorescence detection on fluorescently labeled gum arabic and mesquite gum the

distribution of proteinaceous matter over the size distribution was studied [61].

Contrary to gum arabic, mesquite gum was found to contain one population with an

evenly distributed content of proteinaceous matter. In this study the conformational

properties (as obtained from AsFlFFF-MALS) of the gums were related to their

ability to stabilize emulsions. The gum arabic protein rich fraction which was

selectively adsorbed displayed substantially better stabilizing properties against

coalescence in the emulsions than mesquite gum. The higher conformational

flexibility, of the protein rich population, as observed from the AsFlFFF-MALS

results, was suggested as a possible explanation for the better stabilizing properties.
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12.10 Marine Polysaccharides and Derivatives

The marine polysaccharides originate from different types of sea weeds (alginates

and carrageenans) or from the exoskeletons of crustaceans (chitin). Chitin is,

naturally, insoluble in water but can be transformed from a b-(1-4)-linked poly

(N-acetylglucosamine) to a corresponding (1-4)-linked poly(N-glucosamine),

containing randomly distributed residual acetyl glucosamine groups, by

deacetylation. The resulting substance is known as chitosan and is water soluble

at low pH. Due to its high charge density chitosan is notoriously difficult to

characterize with separation techniques. Typically viscosity measurements at low

pH are used as characterization which results in a rather rough estimate of its

molecular properties [102]. A complication one could expect is extensive adsorp-

tion of chitosan at, for instance, the channel membrane. However, succesful

analyses have been reported and it has been shown that, with utilization of a

0.1 M HAc/NaAc, pH 4.2 buffer as carrier liquid, recoveries in excess of 80% are

obtained [102, 103]. In their work, Augsten et al. conclude that AsFlFFF-MALS is

the ideal tool for chitosan characterization [102].

Alginate, or alginic acid, is a copolymer of b(1 ! 4) linked D-mannuronate and

a(1 ! 4) linked L-guluronate. The monomers can appear in different sequences or

blocks. Due to the polyelectrolyte character of alginates the difficulties encountered

when analyzing these substances can be expected to be similar in character to those

discussed above for charged polymers. Further complications may arise due to

alginates’ sometimes strong viscosity enhancing effects [104]. Alginates have been

characterized with AsFlFFF [9, 59, 104] and so have alginates modified with poly(e-
caprolactone) [105]. Alasonati et al. studied alginate-heavy metal interactions and

found interesting conformational changes in the presence of metal ions (Pb2+ and Cd2+)

[59]. In the absence of heavy metal ions, smaller molecules were found to be more

elongated (rrms/rh > 2) which is what would be expected for a linear polysaccharide

polyelectrolyte while the average rrms/rh was 1.7. Upon addition of metal ions Mw

increased, indicating aggregate formation and the average rrms/rh increased to 2.0.

This indicates that metal-alginate aggregates are more elongated than the individual

molecules which may be explained by an “egg box” aggregation pattern. By

utilizing inductively coupled plasma-mass spectrometry (ICP-MS) for detection

the Pb and Cd concentration could be studied over the entire size distribution.

Carrageenan is a polysaccharide made up of galactose and 3,6-anhydrogalactose

which can be both sulfated and non-sulfated. The monomers are linked by

alternating b(1 ! 4) and a(1 ! 3) linkages and carrageenans exist in different

classes with different solution behavior. The three main commercial classes are i-,
k- and l-carrageenan, of which k-carrageenan has been analyzed with AsFlFFF.

Wittgren et al. studied the salt induced coil-helix transition of k-carrageenan. In
0.1 M NaCl k-carrageenan behaves as a random coil while helical structures are

formed in 0.1 M NaI [57]. Furthermore, CsI was added in order to trigger the

formation of super helical rods which resulted in very large aggregates when�40%

of the NaI was replaced by CsI. The authors found that the helices, i.e., in 0.1 M
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NaI, had increased values for rrms and M but the observed rh (determined from

retention times) decreased compared to the rh of the random coil conformation. This

led to an increase in rrms/rh from 1.9 (coil) to 4.0 (helix). Obviously the transition

between random coil and helix is a change in conformation. However, 4.0 seems

high, as it would correspond to a rod with axial ratio> > 100 (an axial ratio of 100

gives approximately rrms/rh ¼ 2.8) [45]. The authors drew the conclusion that an

error in the determination of rh could be the reason and that insufficient data exist on

the behavior of rod-like macromolecules in the separation channel. Viebke et al. has

studied the temperature induced coil-helix transition of k-carragenan which occurs

when the temperature is decreased from 50�C to 25�C [58]. Interestingly, the

authors found the same discrepancy between M and rh. Mw more than doubled

(309,000–675,000 g/mol) as a result of the helix formation while rh decreased from

64 to 33 nm. The authors suggested that FlFFF theory has to be modified to be able

to account for rod-like macromolecules. The authors also investigated xanthan gum

which has a pronounced rod-like character but, unfortunately, no comparison was

performed which could have shed further light on the observations.

12.11 Hyaluronan

Hyaluronan or hyaluronic acid is a linear polyelectrolyte composed of b(1 ! 4) D-

glucuronic acid and b(1 ! 3) D-N acetylglucosamin units. Due to its semi-rigid

character, viscoelastic solution properties and good biocompatibility hyaluronan is

widely used in biomedical applications. Some studies concerning the analysis of

hyaluronan with AsFlFFF have been reported [1, 83, 106–108]. Wahlund et al.

fractionated fluorescein labeled hyaluronan and demonstrated the importance of

carefully optimizing injected amounts in order to avoid overloading effects [1]. In a

more recent study Maleki et al. have investigated the degradation of hyaluronan at

pH > 11 and pH < 4 using AsFlFFF [107].

12.12 Concluding Remarks

There is an increasing amount of literature regarding polysaccharide analysis with

AsFlFFF. The suitability of the method and its advantages should by now be firmly

established and the purpose of the overview in this chapter has been to illustrate the

benefits and large potential of AsFlFFF for polysaccharide characterization. It

offers the possibility to obtain a number of molecular and conformational properties

over a very wide size distribution under gentle conditions. As has been shown and

discussed above the method is well suited for the investigation of functional

properties over a large size distribution. Furthermore, due to its large size range,

it offers the possibility to analyze both “free” polysaccharides in solution as well as

aggregates thereof, which is perhaps one of the really strong benefits of the method.
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Chapter 13

The Use of Field-Flow Fractionation

for the Analysis of Drug and Gene

Delivery Systems

Alexandre Moquin and Françoise M. Winnik

Abstract An increasingly large number of drug formulations consist of drug-

loaded nanoparticles of controlled size, composition, and surface chemistry.

Field-flow fractionation (FFF) has emerged as a powerful tool for the physico-

chemical characterization of nanoparticulate drug and gene delivery systems. The

enabling features and technical difficulties of FFF are assessed in the specific

context of drug formulations. The FFF analysis of various classes of drug and

gene delivery systems are described, including microspheres, solid lipid

nanoparticles, melt extrudates, emulsions, dendrimers, nanogels, lipid/DNA

complexes, and polycation/DNA complexes.

Keywords Drug delivery systems • Drug loading • Dynamic light scattering •

Field-flow fractionation • Gene delivery systems • Microparticle • Nanoparticle •

Size characterization

13.1 Analytical Approaches in Pharmaceutics: A Brief

Overview

Various pharmaceutical carriers, such as nanospheres, nanocapsules, micelles,

liposomes and dendrimers, are currently used for the delivery of therapeutic or

diagnostic agents. For a carrier to be effective it is critical that it evades capture by

the reticuloendothelial system (RES), circulates in the blood for a prolonged period,

and accumulates at the desired sites, where it is retained by the enhanced perme-

ability and retention (EPR) effect, unobserved in normal tissues. The biophysical

characteristics of nanoparticles (NPs) are controlled to a large extent by physico-

chemical features, such as size, shape and interface chemistry. In general terms,
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drug delivery systems are colloidal suspensions of NPs ranging in size from ~10 nm

to ~1 mm stabilized via electrostatic interactions in the case of charged NPs or by

steric repulsion for neutral NPs, such as the very effective NPs decorated with poly

(ethylene glycol) (PEG) chains. Dissolved components, present in addition to the

suspended nanoparticles, also affect NP performances, for example by guiding their

internalization into cells [1].

Nanomedicine relies strongly on the fine balance between the in vivo performance

of NPs and their physico-chemical properties, increasing the demand for fast and

reliable methods to analyze NP suspensions. Most current techniques yield the bulk

(ensemble) properties of a suspension. The size and size distribution of NPs is

accessible via dynamic light scattering (DLS), microscopy, and analytical ultracentri-

fugation (AUC). DLS measures the time-dependent fluctuations of the light scattered

by the particles to derive their hydrodynamic sizes. For samples having a broad

polydispersity in size, DLS may not be able to detect small changes in the size

distributions. The presence of large particles and small amounts of aggregates can

mask the light scattered by the smaller particles, limiting their detection. Microscopic

techniques such as atomic force microscopy (AFM), scanning electron microscopy

(SEM), and transmission electron microscopy (TEM) permit direct visualization of

the particles, but they often require sample drying and the use of contrast staining

agents that can influence the properties of the particles. The hydrodynamic size

and size distribution can be obtained also with AUC if one knows the specific volume

of the hydrated particles. Spectroscopic techniques can provide the drug loading in a

NP suspension, but measurements yielding the drug concentrations within the

nanoparticles can be difficult or tedious. Size exclusion chromatography (SEC) can

separate the components of a suspension according to their size, but it is fraught with

technical difficulties, such as irreversible adsorption of NPs on the column packing

material or clogging of frits placed on the column inlet.

Over the last 10 years, a number of research groups have turned to field-flow

fractionation chromatography for the characterization of drug and gene delivery

systems. Their pioneering work has stimulated further advances in the design of

instruments adapted to the special needs of nanomedicine. Hence FFF under its

various forms is poised to take increasing importance in this field. The use of FFF in

pharmaceutics was reviewed in 2004 by Fraunhofer and Winter [2], with special

emphasis on the use of asymmetrical flow field-flow fractionation (AF4). Since

then, a number of reviews have appeared on related topics, such as bioanalysis [3],

analysis of macromolecules and of nanoparticles of biological interest [4, 5], and on

the place of FFF in the “nanoworld” [6]. In this chapter, we will focus on the use of

FFF in the characterization of nanoparticular drug and gene delivery systems and

assess the impact of this technique in the development of this field. The chapter

starts with a brief review of the enabling features and the technical difficulties of

FFF in the characterization of nanoparticles for drug and gene vectorization,

compared to conventional methods. In following sections, we describe reports on

the analysis of drug and gene delivery systems, mostly those published since 2004.

The reader is referred to the review by Fraunhofer and Winter for earlier

publications [2].
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13.2 Advantages and Technical Difficulties of FFF Analysis

in Pharmaceutics and Nanomedicine

13.2.1 Strengths of FFF Technologies

The advantages of FFF for the analysis of colloidal aqueous suspensions derive

from the fact that fractionation takes place in a flowing stream of liquid in the

absence of any packing material. The retention time of the components is deter-

mined primarily by their hydrodynamic volume and to a lesser extent by charge

effects or by the tendency of particles to adsorb on the accumulation wall. The mass

and hydrodynamic volume of each component can be determined, after fraction-

ation, by multiangle laser light scattering (MALS) and dynamic light scattering

(DLS) detectors, respectively, connected to the FFF channel outlet. This set-up

provides in a single analysis a complete size profile of eluting components, including

the radius of gyration (Rg), hydrodynamic radius (Rh) and size distribution of each

NP population as well as the absolute molar mass of soluble components

(biopolymers or drugs). Simultaneous analysis by a concentration detector (UV-

Vis, RI) generates a complete fingerprint of a suspension that can be correlated to

in vitro or in vivo results generated using the collected fractions. Uniform fractions

can be collected as they elute and analyzed off-line by standard techniques. The

importance of suspension fractionation into components of uniform size distribu-

tion prior to size determination cannot be overstated. Ensemble particle sizes are

derived from light scattering data (either MALS or DLS) on the basis of various

calculation methodologies that work well for the analysis of data collected from

samples monodisperse in size. Analysis of data gathered from polydisperse samples

is notoriously unreliable, or at best biased towards larger sizes.

Another useful characteristic of FFF for applications in therapeutics is its

exceptionally wide range in terms of analyte size (a few nm to microns). Thus it

is possible to monitor in situ the fate of drug delivery systems in complex matrices

such as serum or even whole blood, as demonstrated in the case of perfluorocarbon

emulsions used as synthetic oxygen carriers for temporary maintenance of oxygen

delivery to tissues during surgery [7]. Not to be overlooked also is the relatively

simple miniaturization of FFF via modifications of the separation channel, such as

downscaling of the channel volume or the use of permeable hollow fibers. While

downsized systems are not yet commercially available, research prototypes gave

promising results (see refs. [5–7], etc in Qureshi et al. [4]). FFF coupled with

concentration detectors (UV-Vis or RI) gives ready access to the concentration of

drug incorporated in NPs. If the drug is sufficiently large to be retained within the

channel, one can use FFF to determine the efficiency of drug entrapment in the NPs

during manufacture or to monitor the release of drug from NPs, for example upon

treatment with blood serum. Other tests may be envisaged as well, such as moni-

toring the erosion of biodegradable NPs [8] or assessing the interactions of NPs

with serum proteins.
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13.2.2 Limitations of FFF Technologies

When establishing a suitable protocol for FFF analysis of drug and gene delivery

systems, one needs to avoid several pitfalls inherent to the technique. The choice of

the semipermeable membrane that forms the accumulation wall of the flow channel

is critical: the components of the suspension must not adsorb irreversibly on it.

Meeting this requirement can be a challenge in the case of samples heterogeneous

in amphiphilicity and charge. This problem can be exacerbated by the limited

choice of well-characterized membranes currently available. The carrier liquid as

well needs to be selected carefully. Several types of drug and gene delivery NPs are

held together by electrostatic interactions. They may disintegrate rapidly under

conditions of high ionic strength or if the carrier pH promotes neutralization of one

of the components. Deionized water should not be used as a carrier since it can

promote interparticulate and particle-wall repulsion, causing the particles to be

insufficiently driven towards their equilibrium position [9]. Factors inherent to

specific FFF techniques also limit the choice of carrier. When performing SdFFF,

one needs to keep in mind that in order to obtain size information, the density of the

particles has to be known and it should be different from that of the solvent in order

to obtain sufficient retention of the particles without having to use extremely high

rotation rates. In the case of FlFFF, precautions should be taken to avoid carriers

interacting with the membrane, for example by inducing it to swell, which affects

the separation conditions. Ideally, the carrier should resemble as closely as possible

the physiological media, since the drug delivery systems to be analyzed will

eventually be administered in vivo and since it allows one to monitor drug release

under relevant conditions.

13.3 FFF Analysis of Drug Delivery Formulations

13.3.1 Microspheres, Solid Lipid Nanoparticles and Melt
Extrudates

In this section, we will describe applications of FFF for the characterization of

colloidal drug carriers in clinical use or under pre-clinical assessment. The

objectives here are to demonstrate that FFF analysis can be performed readily on

standard pharmaceutical formulations and that the information gathered brings new

insights not only on the composition of the formulations, but also on their stability

upon storage, and their pharmacological activity.

Biodegradable nanoparticles consisting of poly(lactic acid) (PLA) or its

copolymers, are commonly used for the delivery of hydrophobic drugs because

their degradation in vivo leads to pharmacologically inactive substances, which are

absorbed by the body or removed metabolically. They improve the efficacy of drugs
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and alleviate their side effects [10]. The particle dimensions are controlled by

adjusting various parameters during their preparation. Drug-loaded PLA

microspheres having a diameter of 1 mm or more have been characterized by FFF

in the late 1990s [11]. Due to their size, such microspheres have a weak diffusion

coefficient. In the FlFFF channel, they are subjected to steric inversion, a phrase

coined to describe the change from the normal elution mode to the steric mode,

which occurs for particles larger than 1 mm. In this FFF mode (Fl/Hy FFF), the

applied field is used to drive the particles to the channel wall. The particles are

equilibrated above the wall due to the existence of hydrodynamic lift forces. Under

such conditions, it is not possible to predict precisely the size/retention time

dependence from the flow rates used in the channel. In addition, light scattering

data cannot be analyzed reliably for particles larger than ~1 mm. Therefore, it is

necessary to calibrate the instrument with monodisperse samples of known hydro-

dynamic sizes, such as polystyrene latexes. An Fl/Hy FFF system was used by

Moon et al. for the separation of core-shell poly(L-lactide) (PLLA) microspheres

stabilized by poly(ethylene glycol) copolymer used for the encapsulation of retinoic

acid [11]. Polystyrene latexes (six samples from 2 to 10 mm in diameter) were used

to calibrate the system. Eluting polystyrene fractions were collected and imaged by

SEM, confirming that the largest particles eluted first and that each fraction had a

nearly uniform size distribution. Fractionation of the polystyrene samples occurred

in less than 6 min with adequate resolution, although baseline separation was not

achieved between the larger samples. The log/log plot of the elution times of the

standards versus their known sizes was constructed. It was linear with high correla-

tion and its validity was confirmed by EM imaging of collected fractions. Fl/Hy

FFF characterization of series of PLLA microspheres gave important insight into

the impact of their composition on their size. The size was shown to increase with

increasing retinoic acid content whereas the addition of PEG-PLLA copolymer did

not affect the size of the microspheres.

Flow- and sedimentation-FFF were employed to analyze PLA nanoparticles that

encapsulate a prodrug of the anti-ischemic agent N6-cyclopentyladenosine (CPA)

[12]. The drug loaded nanoparticles were prepared using an evaporation method in

the presence of two different surfactants: sodium dodecyl sulfate and Pluronic F68.

They were purified by dialysis, gel filtration or ultracentrifugation. Visualization of

the NPs by SEM revealed that all samples were polydisperse in size, with a mean

diameter ranging from 90 to 400 nm depending on the preparation/purification

conditions. Flow FFF protocols were established using polystyrene latex standards

(92 nm, 240 nm, 350 nm) to cover the expected elution range of the PLA

nanospheres. Fractograms recorded for the PLA samples were broad, independently

of the preparation method. Nonetheless, since the geometrical dimensions of

the channel were well established by the use of standards, the authors were able

to retrieve particle size distributions without on-line MALS capability. The nano-

particles were analyzed also by sedimentation FFF. The resolution of the separation

was higher than in the case of FlFFF, possibly due to the enhanced flexibility in the

choice of carrier that can be used in SdFFF.
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Gelatin nanoparticles loaded with oligonucleotides (ODN) were analyzed by an

AF4 system fitted with regenerated cellulose membranes (1, 5 or 10 kDa cutoff) and

coupled to MALS and UV detectors [13]. This system was employed first to

characterize the gelatin samples prior to nanoparticle formation. The gelatin ranged

in molecular weight from ~20 to 10,000 kDa. The authors demonstrate experimen-

tally the superiority of AF4 over SEC for the characterization of gelatin, in terms of

range (SEC: <1,000 kDa), reliability, sample recovery, and reduced damage to

fragile samples. Gelatin nanoparticles crosslinked with glutaraldehyde were

prepared and loaded with ODNs. Imaging of the resulting samples by SEM revealed

that the nanoparticles were of broad polydispersity in size, from ~150 to 300 nm in

diameter. AF4 separation was optimized for maximum sample recovery by testing

various membranes, changing the carrier pH, and applying various cross-flow rates.

The experimental approach leading to the best separation process is described in

great detail, offering excellent guidance to readers entering this field. It was

established that the nanoparticle concentrations correlate well with the area under

the curve (AUCUV) values measured from the fractograms monitored by UV.

Hence, the ODN loading efficiency could be assessed from AUCUV, after

ascertaining that unbound ODNs are separated during elution from ODN-loaded

gelatin nanoparticles.

Gelatin nanoparticles were PEGylated in order to protect them against rapid

clearance from the blood stream. AF4 separation coupled with refractive index

detection was employed to quantify the PEGylation [14]. First, baseline separation

of PEG and gelatin nanoparticles was achieved by adjusting the cross-flow. Second,

a calibration curve correlating the refractive index detector signal intensity

(AUCRI) with PEG concentration was obtained by AF4 analysis of PEG solutions

of increasing concentration. Third, gelatin nanoparticles were subjected to

PEGylation by addition of different PEG concentrations to a constant amount of

nanoparticles. The mixtures were analyzed to determine the amount of unreacted

PEG during the reaction and after saturation, based on the previously established

calibration curve. The maximum mass of PEG bound to the gelatin nanoparticles

was ~0.350 mg of PEG/mg of gelatin. PEGylation of the nanoparticles was

ascertained by AFM visualization of gelatin nanoparticles before and after

PEGylation.

Lipidic particles for use as drug carriers were subjected to AF4 analysis coupled

with MALS detection in an effort to correlate their size and shape with functional

features, such as drug loading efficiency and in vivo performance. The

nanoparticles analyzed were solid lipid nanoparticles (SLN), oil-loaded solid lipids

nanoparticles (NLC, nanostructured lipid nanoparticles), and nanoemulsions

(NEmu) [15]. The separation was achieved using a system in which the channel

was fitted with a regenerated cellulose membrane (10 kDa cutoff) and the eluate

was analyzed by MALS. Since FFF separates particles on the basis of their Stokes

radius, particles of equal volume but different shape will elute at different times:

isometric particles elute earlier than asymmetric particles. This effect was observed

by comparing fractograms of round NEmu droplets and anisometric SLN platelets

of comparable volumes.
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Melt extrudates dispersed in aqueous media are promising carriers for the oral

delivery of poorly-water soluble drugs. They are complex mixtures difficult to

characterize by standard techniques, but amenable to AF4 analysis as shown in a

study by Kanzer et al. who used a system with triple detection (MALS, RI and UV)

[16]. The formulations analyzed contained drugs (the HIV protease inhibitors

ritonavir and lopinavir), a hydrophilic carrier (vinylpyrrolidone-vinylacetate

copolymer, PVP/VA), a non-ionic lipophilic surfactant (sorbitan monolaurate),

and hydrophilic fumed silica. Fractograms presented several eluting bands: a fast

eluting band (~10 min), assigned to PVP/VA by comparison with the fractogram of

a known sample of PVP/VA, with a tail between 12 and 18 min shown, by ex situ

analysis of collected eluate, to contain a significant fraction of the drugs. The

fractograms also featured a strong peak between 20 and 40 min, attributed to

large associates in the dispersion, as seen in Fig. 13.1. This fraction contained

some drug, but its composition could not be resolved from the data. The authors

concluded that the formulations were incompletely dissolved and that even after

extensive dilution the mixture contained primarily nanoparticles (Rh ~ 50

to 100 nm).

Fig. 13.1 Elution profiles of

carriers with fraction borders

(top) for determination

(amount in %) of the active

pharmaceutical ingredients

(API) lopanivir and ritonavir

of composition API in

fractions of channel flow

(mean � SD, n ¼ 3)

(Reprinted from [16], #
2010, with permission from

Elsevier)
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Kang et al. designed a delivery system for hydrophobic drugs, such as the mitotic

inhibitor Paclitaxel used as a chemotherapy agent, consisting of a lipidic core made

of Lecithin surrounded by a hydrophilic shell formed by Pluronic F 127 (PEO99-

PPO67-PEO99) [17]. The formulations contained also smaller nanoparticles

identified as Pluronic micelles without lecithin by TEM imaging. The core/shell

structures were of broad size distribution ranging from 100 to 600 nm in diameter

estimated from TEM and DLS measurements. Measurements by batch-mode

dynamic light scattering (DLS) of themultimodal population led to size distributions

biased towards larger particles. Analysis of the formulations was carried out also

on an AF4 system coupled to a UV-detector at 254 nm calibrated with polystyrene

particles (diameters: 20, 40, 80 and 150 nm). Separation conditions were established

by adjusting the composition of the carrier with added salts and surfactants.

AF4 analysis confirmed the co-existence of two particle populations: (1) small

coreless Pluronic micelles (20–50 nm in diameter) with a narrow size distribution

and (2) core/shell structures which were of much larger sizes and broader size

distribution (100–600 nm in diameter). This study is a nice example of the use of

this instrument to fully characterize a formulation heterogeneous in NP composition

and size distribution.

Virus-like particles (VLP) are formed by self-assembly of viral structural

proteins. They are safe but highly immunogenic. They are under assessment in

various vaccine formulations. Prior to regulatory acceptance, the samples must be

fully characterized to ensure batch-to-batch reproducibility. The VLPs are

disassembled and re-assembled during vaccine manufacture. Each step of the

manipulation must be monitored by a sensitive, fast and reliable quality control

tool in order to ascertain the integrity of the VLPs and the purity of the

formulations, which, in addition to VLPs, may contain protein fragments,

monomers or dimers, as well as large aggregates. An AF4 analysis of murine

polyomavirus VLPs was performed by Chuan et al., who optimized the separation

parameters to monitor batch-to-batch reproducibility [18]. Prior results from

TEM and DLS measurements indicate that the samples contain nanoparticles

ranging in diameter from 16 to 48 nm (distribution mean from TEM: 33 nm).

Fractograms of VLPs (monitored by MALS and UV) presented a main band

(20–26 min) with a tail (up to ~ 34 min) and a highly retained band, which eluted

only when the cross-flow was reduced to 0 (see Fig. 13.2). Collected fractions

were imaged by TEM, the main band corresponded to VLPs with diameters from

35 to 45 nm, while the late-eluting fraction contained nanoparticles with radii up

to 90 nm. Relative amounts of the VLP components were quantified by UV

absorbance, yielding size distributions of the VLPs. The authors recorded

fractograms of VLPs from different sources (insect cells or E. coli). The

variability in the quaternary structure was readily detected in fractograms

obtained by an optimized protocol for which aggregation of the VLPs during

separation did not occur to a significant extent.
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13.3.2 Dendrimers

Poly(amidoamine) dendrimers (PAMAM) are well defined macromolecules

containing tertiary amines in their core and primary amines as surface moieties

[19]. They are used for drug or gene delivery purposes, as reaction catalysts or as

diagnostic reagents. Because of the large number of protonable sites, dendrimers

exhibit complex solution properties that are greatly dependent on pH and salt

concentration. This situation renders their analysis by conventional chromatography

techniques, such as SEC, quite difficult. In neutral and alkaline solutions, PAMAM

dendrimers are neutral; therefore hydrophobic interactions dominate and cause

adsorption of dendrimers to the packing material and/or interparticle aggregation.

In acidic media, dendrimers bear strong positive charges that stabilize them against

aggregation and promote electrostatic repulsion between dendrimers and cationic

packing material. Hence, separations of dendrimers by SEC can be performed only

when the eluent is sufficiently acidic. This constraint limits the choice of packing

materials and prevents SEC analysis of dendrimers in physiological conditions. Lee

et al. have shown that AF4 using a channel fitted with regenerated cellulose, allows

one to separate from one another PAMAM dendrimers of increasing generation

number (G4 to G9) using a neutral or basic carrier. The separation of neutral

dendrimers was achieved by decreasing the ratio of the cross-flow to flow rate at

the channel outlet (Fc/Fout), thus preventing contact between the dendrimers and the

membrane, which would lead to their aggregation. The system was calibrated with

pullulan standards of known molecular weight and polydispersity, allowing the

authors to determine from retention times the diffusion coefficients and hydrody-

namic diameters of the various dendrimers. The authors have shown that AF4 offers a

relevant solution to the fractionation of pH sensitive, small (�10 nm) particles of

Fig. 13.2 AF4 analysis of virus-like particles (VLPs) under optimal fractionation conditions.

AF4-MALS-UV fractograms of VLPs from insect cells purified by ultracentrifugation. Rayleigh

ratio shown was calculated from detector signal at 90� (Reprinted in part from [18],# 2008, with

permission from John Wiley and Sons)
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well-known characteristics, Fig. 13.3 shows the resolution power during the separa-

tion of dendrimers of increasing generation. They have tested the limitations of the

instrument and have laid down a sustainable approach for studying similarly sized pH-

sensitive particles. They also demonstrated that this technique can be applied to

studies of dendrimer-protein interactions under conditions imposed by the properties

of the protein, simply by optimizing the separation conditions, a tribute to the

versatility of AF4. This article gives a good tutorial for diagnosing sample-membrane

interactions by observing the elution “behavior”.

13.3.3 Perfluorocarbon-in-Water Emulsions

Perfluorocarbons (PFC) have an exceptionally large capacity to dissolve gases,

which together with their non-toxicity, justifies their use as synthetic oxygen

carriers (blood substitutes), as well as in certain therapeutic formulations and

in vivo imaging applications. To prevent formation of fatal emboli upon intravas-

cular administration, PFC must be emulsified in a water continuous phase. Control

of the emulsion particle size distribution upon storage is critical for safe use of

blood substitutes, since they can trigger serious flulike symptoms if their size is too

small [20]. The particle size is usually measured by DLS, but several reports have

indicated that DLS measurements fail to detect small particle fractions, which tend

to trigger undesired side effects upon injection. SdFFF was shown to be an excellent

method to characterize the composition of PFC-in-water emulsions and to fraction-

ate the particulates as a function of their size, thus allowing collection of monosized

fractions that can be further characterized by DLS or gas chromatography, as seen

in Fig. 13.4. Weers et al. [7, 21] reported the SdFFF analysis of an emulsion in water

of perfluorooctyl bromide (PFOB, 90%), egg yolk phospholipid (EYP, 4%) and

long chain triglyceride (LCT, 6%), for which DLS analysis yielded a unimodal size

Fig. 13.3 (a) AF4 fractograms of PAMAM dendrimers of generations G4 to G9 and (b) separa-

tion of four dendrimers (G4, G6, G7, G9) obtained at pH of 3.1 (With kind permission from

Springer Science + Business Media: [19] Fig. 13.2, # 2010)
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distribution. The fractograms monitored with UV detection presented three distinct

bands: a shoulder to the longer retention time side of the void volume signal,

assigned to small unilamellar vesicles, and bands eluting at ~20 min (~180 nm)

and ~50 min (~270 nm) assigned, respectively, to LCT and PFOB emulsions. The

latter two bands were characterized by GC analysis of collected fractions. SdFFF

was employed also to monitor the fate of PFC emulsions upon intravascular

injection. Collected blood samples were diluted (2/1) with phosphate buffer prior

to SdFFF analysis. Blood components elute in the void volume due to steric

exclusion. A broad peak from 10 to 50 min was assigned to the PFC emulsion. It

is shifted to longer time and broadened post-infusion, compared to the original

emulsion. These experiments illustrate the versatility and power of SdFFF, a

technique capable of monitoring changes in particle size following intravenous

infusion from whole blood.

13.3.4 Nanogels

Hydrogel nanoparticles with radii in the 20–100 nm range, or nanogels, are devel-

oped currently for use as injectable drug delivery systems. The nanogels size, size

distribution and shape, are readily obtained fromAF4/MALS analysis, as in the case

of other nanoparticles. The technique also provides means to monitor the stepwise

outcome of nanogel engineering, e.g., the controlled assembly of nanogels into

higher order structure [22] or, conversely, to follow the erosion of hydrolytically-

degradable nanogels, as described by Smith et al. [8], who prepared nanogels

(NGs) of poly(N-isopropylmethacrylamide)-(N,O-(dimethacryloyl) hydroxylamine

(pNIPMAm-DMHA) that are pH- and thermo-sensitive. The authors determined the

size of the NGs by batch-mode DLS and MALS to determine the hydrodynamic

radius (Rh) (66 nm) and the radius of gyration (Rrms) (40 nm), respectively. Using

Fig. 13.4 SdFFF fractogram obtained for an emulsion comprised of 90% w/v PFOB, 4% w/v

EYP, and 5% w/v soybean oil. Also shown is the PFOB concentration in fractions collected across

the particle size distribution (as determined by gas chromatography) (Reprinted with permission

from [21], # 2004, American Chemical Society)
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AF4 separation coupled to light scattering detection, the authors determined that

degradation of the nanogels is accelerated in neutral to basic pH, compared to acidic

pH or higher temperatures. Upon degradation, the NG size increased as a conse-

quence of the hydrolysis of the DMHA groups responsible for the network connec-

tivity. Degradation was also accompanied by a decrease in the molar mass of the NG

fractions implied from the observed decrease of the light scattering intensity.

Furthermore, samples were collected at the outlet of the instrument and the recov-

ered fractions were analyzed using the NanoSight particle tracking analysis system,

a technique yielding the particle number density and Rh. AF4 proved to be adequate

to separate the degradation products from the nanogels, however the authors did not

quantify the fraction of degradation products, possibly because their size was too

small for them to be retained by the membrane on the accumulation wall.

13.3.5 Liposomes

Liposomes form an important class of drug delivery systems currently in clinical

use [23]. Their size and size distribution in suspension is an important factor that

will determine the amount of drug encapsulated, the particle sedimentation behavior,

as well as their circulation time in the blood-stream and biodistribution [24].

FFF fraction proved to be an excellent tool for the characterization of the

liposomes. The reader is referred to Chap. 14 in this book for detailed information

on this topic.

13.4 Gene Delivery Systems

The delivery of plasmid DNA to cell nuclei for therapeutic applications offers

numerous opportunities for vaccines and for the treatment of hereditary diseases and

cancer. Much research has been devoted to the design of safe delivery systems

endowed with high in vivo transfection efficiency. Less attention has been paid so

far to the design of analytical methods well adapted to control the preparation of the

gene delivery vectors and to assure the quality and purity of the final product. Such

methods are needed in order to correlate structure and activity of the vectors, in

particular in cases of complex mixtures where subsets of particles may greatly differ

in transfection efficiency. A limited number of studies on the use of FFF techniques

have been reported, covering the three main classes of gene delivery vectors: cationic

lipid/DNAcomplexes, virus-like nanoparticles and polycation/DNAcomplexes. They

are described in the next sections as they lay down the basis for the design of FFF

separation of DNA and its complexes.
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13.4.1 Cationic Lipid/DNA Complexes

The first application of FFF to gene delivery systems was reported by Lee et al. who

established design rules for the separation of DNA complexes, specifically

lipofectamine/DNA nanoparticles [25]. Two factors need to be considered at the

onset: (1) DNA/cationic lipid complexes can dissociate if the carrier ionic strength

is too high and (2) neither the particles nor the other components of the formulations

should adsorb on the membrane forming the accumulation wall of the channel. The

authors evaluated three membranes (regenerated cellulose, polycarbonate, and

polypropylene) for the analysis of DNA, condensed DNA and cationic lipid/DNA

complexes of various charge ratios (+/�). Both polypropylene and polycarbonate

membranes were found to be suitable; the choice of one over the other depended on

the sample type and separation conditions. Regenerated cellulose was rejected since

sample adsorption hampered the separation under certain conditions. Fractograms

of cobalt-DNA complexes, DNA and lipofectamine/DNA complexes of varying

charge ratios were recorded using UV and MALS detectors. MALS fractograms

indicated that cationic lipid/DNA complexes are polydisperse in size and contain

large species at every charge ratio. The relative proportion of particles of large

diameter (200 nm) was largest for complexes with +/� ratios of 1.4 and 2.0. FFF

analysis was applied also to assess the effect of sample ageing on the size and size

distribution of the complexes.

13.4.2 Virus-Like Particles for DNA Delivery

Virus-based gene delivery systems are the focus of intensive research, in view of their

high in vivo transfection efficiency, but their commercial production remains prob-

lematic, in part due to the lack of reliable analytical methods. An AF4/MALS/UV

method for the analysis of virus-like particles (VLP) derived from the human polyoma

JC virus was reported by Citkowicz et al. who demonstrated that the technique is

particularly helpful to monitor the VLPs purification and the production scale-up

process [26]. The VLPs studied consisted of the recombinant VP1 protein and were

obtained from insect cells. Prior to purification, the isolated proteins consisted of two

components, with molar masses of 2,500 kDa, ascribed to protein aggregates, and

17,000 kDa (rms radius of 20 nm), corresponding to the VLPs. The protein aggregates

proved to be incapable of entrapping DNA and needed to be removed prior to DNA

packaging. The VLPs were purified on DEAE Sepharose. The successful outcome of

the purification was readily confirmed by AF4/MALS. The authors note that, in

contrast, SEC failed to provide any information on the protein during purification.

Five standard SEC supports were tested. They all retained the protein irreversibly.

The packaging of a 1.6 kB linear DNA into VLPs was also monitored by AF4/

MALS. Packaged VLPs were smaller, by ~1400 kDa, than virgin VLPs, yet the two

objects had similar hydrodynamic radii (~24 nm) and the rms radius (obtained from
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MALS) of the packaged VLPs was larger than that of the virgin VLPs. The paradox

that the packaged VLPs have a larger rms radius than the VLPs, although they are

heavier, can be understood if one remembers that the radius calculated from the

angular dependence of the scattered light reflects the mass distribution about the

particle center of gravity.

13.4.3 Polycation/DNA Complexes

Cationic polymers condense DNA through electrostatic interactions to form

nanoparticles that can be internalized by cells and transferred to the nucleus.

Although the transfection efficiency of DNA/polycation complexes is usually

lower than that of VLPs, the use of synthetic polymers is often favored on the

basis of safety considerations. The complexes are prepared by simple mixing of

DNA with an excess polycation, so that the ratio of positive to negative charges

(+/�) exceeds one. The role of the excess polycation is to ensure overcharging of

the particles so that they resist aggregation, as a consequence of interparticle

electrostatic repulsion. In addition, excess polycation seems to enhance transfection

efficiency, although the mechanism of this effect remains poorly understood.

A study by Ma et al. demonstrates that AF4 with MALS and UV-Vis detectors

can yield in a single experiment the size and size distribution of DNA/polycation

particles and the amount of polycation free in solution [26, 27]. The analysis was

performed on complexes between DNA and chitosan, a cationic polysaccharide,

which was labeled lightly with the dye rhodamine-B to facilitate UV-Vis detection

of the polycation. Optimization of the AF4 separation included (1) selection of the

membrane, a special regenerated cellulose membrane designed for the separation of

amphiphilic polycations, (2) choice of the aqueous carrier, a pH 4 acetic acid/

acetate buffer of low ionic strength known to keep DNA/chitosan complexes intact

and to solubilize chitosan; and (3) a four-step gradient cross-flow. The free chitosan

content in a sample prepared by mixing DNA and chitosan in a +/� ratio of 5 was

determined from fractograms monitored by UV-Vis detection, which presented a

band eluting between 1 and 9 min attributed to free chitosan. The chitosan concen-

tration extracted from AF4 fractograms was validated by an independent method

involving ultracentrifugation of the dispersions prepared with unlabelled chitosan

followed by analysis of the supernatant by the Orange II dye depletion method. The

fractograms of DNA/chitosan-rhodamine presented a second elution band between

9 and 32min, detected byUV-Vis absorption at l ¼ 250 nm (DNA) and l ¼ 556 nm

(chitosan-rhodamine) and also by the MALS and DLS detectors. This band was

attributed to the elution of the DNA/chitosan complexes, which had a broad

size distribution and a hydrodynamic radius ranging from 20 to 160 nm. Cumulative

weight fraction distributions of the hydrodynamic radii of the particles indicate

that ~80% of the particles had a Rh ranging from 30 to 50 nm. Batch DLS analysis

of the same sample yielded a z-averaged Rh of 130 nm, calculated from the Stokes-

Einstein equation and the zero-angle extrapolated diffusion coefficient. Hence,
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although the overall range of hydrodynamic radii determined by on-line DLS and by

batch DLS is the same, the contribution of the larger particles to the scattered light is

over-emphasized in the batch-mode analysis, as seen in Fig. 13.5.

The authors analyzed chitosan/DNA particles obtained by varying experimental

parameters known to influence their transfection efficiency, including the DNA

concentration at mixing, the +/� ratio, and the chitosan molecular weight. All

dispersions contained free chitosan in addition to nanoparticles. The +/� ratio of

the complexes was shown to be constant (~1.3 to 1.6), independently of the

polycation and DNA concentrations upon mixing. In all preparations, the DNA/

chitosan complexes had hydrodynamic radii ranging from 15 to 160 nm, but the size

distribution of the complexes was influenced by the chitosan molecular weight and

the DNA concentration at mixing. The ready availability of a detailed description

of DNA/polycation complexes will facilitate quality control during preparation

Fig. 13.5 AF4/UV/MALS + DLS fractograms of dispersion of DNA complexed with Ch-rho

having different values of DDA and Mn (N/P ¼ 5), showing (a) the absorbance at 260 nm, (b) the

Rayleigh ratio at 90� (lines) and the hydrodynamic radius of the nanoparticles with Ch-rho DDA

72% and 35 kDa (D), Ch-rho DDA 80% and 42 kDa (○), and Ch-rho DDA 80% and 76 kDa (□).

The added DNA concentration was 41 mg/mL (Reprinted with permission from [27], # 2010,

American Chemical Society)
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Table 13.1 Review of FFF analysis of drug and gene delivery systems

Sample type Technique Year Results

Drug delivery systems

Microspheres Fl/Hy-FFF 1999 Rapid size characterization of

micrometer sized core/shell PLLA

particles with varying amount of

drug encapsulated [11]

Nanospheres Fl-FFF + Sd-FFF 2007 Complementarity of the techniques,

rapid size determination of PLA

NPs, effect of surfactant and

carrier solution [12]

AF4+ SLS,DLS, SEM,

AFM

2010 Effect of solvents observed.

Comparison with other size

determination techniques [28]

Core-shell

nanoparticles

AF4 + TEM 2008 Separation of coreless micelles from

core-shell nanoparticles and size

determination [17]

Gelatin nanoparticles AF4/MALS + SEM&PCS 2004 Determination size, size distribution,

MW and loading efficiencies of

gelatin NP [13]

AF4/RI 2007 Quantification of PEG [14]

SLN and oil-loaded

SLN

FFF/MALS + PCS/TEM 2004 Analysis of different shapes and of

incorporation capacity [15]

Melt extrudates

nanoparticles

AF4 2010 Distinction between colloidal

polymer, API-rich NPs and

surfactant or silica NPs [16]

Poly(amidoamine)

dendrimers

AF4 2010 Fractionation between generations,

separation from impurities.

Interaction with BSA [19]

Perfluorocarbon

emulsions

in water

Sd-FFF 2004 Assessment of size distribution

change of PFC in whole blood

samples [7]

Nanogels AF4/MALS/dRI 2010 Effect of pH and temperature on

erosion kinetic of hydrolysable

nanogels [8]

Liposomes Fl-FFF 1993 Size and size distribution [24]

Fl-FFF/PCS 1998 Effect of ionic strength and pH of

carrier solutions on elution time of

liposomes [29]

AF4/MALS 2003 Size, size distribution, and

encapsulation efficiency of

tetrameric hemoglobin in

liposomes + effect of extrusion

pore sizes [30]

SEC + FFF/DLS/MALS 2006 Advantage of fractionation [31]

AF4 2009 Optimization of the fractionation

conditions and importance of

concentration monitoring [32, 33]

AF4/MALS 2010 Influence of carrier ionic strength and

osmostic pressure on the

fractionation [9]

(continued)
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scale up. Moreover, the correlation of the physico-chemical properties of DNA/

polycation complexes with their transfection efficiencies is perceived as an

important step towards the production of effective synthetic gene delivery systems

(Table 13.1) [38].

13.5 Conclusion

The overview of the current bioanalytical literature concerned with pharmaceutical

applications presented here provides convincing evidence that FFF techniques are

currently applied on a routine basis in biomedical studies, quality control analysis of

complex, heterogeneous commercial drug formulation, as well as in the development

and characterization of new drug and gene delivery systems. FFF can be used also to

great advantage to monitor carrier degradation under physiological conditions. Future

applications include monitoring the interactions of NPs with serum proteins or with

cells. Miniaturization will increase the use of FFF as a pre-analytical technique.

Table 13.1 (continued)

Sample type Technique Year Results

Vesicles Fl-FFF/MALS 1998 Determination of number and mass

weighted vesicle size distributions

[34]

Virus-like particles FFF 2008 Size and size distribution of

heterogeneous samples, without

adsorption [18]

Gene Delivery

Systems

Cationic lipid-DNA

complexes

Fl-FFF/MALS/ UV + RI 2001 Study of heterogeneous particles in

size and in charge, and

observation of aggregates [25]

Virus-like particles AF4/MALS/DLS + UV,

fluo. RI

2008 Complete characterization of VLPs

(MM, rms, Rh) throughout

upscaling process [26]

ES-DMA, AF4, TEM 2009 Comparison of techniques,

quantitative size distributions of

VLPs [35]

Linear and circular

DNA

Fl-FFF 1993 Separation of linear versus single and

double circular DNAs based on

diffusion values [36]

Polyelectrolyte

complexes

AF4/DLS 2005 Influence of ionic strength and mixing

ratios on incorporation and elution

behaviour [37]

Chitosan/DNA AF4/UV/MALS/

DLS + SEM

2010 Information on amount of unbound

chitosan, size and size distribution

of chitosan/DNA complexes

[27, 38]
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Conversely, larger scale instruments with preparative or semi-preparative capability

may further enhance the scope of this versatile analytical tool.
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Chapter 14

Characterization of Liposomes by FFF

Susanne K. Wiedmer and Gebrenegus Yohannes

Abstract Lipids are the main constituent of biological membranes and these semi-

permeable lipid layers have many features such as controllable flexibility and water

impermeability. The use of liposomes and vesicles as biocompatible targeted drug

carriers in pharmaceutical, cosmetic, and biotechnological applications was

introduced already in the seventies’, and a decade later the use of vesicles as skin

drug delivery systems started to become popular. This chapter describes FFF in

comparison to other analytical methods in studies of vesicle sizes, size distribution,

and stability, when developing pharmacutical formulations for efficient delivery of

liposomes, drug release, and transfection. The experimental parameters affecting

retention and particle size distribution required for FFF are discussed including

selection of the types of membranes, ionic strength and pH of carrier solution, flow

rates, and injected mass.

Keywords Dynamic light scattering • FFF • Lipidomics • Lipids • Liposomes •

Multiangle light scattering • Refractive index • UV • Vesicles

14.1 Introduction

Biological membranes are built up of a highly diverse mixture of phospholipids,

glycolipids, sterols, integral and peripheral proteins. The specific distribution of

components of the biological membrane is strongly dependent on the surrounding

environment; the membrane fronting the cytoplasm is much different from the part

of the membrane fronting the extracellular fluid. This asymmetry of the membrane

(inside or outside the cell) is of key importance when studying in vivo membrane
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models. The biological cell membrane can be seen as a fluid, semi-permeable

bilayer that separates the content of the cell from the environment. This semi-

permeable nature of the membrane permits the cell to maintain the composition of

the cytosol independent of the external environment.

In addition to providing a semi-permeable wall around the cell, the biological

membrane is the site for signal recognition, transduction and amplification, and it

provides an essential structural environment for metabolism and photosynthesis.

The complexity of biological membranes makes in vivo research on membranes

very demanding, and because of this much of the understanding and knowledge that

we have about biological membranes are a result of in vitro research. Typical

in vitro phospholipid bilayer systems that are used in research are Langmuir

Blodgett films, supported phospholipid bilayers, vesicles, discoidal micelles

(disks), microbubbles, and suspended phospholipid bilayers.

The use of vesicles and liposomes as biocompatible targeted drug carriers in

pharmaceutical, cosmetic, and biotechnological applications was introduced

already in the 1970s, and a decade later the use of vesicles as skin drug delivery

systems started to become popular. The correct lipid composition, vesicle size and

surface charge, membrane fluidity, and vesicle stability is of key importance when

developing such formulations for efficient delivery of liposomes, drug release, and

transfection. Because of this much research has been carried out on the develop-

ment of new techniques and methods for size distribution analyses.

Field-flow fractionation (FFF) is one of the most versatile separation techniques

in the field of analytical separation sciences, capable of separating macromolecular

colloidal and particulate materials [1]. The major sub techniques are sedimentation

FFF, thermal FFF, electric FFF, and flow FFF. Depending on the field applied

(centrifugal, thermal, electrical, hydrodynamic), each of the FFF sub techniques are

different one from another. In terms of biological applications, these methods can

be used to separate particles that range in size from a protein to an entire cell. DNA,

viruses, and other bioparticles, such as lipoproteins, ribosomes, and liposomes have

all been separated using these techniques.

In the following sections we will describe FFF studies carried out on liposomes

and other types of lipid aggregates. Focus is mainly on asymmetrical flow FFF

(AsFlFFF) but also sedimentation FFF (SdFFF) has been applied to some extent.

Comparison of FFF with other techniques for the characterization of particle sizes

will be made and important parameters to consider when applying FFF for studies

on liposomes and lipid aggregates or on lipid-protein complexes will be discussed.

14.2 Lipids and Liposomes

Lipidomics has become an emerging field among natural sciences, covering the broad

study of routes and complex systems of cellular lipids in biological systems. Generally

lipidomics can be divided into two subcategories; global lipidomics, that tend to

identify all lipids within a certain matrix, and targeted lipidomics, which heads at
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quantitative determination of selected (one or many) lipids. Lipids constitute up to

about 50% of the mass of most animal cell membranes. A rough estimation is that the

theoretical number of lipids, covering the most abundant lipid classes, is close to

200,000. The major lipid classes found in eukaryotic membranes are glyceropho-

spholipids, sphingolipids, and cholesterol. The fundamental role of phospholipids is

to maintain the structure of the cellular membranes, to ensure membrane fluidity and a

suitable environment and topology for attached proteins. In addition, the lipid compo-

sition is of importance to ensure the activity of membrane-bound enzymes and the

mobility (lateral) of receptors and the activation of particular signaling trails (Fig. 14.1).

Cholesterol, having both structural and regulatory roles, is the most abundant

sterol in biological membranes. It is a steroid metabolite that has received much

attention because it is strongly associated with the progression of atherosclerosis.

Depending on the type of cell membranes, the cholesterol concentrations vary

typically between 25% and 50%. The maximum solubility of cholesterol in phos-

phatidylcholine (PC) bilayers is 66%, and exceeding this concentration results in

Fig. 14.1 Biological functions of lipids. The chemical structures are shown for ethanolamine

plasmalogen PE(O-16:0(1Z)/22:6), prostaglandin D2 (PGD2) and triacylglycerol TG(18:0/18:1/

20:4). PC, phosphatidylcholine; PE, phosphatidylethanolamine; PA, phosphatidic acid; DG,

diacylglycerol; Cer, ceramide; SM, sphingomyelin; ChoE, cholesterol ester; S1P, sphingosine-

1-phosphate (Reprinted from [2], # 2008, with permission of Elsevier)
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separation of crystalline cholesterol. Due to the important roles of cholesterol in

biological membranes, much in vitro research on biomimicking lipid bilayers

comprise cholesterol.

When lipids are dispersed in aqueous solution aggregates are formed due to the

amphiphilic properties of the molecule; the hydrophobic chains are screened from

the surrounding water phase, with the hydrophilic polar head groups pointing

outwards. The types of lipid aggregates that are formed depend on the molecular

structure, the concentration of the molecule, and the surrounding properties, such as

temperature, solvent composition, and ionic strength. Typical phospholipid

aggregates formed under aqueous conditions are lipid vesicles, so called liposomes.

The general classification of liposomes is according to the sizes of the aggregates,

and these vary in general between 20 nm and 200 mm (Fig. 14.2).

Small, large, and giant unilamellar vesicles are the most important types of

liposomes used for analytical applications. On the other hand, multilamellar vesicles

are frequently used in pharmaceutical and cosmetic applications. Multivesicular

vesicles are giant vesicles encapsulating smaller liposomes that have been used in

nanoreactor assemblies and as drug delivery tools (vesosomes).

Unilamellar vesicles for analytical purposes can be prepared from multilamellar

vesicles by different approaches. The choice of method will to some extent deter-

mine what type of unilamellar vesicles are formed, e.g., sonication typically

produces small unilamellar vesicles, whereas extrusion is one of the most popular

methods for preparing large unilamellar vesicles.

Fig. 14.2 Schematic drawing of liposomes. Small unilamellar vesicles (~20 nm to 100 mm), large

unilamellar vesicles (~100 nm to ~1 mm), and giant unilamellar vesicles (>1 mm). The drawings

are not to scale (Reprinted with permission from [3], # 2008)
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14.3 Types of FFF Techniques

The first publication demonstrating the suitability of FFF in the characterization of

lipid aggregates was published in 1981 [4]. In that work SdFFF was used, and two

other studies on the use of SdFFF for the characterization of vesicleswere published in

the 1980s as well [5, 6]. In all these studies the liposomes were dispersed in pH 7.4

buffer solutions and detection was made by UV. The effective mass and mass

distribution of particles is determined in SdFFF, but the technique requires a rather

complex centrifugation device. In the nineties’ flow FFF (FlFFF) started to be the

method of choice because, in contrast to SdFFF, FlFFF provides the direct determina-

tion of the size and size distribution of vesicles because the separation is based on the

differences in the hydrodynamic radius of particles. UV-detection combined with

FlFFFwas used for the size characterization of negatively charged liposomes prepared

by sonicating or extruding multilamellar vesicles [7, 8]. In the first study, published in

1993, the authors used both SdFFF-UV and FlFFF-UV to compare the sizes of

liposomes [9]. The liposome samples comprised distearoyl phosphatidylcholine

(DSPC) and disteroyl phosphatidic acid (DSPA). The dispersions were sonicated for

5, 15, and 35 min. Both FlFFF and SdFFF showed the same trends for reduction of

sizes; the longer the sonication time, the smaller were the particle sizes.

In 1994 [9] the first report on multiangle light scattering (MALS) detection

on-line combined with FlFFF was published and some years later [10, 11] vesicle

size distributions were studied by FlFFF-MALS. The presence of MALS in addition

to UV helps to correct for the effect of light scattering from UV. Korgel et al.

described the theoretical basis for use of MALS to measure simultaneously the size

and concentration of eluting vesicles such that both absolute number (Fig. 14.3) and

mass-weighted vesicle size distributions can be determined without having an RI

detector, prior calibration using particle size standards, or assumptions about the

nature of the size distribution [10].

Fig. 14.3 Number-weighted

size distribution of vesicles

formed by extrusion through a

100-nm pore membrane. The

solid curve corresponds to the

Weibull distribution fit,

whereas the dashed curve

represents the best log-normal

distribution fit (Reprinted

from [10], # 1998, with

permission of Elsevier)
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At the beginning of the twenty-first century there was some increment in the

number of FFF-related publications. Research on lipid-DNA [12] and lipid-protein

[13, 14] complexes has successfully been carried out using AsFlFFF. Self-assembled

cationic lipid–DNA complexes are capable to carry DNA across the cell membranes

and applied in gene therapy. However, the preparations of DNA-lipid complexes with

defined sizes and charges are tedious. In the work byLee et al. heterogeneousmixtures

containing lipids, DNA, liposomes, and lipid–DNA complexes were characterized by

FlFFF-MALS [12]. FlFFF-MALS measurements showed that different lipid:DNA

ratios resulted in different size profiles. In another type ofAsFlFFFwork themolecular

mechanism behind the transfer of lipids between small unilamellar vesicles and high

density lipoproteins, by the aid of a phospholipid transfer protein, was studied [15].

Radiolabeled lipids and proteins were used to follow the lipid transferring properties

of the protein. Much good research has lately been carried out on the effect of various

experimental parameters on the FFF characterization of liposomes [16–18]. These

will be described in more details in the following sections.

The long-term stability and circulation persistence of liposomes is of utmost

importance in drug delivery for encapsulation, storage, and release of molecules.

Even though synthetic liposomes comprising egg phosphatidyl choline and phos-

phatidyl serine was shown to have excellent long-term stability, studied by FlFFF

[19], generally liposomes tend to aggregate in aqueous solution. Accordingly, much

research has been done on the development of new stabilized particle/polymer/

protein-covered liposomes. FlFFF has been utilized to characterize the sizes of

liposomes encapsulating hemoglobin [20], stabilized by polyethylene glycol

(PEG); polyoxyethylene (POE), polyethylene oxide (PEO)-lipids [21] and actin

[22, 23], and of PEG-lipid aggregates containing various types of PEG-

functionalized lipids [24].

To date, however, the stability issue has already been partly solved and the

critical aspects on the use of liposomes for drug delivery purposes are currently

more related to the efficient release of drugs. A rather novel type of stabilized lipid

assemblies is targeted microbubbles used for example in molecular imaging and

ultrasound-triggered drug and gene delivery [25–27]. Microbubbles are efficient

reflectors of ultrasound energy, and this is the reason for their popularity as contrast

agents for medical ultrasound imaging.

In addition to the aforementioned detectors (UV and MALS), other types of

detection systems that have been combined with flow FFF for characterization of

liposomes or lipid aggregates include dynamic (quasi-elastic) light scattering

(DLS) [28, 29] or refractive index detectors (RI) [12, 21, 23, 29]. The use of on-

line mass spectrometric detection (matrix-assisted laser desorption/ionization time-

of-flight mass spectrometry) with FFF was published already in 2003 [30, 31],

however, until now there has been no data published on the use of that system for

the characterization of lipid aggregates or lipid-protein complexes. The number of

FFF papers is still rather limited and by far the most popular FFF sub-technique for

the characterization of lipid aggregates and lipid-protein complexes has been flow

FFF. MALS has undoubtedly started to be the detector of choice.

212 S.K. Wiedmer and G. Yohannes



Rather recently, solid lipid nanoparticles (SLNs) and oil loaded solid

lipid nanoparticles (also named nanostructured lipid carriers or NLCs) were

introduced as novel carrier systems for cosmetic active ingredients and

Fig. 14.4 Elution behavior of lipid nanodispersions by AsFlFFF with subsequent detection 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 from the upper graphs [32],

# 2004, with permission of Elsevier)
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pharmaceutical drugs [32]. In that study AsFlFFF-MALS in combination with

DLS, laser diffraction (LD), and cryo TEM was used to characterize the physical

behaviors of SLNs and NLCs. DLS results 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 eluted much earlier than the SLN- and NLC-platelets, even though

the DLS and LD data showed similar particle sizes (Fig. 14.4). Platelet (for SLN),

oil loaded platelet (“nanospoons”; for NLC), and droplet (for nanoemulsion)

structures were observed by TEM. In contrast to literature reports, the

investigated SLN appeared as thin platelets. NLC were found to be lipid platelets

with oil spots sticking on the surface.

14.4 FFF in Comparison with Other Techniques

Liposomes are biocompatible, completely biodegradable, non-toxic, flexible, and

non-immunogenic for systemic and non-systemic administrations. One of the key

parameters that need to be considered when developing liposomes and emulsions

for pharmaceutical use is determination of particle size and zeta potential. The

dispersion should have a narrow particle size distribution in the submicron range.

Since intravenous injection of particles with average diameters above 5 mm may

cause death due to embolism, the size control and avoidance of particle aggregation

is of great importance. DLS (also known as photon correlation spectroscopy, PCS),

which measures variations in the intensity of the scattered light, caused by particle

movement, is together with LD one of the most applied techniques for determina-

tion of particle sizes. In contrast to DLS, a broad range of particle sizes can be

detected by LD. The major limitations of light scattering techniques are that they

cannot differentiate between subpopulations of different sizes in (size) heteroge-

neous particle mixtures. Microscopic techniques like atomic force microscopy

(AFM) and electron microscopy (EM) (freeze fracture and negative stain EM) are

attractive tools for obtaining information on both particle sizes and shapes. How-

ever, the major limitations of these are expensive instrumental and running costs

and rather complicated sample preparation methods.

Size exclusion chromatography (SEC) is by far the most popular chromatographic

technique for size determination of particles. However, for size determination of

particles from retention times, standard samples of known diameters are needed

or the use of light scattering detectors is required.

Size distributions of lipid nanoparticles were investigated by AsFlFFF and the

data were compared with that obtained by cryo transmission EM and DLS [33].

The results showed AsFlFFF to be much more useful than the other studied

techniques for the characterization of particles with broad size distributions.

Kang et al. studied size characterization of drug-loaded polymeric core/shell

nanoparticles having broad and bimodal size distributions [33]. The lipid core

214 S.K. Wiedmer and G. Yohannes



was made up of lecithin, and the shell was a pluronic composed of a self-assembled

amphiphilic PEO–polypropyleneoxide–PEO polymer. These amphiphilic diblock or

triblock copolymers have been used as carriers for hydrophobic drugs [33]. AsFlFFF

provided size characterizations of two populations. The first population was related

to an early eluting compound that was made up of non-drug loaded free polymeric

micelles with diameters of around 23–31 nm. The second population corresponded

to drug-loaded core/shell nanoparticles, having a broad size distribution ranging

from about 100–600 nm in diameter. Size analysis by TEM was not easy because

only a limited number of particles were measured and sizes measured by DLS were

not reliable for samples with broad size distributions. The sizes of PEG-stabilized

lipid aggregates were studied by AsFlFFF and data were compared with results

obtained by DLS, cryo-TEM, and AFM techniques [24]. The PEGylated lipid

aggregates were made of POPC and 1,2-distearoyl-sn-glycero-3-phosphoetha-

nolamine-N-[methoxyPEG] (DSPEGs) with PEG molar masses of 1,000, 2,000,

and 3,000. Depending on the molar mass of DSPEG, liposomes or discoidal

micelles (disks) or mixtures of these were formed. AsFlFFF revealed two peaks

for the POPC/DSPEG2000 sample demonstrating that the dispersion contained

both liposomes and disks, and the result was confirmed by cryo-TEM.

14.5 Factors Affecting FFF Separation

In all FFF sub-techniques, sample separation is performed inside a narrow ribbon-

like channel with dimensions of 10–50 cm in length, 2–3 cm in width, and

0.01–0.05 cm in thickness. From the inlet, a carrier liquid is pumped through the

channel, establishing a parabolic flow profile (laminar Newtonian flow) as in a

capillary tube, propelling the samples towards the outlet. An external field (force) is

applied perpendicular to the direction of the carrier liquid flow, forcing the sample

components to accumulate at one of the channel walls, termed accumulation wall.

The experimental parameters affecting retention and particle size distribution

generally include selection of the types of membranes, ionic strength and pH of

carrier solution, and the injected mass.

14.5.1 Type of Membranes

The most commonly used membrane in FFF liposome research has been

regenerated cellulose (RC) with a 10 K molecular weight cut-off (MWCO). Other

possible membranes were reported by Lee, et al., in 2001 (12). The main goal of

their study was to determine combinations of carrier liquid and membrane materials

that result in minimal interaction between lipid � DNA complexes and the separa-

tion system. The carrier liquid used in the separation was Tris-borate buffer at

pH 8.6. Three membranes, i.e., regenerated cellulose (RC, 30 K MWCO),
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polycarbonate (PC, 0.03 mm pore size), and polypropylene (PP, 0.05 � 0.125 mm
pore dimensions), were investigated. The investigated samples included DNA,

condensed DNA, and cationic lipid � DNA complexes of varying average charge

ratios. The RC membrane yielded good sample recoveries for the negative lipid �
DNA samples. However, less than 5% of the neutral and positively charged samples

were recovered. The PC membrane yielded good recovery of the negative and

positively charged complexes (90% and 60%, respectively), but severe sample

loss was observed for the neutral charge ratio complexes. The PP membrane

demonstrated good recovery (90%) of all complexes, as long as the cross-flow

rate was �0.5 mL/min, whereas higher cross-flow rates resulted in sample loss

through the membrane pores as well as adsorption on the membrane. Using a

1.0 mL/min flow rate, the sample recoveries were less than 10%. In summary,

each of the three membranes studied had its limitations, with the PC and PP

membranes demonstrating good potential for the studied lipid � DNA complexes.

In general, the choice of the membrane depends on the type of sample and

conditions employed. Recently, Hupfeld investigated egg PC liposomes, and

reported that even RC membranes are prone to adsorption when the sample load

is less than 0.5 mg [17]. However, this effect can be overcome by pre-saturation of

the RC membrane with a sample load of >2 mg. For high sample load, adsorption

becomes minimal and the recovery is improved.

14.5.2 Carrier and Running Conditions

One critical parameter in FFF separations is the choice of the buffer system. Moon

et al. [8] studied the influence of ionic strength and pH of carrier solutions on the

separation of liposomes with subsequent (off-line) DLS size-analysis. Retention

behaviors of liposomes that were stabilized by the addition of cholesterol – the

liposome samples comprised phosphatidylcholine/phosphatidylglycerol/choles-

terol (1:4:5 molar ratio) – were examined in different buffer solutions. The electro-

lyte solutions were Tris-HCl buffer (pH 7.8, I ¼ 100 mM,), PBS buffer (pH 7.4,

I ¼ 160 mM), 0.02% NaN3 solution (I ¼ 3 mM), and 23.6 mM lactose with

4.62 mM NaCl (I ¼ 4.6 mM). After sonication the liposomes were extruded

through 400, 200, and 100 nm membranes for five times each. When NaN3 or

lactose (NaCl were used for dispersing the liposomes and as a carrier for the FFF

separation) the retention times were shorter and the particle sizes were smaller as

compared to results obtained with Tris and PBS buffer (Fig. 14.5a). The reason for

this was the ionic strength, which has a strong effect on particle migration at the

vicinity of the accumulation wall. DLS demonstrated that the particle sizes were

about the same for all collected fractions. At low ionic strengths, vesicles are not

sufficiently driven to their equilibrium positions and are eluted at elevated positions

either due to an increase in the double layer thickness or due to strong electrostatic

repulsion between the channel wall and the charged particles. Recently, Hupfeld,

et al. investigated not only the ionic strength of the buffer solution but also the
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osmotic stress-induced effects to increase or decrease particle sizes of vesicles

[16, 18]. The authors used large unilamellar vesicles of egg PC and studied the

influence of ionic strength of the carrier solution on the retention behavior. The

ionic strength was adjusted with 5–50 mM of NaNO3. Much shorter retention times

were observed using distilled water as compared to NaNO3 eluents. Zeta potential

measurements confirmed that the surface charges (zeta potentials) of the vesicles

were higher at lower ionic strengths, resulting in stronger repulsive electrostatic

interactions between the vesicles and the accumulation wall.

Moon et al. examined the effect of pH on the retention of liposomes by using

PBS carrier at pH values 8.6, 7.4, 6.5, and 5.5 [8]. The ionic strength was fixed at

16 mM. Retention of liposomes at pH 8.6 was shorter than at lower pH values

(Fig. 14.5b). The reason was due to increased charge interactions between the

vesicles and the channel surfaces at more basic conditions, thus leading to faster

elution.

The overloading effect in flow FFF was first recognized by Giddings et al. [34].

It is still an important experimental requirement imposed on practical FFF opera-

tion to find a proper balance of factors that provide an adequate detector signal

while avoiding observable overloading. Recently, Hupfeld et al. described the

overload effect on liposomes [16]. The authors made experiments on different

concentration with 1, 10, and 100 mg of mass injections. For the load of 1 and

10 mg, the Rayleigh curve appeared smooth and almost symmetrical, where as for

the 100 mg mass injection the shape was distorted, causing frontal tailing, which is a

typical indication of the overload effect for particles (Fig. 14.6). The main reason is

that, at higher particle concentration, i.e., during the time of focusing, a portion of
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Fig. 14.5 Influence of ionic strength and pH of the carrier solution on the separation of liposomes

prepared in PBS at different ionic strengths (a) and pH values (I ¼ 16 mM) (b). The channel flow-

rate was 6.44 mL/min and the cross flow-rate 1.15 mL/min (Reprinted from [8], #1998, with

permission of Elsevier)

14 Characterization of Liposomes by FFF 217



the particles may be hindered from reaching their equilibrium steady state from the

position of the accumulation wall. As a result these particles end up in a layer that

migrates at a higher velocity within the parabolic flow profile. The calculated

geometric radii follow a straight line in accordance with the FFF theory. In contrast,

the 100 mg load resulted in a distorted light scattering signal with expressed tailing

and the geometric radius curve deviated from linearity. The retention time also

decreased with increase in sample load.

Finally, proper flow rates, especially the cross flow rate, must be selected in

order to fractionate liposomes and to avoid interactions with the accumulation wall.

In many applications of AsFlFFF the components of the sample that have to be

separated comprise a wide range of particle sizes. For such samples it is difficult to

find an optimal cross flow rate. On one hand a high cross flow is required to obtain

enough retention and selectivity for the smaller particle sizes, whereas on the other

hand, at high cross flow rates, i.e., at high field strengths, larger particles can be

compressed at the accumulation wall, promoting sample loss through the mem-

brane pores and adsorption on the membrane, resulting in long elution times [12].

A valuable tool for AsFlFFF separations is cross flow rate programming. For this,

the cross flow is gradually decreased during elution of the sample components.

Application of cross flow gradients also prevents sample adsorption and results in

reasonable elution times [16].

Fig. 14.6 Influence of different sample loads. Lines: Rayleigh ratio at 90� angle in log-scale;

scattered dots: calculated geometric radii. Sample load: 1 mg ¼ black line, 10 mg ¼ gray line,
100 mg ¼ light gray line. The flow rates were 1.0 mL/min at channel flow to detectors, and cross

flow gradient of 1.0–0.1 mL/min over 35 min (Reprinted from [16] by permission of John Wiley

and Sons, # 2009)
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14.6 Future Perspectives

The increasing interest in liposomes as drug carriers and models for biological

membranes has resulted in extensive studies on the characterization of liposomes.

Various sub-techniques of FFF have been used for the separation and characteriza-

tion of liposomes, however, the most applied FFF technique in the future for the

characterization of lipid aggregates (including liposomes, disks, mixed surfactant/

lipid vesicles) will most probably be AsFlFFF with on-line MALS, DLS, or MS

detection. The high detection sensitivity of using fluorescence detection is an

attractive future tool for liposomes, however, this would demand fluorescently

labeled lipids. With the increasing number of commercial FFF devices, the tech-

nique will most probably also slowly start to become even more popular in

industrial, pharmaceutical, and clinical laboratories. Another area of big

improvements will definitely be the development of new types of membrane

materials that would be highly suitable for all types of liposomes (including

positively charged vesicles). The fast progress in the development of microscale

devices (miniaturization) will certainly also be beneficial in the future for the

analysis of liposomes by FFF.
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Chapter 15

Mammalian Cell Sorting with Sedimentation

Field-Flow Fractionation

G. Bégaud-Grimaud, S. Battu, D. Leger, and P.J.P. Cardot

Abstract Thirty years after the first work on mammalian cells, Sedimentation

Field-Flow Fractionation (SdFFF) can be now described as a mature cell sorting

method. By simply taking advantage of biophysical properties of cells (size,

density, shape, etc.), SdFFF is a gentle, non-invasive and tagless technique respect-

ing cell integrity. This macro-scaled method prepares specific subpopulations with

a high degree of purity, viability and sterility for functional investigations (meta-

bolic specificities, cell cycle dependent activities, apoptosis and differentiation,

etc.); biotechnological applications or in vivo studies and cellular therapy. This

simple, fast and inexpensive technique presented a large panel of applications in

many domains such as microbiology, hematology, neurology, cancer and stem cell

research. This report is focused on methodological and instrumental strategies, and

on applications concerning mammalian cell sorting.
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15.1 Introduction

Cell separation methods allowing isolation and purification of specific sub-

populations from a complex cellular matrix (tissues, cell lines, etc.) have played an

increased role in many life science domains such as cell biology, molecular genetics

(genomics, proteomics, etc.) and cellulomic, biotechnology engineering, drug discov-

ery, chemical and cellular therapies (stem cell research), and clinical diagnosis [1–15].

The Field-Flow Fractionation (FFF) family is a community of separation

methods based on the differential elution of species submitted to the combined action

of (1) a parabolic profile generated by flowing the mobile phase through a ribbon-like

capillary channel; and (2) an external field applied perpendicularly to the flow

direction. The ability to implement different types of external field such as gravita-

tional (GrFFF, gravitational splitt) and multi-gravitational (Sedimentation or SdFFF),

cross flow (FlowFFF,Asymmetrical FlowFFF orASF4), electrical (ElFFF),magnetic

(MgFFF), thermal (ThFFF) or acoustic field; defined each FFF subfamily [7,14,16].

The implication of FFF in life sciences has recently been reviewed, pointing out the

increasing role of this technique [7,8,14,17,18]. FFF and related technologies have

been successfully used in many biological applications including nucleic acids

[7,8,17–36], proteins [7,18,23,37–65], organelles [22,27,66–70], microorganisms

(environmental or biotechnology purposes) [38,40,52,71–94] and eukaryotic cells

separations [1,3,10,36,45,64,83,95–119].

Cell separation methods can be classified on the basis of their application scales

and separation principles. Classically, Flow-FFF, Hollow-Fiber FFF, GrFFF and

SdFFF are defined as macroscaled methods which take advantage of biophysical

parameters such as size, density, shape or rigidity [1,4,5,7,14,15,17,18,99,120,121].

Magnetic-, electrical- and DEP-FFF take advantage of electrical and magnetic

properties, and have been developed as micro or nano-scaled technologies

[6,10,37,44,45,101,104,105,122–132].

SdFFF was a pioneering technology in many application fields such as cell

sorting with the work of Caldwell and coworkers in 1984 [95]. SdFFF was then

quickly described as a promising method for mammalian cell separation [133,134].

Nevertheless, the next studies published 10 years later were also by the same group

[135]. In parallel, important methodological developments in Gravitational FFF

(GrFFF) arrived, leading to many studies in hematology ranging from population

characterization [97,136,137], pathologies or transfusion monitoring [97,138,139],

to bone marrow stem cell preparation [98]. GrFFF appeared as a more accessible

FFF device using natural earth gravity as an external field while less effective in

comparison to SdFFF [140]. From a general cellular point of view, SdFFF separation

has also been successfully achieved for microorganisms such as viruses, bacteria,

yeasts and parasites for diagnostic, bioengineering and environmental applications

[7,18,38,40,52,71–90,141]. As also described below, other FFF technologies such as

flow-FFF, hollow fiber-FFF, hybrid-FFF, magnetic FFF or DEP-FFF, have been also

successfully used to sort mammalian cells in the fields of hematology or cancer

research [3,10,36,45,83,96,101–105,107,108]. For SdFFF, hematology has been
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progressively replaced by new fields such as neurology, oncology and stem cell

research [106,142–148]. The pioneering work in neurology [142] demonstrated the

capacity of SdFFF to sort viable, sterile and useable populations of cortical neurons

from complex mixtures of E15 rat embryonic cortices.

15.2 Methodology for SdFFF Cell Separation

SdFFF is described as a gentle, noninvasive and tagless method, allowing the

macroscaled preparation of functional cell populations for analytical and prepara-

tive applications.

15.2.1 Noninvasive Method

The major advantage of SdFFF, and all physical criteria based separation methods,

is linked to the drastic limitation of cell-solid phase interaction by the use of

a (1) specific separation device : empty ribbon-like channel without stationary

phase; and (2) device setup allowing the “Hyperlayer” elution mode, a size/density

driven separation mechanism. In the “Hyperlayer” mode, the flow velocity/channel

thickness balance generates a hydrodynamic lift force which drives the particles

away from the accumulation wall (Fig. 15.1). Species are then focused into a thin

layer which corresponds to an equilibrium position in the channel thickness

where the external field is exactly balanced by the hydrodynamic lift forces

[17,99,121,135,149–157]. At this equilibrium position, the risk of cell-wall

interactions is negligible, providing better cell separation. At equivalent density,

large cells generate more lift forces and are focused in faster streamlines to be

eluted first. Then, specific instrumentations and methodologies have been devel-

oped to protect cell functional integrity [5,156].

The first part of the development process concerns device design and setup

[156,158,159] such as (1) channel wall material: biocompatible hydrophobic sur-

face (polystyrene); biocompatible tubing and screwing (Peek® from Upchurch®);

(2) injection mode determined by the specific channel inlet/outlet tubing position.

Sample was introduced through the accumulation wall via a “flow” injection

procedure [156,158,159]; (3) the mobile phase: sterile isoosmotic PBS pH ¼ 7.4,

allowing simple, fast and low cost cell suspension preparation; (4) a simplified

cleaning and decontamination method [5,160]: total device flushing at 2–5 mL/min

flow rate, for 15 min each, of the following solutions: sterile distilled water/Clenz®/

sterile distilled water/sodium hypochlorite 3�/sterile distilled water. The system is

then ready for a new separation by replacing sterile distilled water by sterile PBS.

This end-day/end run cleaning-decontamination procedure avoids channel poison-

ing, sample cross-contamination and microorganism proliferation. This enhances

cell recovery, viability and sterility.
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- morphological analysis. 4) Biological calibration of collected fractions :
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- separation according to biological criteria of
interest

SdFFF Fractions versus control

5) Biological and biophysical calibrated fractograms

6) Analytical or preparative applications

1) Determination of elution conditions for Hyperlayer mode :
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Fig. 15.1 Organization of SdFFF cell sorting. Schematic representation of the different

operations leading to calibrated fractograms and possible application of SdFFF cell separation

from cell cultures or tissues. Illustration of “Hyperlayer” elution mode (1.1), and example of a

SdFFF cell elution fractogram (1.2). Elution conditions: flow injection of 100 mL K562 cells

(3.5 � 106 cells/mL); channel thickness: 175 mm; flow rate: 0.80 mL/min (sterile PBS pH 7.4);

external multi-gravitational field: 8.00 � 0.01 g, spectrophotometric detection at l ¼ 254 nm. TP

and Fn represent the collected fractions. ER corresponds to the end of channel rotation, in this case

the mean externally applied field strength was equal to zero gravity, thus RP, a residual signal,

corresponds to the release peak of reversible cell-accumulation wall adherence
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The second part concerns the elution mode. Tuning of the flow rate/external

multigravitational field balance enhances cell elution under the “Hyperlayer” elu-

tion mode.

Historically [16,17,120], FFF was defined and used as a measurement technique

of particle properties [157,161–167]. As particle retention depends on field induced

forces, the experimental retention parameters such as retention ratio (Robs ¼ void

volume/retention volume, [168]) can be used to calculate the values of exerted

forces with equations depending on the retention mechanism. These results could

be used, after suitable calibration, to measure particle properties: size, density,

diffusivity, electrical charge, and their distribution in poly-dispersed populations

[4,5,16,156]. When cell separation is performed, determination of elution mode is

of little interest to explore particle size or density distribution if it is not correlated

with biological properties [106,144,146,147]. In addition, since no standards can be

used for a multi-polydispersed cellular population (size, density, shape,. . .), suit-
able calibration cannot be established. On the other hand, as “Hyperlayer” is the

only biocompatible elution mode, it is of primary importance to demonstrate that

cells are eluted via this mode [4,5,16,156]. A first set of experiments is performed to

determine optimal flow rate/external field setup (Fig. 15.1, 1).

According to the elution theory [17,99,121,135,149–157], a “Hyperlayer” mode

is demonstrated (1) by dependence of Robs on flow rate/external field balance. As

described, at constant external field, the increase in flow rate increases lift forces,

particle velocity, and then Robs value. The increase in external field, at constant flow

rate, decreases lift forces, particle velocity, and then the Robs value. As a limit case,

complete lifting force offset occurring in the “Steric” elution mode, results in

elution of particles in close contact with the accumulation wall. Then the Robs

value becomes constant and only dependent on particle size. This leads to harmful

particle-solid phase interactions causing a dramatic decrease in cell functional

integrity, as well as repeatability, reproducibility and recovery by channel poison-

ing [17,41,99,121,135,149–157]; (2) by determination of the approximate average

cell elevation parameter “s”. As predicted with the “Hyperlayer” mode, particles

are focused away from the accumulation wall in a thin layer at their equilibrium

position where external field strength is exactly balanced by lift forces

[17,41,149–152,154,155,157].

By using the following equation [152]:

R ¼ 6s

o
(15.1)

in which R is the retention ratio, o is the channel thickness, and s the distance from

the center of the focused zone to the channel wall. The approximate average cell

elevation “s” is calculated by using experimental Robs values. Particles are eluted

away from the accumulation wall if “s” is greater than average particle radius. If “s”

is equal to particle radius, particles are eluted under the “Steric” elution mode;

(3) by a low level of reversible cell sticking. At the end of elution, channel rotation

is stopped (ER, Fig. 15.1, 2) leading to zero mean gravity. A residual signal is
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observed (RP, Fig. 15.1, 2), corresponding to cell release fromchannel. This reversible

cell sticking is due to low interactions between cells and the hydrophobic accumula-

tion wall (polystyrene), easily disrupted by the mobile phase flowing under the weak

external field.As they are not collected, these cells do not have an impact on functional

cell integrity. To obtain a sufficient quantity of cells in collected fractions, successive

injections and collections (5–15/run) are needed. In the absence of end-day, or better,

end-run cleaning-decontamination procedures, the cell release peak increases while

retention parameters dramatically change [5,156,160,169,170]. This is an indirect

proof of channel poisoning. It corresponds to all particles: cells, cell residues

(membranes, organelles, proteins. . .), and residual culture medium which will finally

be adsorbed on the accumulationwall. This strong interaction is not easily reversed by

the mobile phase flowing alone, and leads to a modification of channel wall surface

properties, changing particle retention by reducing repeatability, reproducibility and

recovery [5,156,160,169,170]. This increases the risk of apoptosis or necrosis

(the most common phenomena), or differentiation activation.

According to the FFF theory [17,41,149–152,154,155,157], when all these

conditions are fulfilled, we can assume that the cell population is eluted under the

biocompatible “Hyperlayer” elution mode. Optimal elution conditions are achieved

when external field strength/flow rate balance lead to effective subpopulation isolation

and characterization. As described [5,156], a cell sample can be defined as a

polydispersed population in many biophysical (size, density, shape,. . .) and biological
parameters, and only be described through a matrix of polydispersity. In this case, the

fractogram always appears as a broad peak (Fig. 15.2). Optimal elution is a balance

between a sufficient retention time to collect subpopulations of interest and reduced

cell trapping and plate height. If fast and resolutive separations can be performed by

using high flow rate and field strength [171,172], allowing minute scale monitoring of

biological events [117], gentle conditions using low flow rate and external field

(0.4–1.0 mL/min – 10–50 g) have to be selected to avoid mechanical cell injury in

the case of large scale population preparations [95,142,148,169].

15.2.2 Respect of Cellular Integrity

After optimizing device setup and elution conditions to reduce cell-solid phase

interactions and enhancing subpopulations separation, SdFFF has to demonstrate its

ability to take into account and respect cell properties (Figs. 15.1, 3 and 15.1, 4):

(1) viability: a high viability (>90%), similar to a control population, is usually

obtained after elution (short term viability) [142,144]. This is proof of optimal elution

without any mechanical obstacles in the mobile phase flow (in rotating seals or the

detector). Further uses of cells such as characterization and functional investigations

need sub-culture and transplantation. Long term viability should be maintained

without nonspecific or uncontrolled cell death induction leading to necrosis, apoptosis

or autophagy. This is achieved by overcoming channel poisoning (“Hyperlayer”

elution and cleaning-decontamination procedures) [5,142,148,160]; (2) cell functional
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integrity: for example : growing capabilities; if short-term separation must respect

growing potential, separation should only depend on specific biophysical and

biological criteria, and not only depend on growing possibilities [10,142]; cell adhe-

sion properties; genomic, phenotypic and proteomic properties with specific expres-

sion of receptors and surface antigens [10,106,115,116,142,147]; (3) maturation,
differentiation and apoptosis [106,143,144,146,147]: characterization of any of

these processes (metabolic and signaling pathways, antigen expression), as well as

the routine preparation of specific sub-populations, requires that elution respects either

the maturation-differentiation stages (from immature to differentiated cells) or the

degree of apoptosis [106,143,147,148]. Moreover, long-term uses also require that

cells do not receive any activation, differentiation or apoptotic signals during separa-

tion. The untransformed populations retain their capacities to differentiate or to

become apoptotic [106,143,147,148]. They will constitute an effective model for

mechanism and kinetics studies. This also appears as an essential criterion when

immature cells, precursor, progenitor or stem cells, must be sorted [143,148]. As

described above, this corresponds to the secondmain advantage of a non-invasive and

tagless method such as SdFFF or GrFFF [7,14,109]; (4) Sterility: Sub-culturing and

transplantation require absolute sterility and apyrogenecity of samples. This is

achieved by sterile preparation and manipulation of samples (sterile flow hood, sterile

disposable medium, gloves and mask) as well as by always running SdFFF devices

with sterile mobile phases and respecting cleaning-decontamination procedures.

15.2.3 Analytical Requirements

As for other analytical and separation methods, SdFFF has to also fulfill the

following requirements: (1) high repeatability and reproducibility: these criteria

have been validated with biological samples (RBC, red blood cells) using the

“Hyperlayer” mode [160,173]. Hyperlayer mode (reduced channel aging) gives

repeatable replicate sample injections (10–20) leading to similar fractograms either

in terms of retention time (Robs CV < 5%, n > 10) or peak shape [117].

Concerning reproducibility, or more precisely the intermediate fidelity measured

with the same operator and device, but with new samples of identical biologi-

cal species (major source of variability), comparable fractograms are obtained

(Robs CV < 5%, n > 10), permitting the use of constant elution conditions

[106,117,144,146,147]. Nevertheless, as described [106,115,144,146,147,174],

for one and the same cell line, the absolute Robs value depends on time and

condition of culture; (2) maximal recovery: this criterion, as well as the repeatabil-
ity, depends on the application of the “Hyperlayer” elution mode under low external

field [106,147,148] enhancing cell viability and recovery which classically range

from 75% to 90%. This is of prime importance in sorting rare cells from complex

biological samples [142,143,148]. Decreased recovery could be due to reversible/

irreversible sticking to the accumulation wall [147]. Additionally the “stopless”

injection mode could be another reason [175,176]. The classical injection procedure
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is described as “stop-flow” [5,175,177]. Sample is driven to the channel inlet, the

flow is stopped while the external field is maintained. This leaves sub-micron sized

particles in a “primary relaxation step”. They reach their equilibrium position

before flow resumes, leading to separation with optimal selectivity. For micron-

sized particles (cells) with negligible diffusivity, offset of the lift-force drives them

onto close contact with the accumulation wall with the risk of cell trapping or

activation (differentiation or apoptosis). A “stopless” or direct flow injection

method is more convenient even if it can decrease the selectivity by the absence

of a “primary relaxation step”. Different strategies have been proposed to operate

direct injection without loss of selectivity such as pinched inlet [175,177], split inlet

[178], frit inlet and specific inlet triangle design [131,179]. As described [1,158],

our specific device design solves this problem by direct injection of the sample

through the accumulation wall, preserving selectivity and elution time. Neverthe-

less, a non-specific part of sample never reaches its equilibrium position and is

eluted in the void volume, decreasing sample recovery but maintaining, on the other

hand, cell viability, integrity and functionality.

15.2.4 Simple, Fast and “Tagless” Method

Separation selectivity is only based on intrinsic cellular biophysical properties (size,

density, shape, etc.) and experimental parameters, such as channel geometry and

external field strength/flow rate balance, making SdFFF a simple, fast and inexpensive

method [7,14]: (1) device setup and elution: for each new separation problem, the

device is easily and rapidly set up to obtain “Hyperlayer” elution conditions. Elution

time for each injection is usually very short (5–10 min, Figs. 15.1, 2 and 15.2),

leading to limited cell stress especially since smooth field and flow conditions are

applied to achieve “Hyperlayer” elution; (2) mobile phase: the use of a hydrophobic
material as the channel wall (i.e. polystyrene) permits the employment of the simplest

mobile phase: PBS pH 7.4 (without Ca2+ and Mg2+) classically used for cell

experiments. If some sample types (tissues) require addition of specific antibiotic-

antifungal combinations to ensure sterility [110,142,148], no other complement such

as BSA is needed, simplifying preparation. Since separation devices do not contain any

selective channel wall coating, this reduces the risk of channel poisoning and enhances

cleaning-decontamination procedure and channel shelf-life (6–12 months with daily

use); (3) Sample preparation: SdFFF only requires the preparation of a suspension of

isolated cells [156]. This is obtained by chemical-enzymatic release from culture plates

for adherent cells [147], or by centrifugation for suspended cells [106]. Cells from

tissues such as olfactory epithelium are prepared after classical steps of mechanical and

enzymatic dissection and dissociation [148]. In all cases, isolated cells should finally be

diluted in the mobile phase to a density somewhere between 1 � 106 and 3 � 106/mL

depending on channel capacity [147]. Sample concentration is important as it affects

subpopulation separation effectiveness and cell-cell or cell-solid phase interactions

[46,147,173,180–182].

230 G. Bégaud-Grimaud et al.



As described below, the second advantage of a size-density based approach is

that it does not require using either specific cell expression markers, such as specific

fluorescent nor magnetic prelabeling, to achieve separation; in this respect it

provides advantages over FACS or MACS methods [5,7,10]. Tagless methods

such as SdFFF became interesting for applications in which (1) specific markers

do not exist (animal models, stem cells); (2) labeling interferes with further cell

uses such as in vitro expansion, in vivo transplantation or immunological character-

izations; (3) labeling could activate differentiation which is very critical for rare or

immature cells [3,5,7,10,116,143,148,156].

15.2.5 From Fraction Collection to Fractogram Calibration

15.2.5.1 Elution and Fraction Collection

As explained below, even the most apparently homogenous cultured cell lines can

only be described through biophysical (size, density, shape,. . .) and biological

(metabolic activity, cell cycle position,. . .) matrices of polydispersity [5,156,176].

Thus “Hyperlayer” elution of such populations leads to broad peaks composed of

the juxtaposition of the multiple/different subpopulations. This peak might be

calibrated as a function of particle size or density distribution [157,183,184]

(Fig. 15.1, 3). As previously described [81,117,147,185], size selectivity has been

experimentally established, by using the following equation [185,186]:

log tR ¼ �Sd � log d þ log tR1 (15.2)

where �Sd, the slope of the graph, represents the selectivity coefficient, tr is the

retention time, d the mean cell diameter and tR1 a constant value, equal to the

retention time of a 1 mm particle. It has been demonstrated [186] that in the case of

elution of a population containing particles of different sizes, but analogous density

profiles, the size selectivity curve is a straight line. After calibrating the SdFFF

device with standard particles (calibrated latex beads), the size-based selectivity

curve can be used to establish the particle size distribution of an eluted sample.

Unfortunately, equivalent cell standards do not exist. As previously described

[81,106,117,147,185], by using fraction collections and size measurement (by

Coulter Counter, Flow Cytometry or FC), experimental size selectivity curves can

be established in order to calculate an observed Sdobs value.

log tR ¼ �Sdobs � log d þ log tR1 (15.3)

According to the “Hyperlayer” theory [17,41,149–152,154,155,157], high Sdobs
values suggest effective cell separation with regards to their biophysical properties.

Furthermore, Sdobs determination allows comparison between elution conditions,

device setup and demonstrates density changes during induction of biological events
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[106,147]. Nevertheless, an effective biophysical cell separation does not give any

information concerning effective biological isolation. This justifies time dependent

fraction collection (Fig. 15.1, 2) and biological characterization (Fig. 15.1, 4).

15.2.5.2 Biological Calibration

SdFFF elution has been associated with many analytical tools for cell biology

investigations such as (1) cell culture, morphological and particle size distribution

(PSD) studies; (2) cellular viability (MTT) and proliferation (EdU/BrdU incorporation)

assays; (3) immunological characterization of antigen expression and metabolic

activities by Western Blotting, Elisa assays, immunohistochemistry, flow cyto-

metry or Amnys analysis; and (4) molecular biology (semi-quantitative PCR)

[106,115,116,144,146–148,174,187,188].

These studies have been performed on collected fractions, named Fn and

representing a part of the total population, versus a control population (not eluted

crude extract) and the total peak fraction (TP) which is the whole eluted population

minus the void volume and the release peak (Fig. 15.1, 2). They answered many

questions concerning (1) cell integrity. This is demonstrated by short and long term

viability analysis, adhesion, cultural, morphological and phenotypic properties,

proteomic and antigenic expression, genomic capacities as well as maturation or

apoptotic stage determinations. The TP fraction must behave similarly to the control,

demonstrating that any differences between Fn and control are due to separation

efficacy and not to nonspecific phenomena such as selective subpopulation death,
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Fig. 15.2 Example of a calibrated fractogram. SdFFF K562 cell elution was calibrated as a

function of elution time and apoptotic kinetics. Cells were incubated for 12 h with 40 mM
diosgenin before SdFFF elution. Early apoptosis was measured by flow cytometry [174] after

4 and 48 h sub-culturing without diosgenin. Elution conditions: see Fig. 15.1
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trapping or sticking. Similar TP and control behavior also assesses that separation only

depends on intrinsic biophysical properties of cells as predicted by the “Hyperlayer”

model; (2) isolation of subpopulations. This is determined by differential analyses of

Fn properties, depending on the biological criteria of interest on which studies are

based [106]. Association of retention parameters with the distribution of biological

markers led to the concept of themultidimensional hyphenated fractogram (Figs. 15.1,

5, and 15.2 [156].

From this point (Fig. 15.1, 6), two different sets of applications can be performed

(1) analytical applications. Complete subpopulation characterization gives an

accurate sample description, corresponding to the “cellulomic” concept earlier

developed [156]. This could be done either in steady state culture conditions

(ecology and phenotypic relationship), or in dynamic motion after induction of

biological events allowing both monitoring and mechanistic-kinetic descriptions

[106,115–117,142–144,146–148,174,187,189]; (2) preparative applications. The
proper biological calibration of fractograms, as well as the high level of reproduc-

ibility, permits systematic preparation of specific subpopulations. The routinely

prepared populations can be used, for example, as models for anticancer therapy

research [106,147]. Preparative separation of immature or stem cells opened the

field of cellular therapies and biotechnologies [115,116,143,145,148,174,187,189].

15.3 Recent Applications and Perspectives

in Mammalian Cell Separation

Since the initial work of Caldwell et al. [95] on the HeLa cell line, cell separa-

tion and sorting is one of the principal applications of SdFFF and GrFFF

in life sciences, including first microbiology, and hematology while new fields

such as neurology, cancer and stem cell research have recently emerged

[5,7,11,79–81,87,95,98–100,109–111,115,116,119,138,142,145,146,148,189–193]. The

pioneering work in neurology [142] demonstrated the capacity of SdFFF to sort

viable, sterile and useable population of cortical neurons from complex mixtures of

E15 rat embryonic cortices.

15.3.1 Cancer Research

In normal conditions, cell growth, proliferation, differentiation and maturation

processes are controlled leading from stem cells or progenitors to normal functional

and mature cells. [194]. Normal cell death is usually the consequence of a natural

process called apoptosis (programmed cell death). This fundamental process for

development and homeostasis of tissues and organs in pluricellular organisms

[195], is regulated by a large variety of receptors, signaling and active proteins
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including caspases which direct the last step resulting in morphological changes

and DNA fragmentation [196,197].

Cancer etiology is multi-factorial and involves the action of genes throughout the

complex multi-step process of carcinogenesis. At a molecular level, cell transforma-

tion results from the occurrence of genetic events that uncouple the cell from its normal

regulatory mechanisms of proliferation, differentiation and maturation. Cancer cells

continuously sense a message to undergo tomitosis without response to normal

regulatory signals (maturation or apoptosis) leading to the growth of a clone of

proliferative, immature and immortal cells [196]. To limit or stop cancer spreading,

two strategies have been suggested. The first corresponds to apoptosis inductionwhich

is the action of the most common therapeutic agents. Nevertheless, hormonal and

differentiation therapies play an increasing role [106,198–202]. Differentiation is also

a complex, multistep and highly regulated phenomenon. As a clonal disease, cancer is

initiated at the level of individual early progenitor cells leading to possible reversible

defects in differentiation [106,196,198–202]. Differentiation therapy reprograms

tumor cells resulting in loss of proliferating capacity and induction of terminal

maturation enhancing natural or induced apoptosis [106,196,198–202]. Then apoptosis

and differentiation therapies are two ways to achieve the same goal: cancer cell arrest.

Over the last few years, two aspects of SdFFF in oncology have been explored.

The first point concerns the studies of chemical apoptosis or differentiation induc-

tion and are (1) monitoring the induction of biological events (BE); (2) the separa-

tion of specific subpopulations of interest; (3) mechanistic and kinetic studies

including the exploration of potential links between the kinetics and extent of

a BE and cell status (i.e. cell cycle position).

The second point concerns the isolation of specific phenotypes from the original

crude population (culture cell line, tumor fragment) in order to study phenotypical

relationships, or for cancer stem cell sorting.

15.3.1.1 Monitoring Biological Events (BE)

Pioneering reports concerning the monitoring of BE used microorganisms to follow

cell growth, protein or rRNA production as a function of culture time and condition

[67,74,77,80]. Studies on red blood cells (RBC) monitored the emergence of

pathologies as well as followed age-dependent properties [138,139].

As apoptosis and differentiation led to morphological changes, it was supposed

that they could be monitored by SdFFF. After proper characterization of BE

induction, cells were eluted by SdFFF. Mean cell diameter was also measured on

crude populations (treated and control) and on collected fractions [106,147]. Mean

size determination was used to calculate Sdobs allowing the evaluation of size and

density evolution associated with BE induction [106,147]. Finally, elution profiles

of control (reference profile) and treated populations were compared as a function

of inducer, incubation time and concentration [106,144,146,147].

Figure 15.3 shows characteristic fractograms obtained with HEL cells (Human

Erythroleukemia cell line) incubated with various diosgenin concentrations. With a
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40 mM concentration, diosgenin induced apoptosis with complete cell death after

48 h incubation [144,146]. As early as 6 h incubation, an increase in retention time

was observed (Fig. 15.3). By using a downscales device [117], apoptosis detection

time was reduced to 3 h for only 103 injected cells. In contrast, 10 mM diosgenin

induced megakaryocytic differentiation associated with a decrease in retention time

as early as after 24 h incubation (Fig. 15.3) [106,146]. Table 15.1 summarizes

results published for different cell lines [115,117,144,146,147,174,187,188,199].

Results showed a correlation between BE induction and fractogram changes

regardless of the inducer and incubation time. With weak apoptosis inducers

(heco-and tigogenin), only very few changes were recorded [144]. With the excep-

tion of 40 mM diosgenin (apoptotic dose), an increase in Robs (decreased retention

time) was always observed, which is in agreement with the “Hyperlayer” model as

an increase in cell size was measured. A linear correlation between cell size

increase and Robs evolution could not be established [106,117,144,146,174]. Size

criteria alone are not sufficient to discriminate BE. Mean size and Sdobs
measurements demonstrate that BE are always associated with major and complex

changes in the size/density balance, parameters highly influencing SdFFF elution

[117,144,146,199]. Cell rigidity and shape have a secondary influence and are more

difficult to study. For example [144,146], 40 mM diosgenin, MG-132 or

staurosporin, which all induced significant apoptosis, provoked different morpho-

logical modifications.
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Fig. 15.3 Apoptosis and differentiation monitoring of HEL cells by SdFFF. After acquisition

of a reference profile, 40 mM diosgenin induced HEL apoptosis. As early as after 6 h incubation, an

evolution of fractograms with an increase in retention time was observed. In contrast, 10 mM
diosgenin induced megakaryocytic differentiation was associated with a decrease in retention

time. Elution conditions: flow injection of 100 mL cell suspension (2 � 106 cells/mL); channel

thickness: 125 mm; flow rate: 0.5 mL/min (sterile PBS, pH 7.4); external multi-gravitational field:

40.00 � 0.03 g, spectrophotometric detection at l ¼ 254 nm
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Fractogram changes are also connected with the kinetics of BE. Apoptosis,

which is a fast and short process leading to rapid and total cell death (24–48 h),

can be detected quite early by SdFFF while many biological methods usually

employed for characterization are not yet sufficiently sensitive (Western Blotting,

Elisa detection kit or Tunnel methods) [144,146,147,174]. In contrast, differentia-

tion is a longer and slower process only starting after many hours of incubation.

Again, SdFFF is able to detect the early stages of megakaryocytic differentiation of

HEL cells where specific markers such as cell ploı̈dy increase or CD41 and GpV

expressions are not significant [106,146]. Time-dependent monitoring is essential

to identify a BE.

In conclusion, by taking into account changes in major biophysical parameters

(size, density, shape, rigidity) occurring during BE induction, SdFFF alone appears

to be an effective monitoring tool for different BE in their early stages. Many

applications arise from these results such as: (1) screening series of molecules and

doses; (2) monitoring new BE models used in various life science fields. For

example, SdFFF has been used to explore native starch amylolysis [203,204]. The

association of monitoring and fraction collection permitted the study of the com-

plex enzymatic action as a function of granule size and incubation time; and (3) the

preparation of specific subpopulations [203,204].

15.3.1.2 Cell Separation of Specific Subpopulations

Apoptosis and differentiation are multi-parameter and multi-step processes with

complex regulation mechanisms. The use of a noninvasive separation method can

prepare an enriched subpopulation of interest which could be further used as a

model of BE mechanism and kinetic studies [189].

In apoptosis, pre-apoptotic cells, cells in the early stage of apoptosis, are the

population of interest [147]. Based on monitoring results [144], 1547 cells (human

osteosarcoma cell line) incubated 6 h with 40 mM diosgenin were eluted. Micro-

scopic observations, proliferation and apoptosis characterization demonstrated the

isolation of a pre-apoptotic population which led to a higher apoptotic ratio (16.8

versus control) in comparison to the whole treated population (1.7) [147]. This

separation was obtained with a 175 mm thick channel which better takes into

account density variations associated with early apoptosis signaling compared to

a 125 mm channel, as demonstrated by Sdobs analysis [147]. Such results were

confirmed on K562 cells, where SdFFF elution isolated different apoptotic stages in

the same population [174]. Each subpopulation could then be used as a model to

study the specific mechanisms and kinetics of induced apoptosis [174].

Comparable studies have been realized to purify differentiated cells from HEL

cells incubated with 10 mM diosgenin for 96 h. Table 15.2 summarizes the distri-

bution of biological properties in collected fractions. SdFFF appeared to be an

effective method to sort populations having specific degrees of maturation ranging

from undifferentiated cells (F3) to differentiated cells (F1) corresponding to large

non-proliferative cells with high ploı̈dy and CD41 expression [106].
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In all cases [106,147,174,187–189], associating cell separation under the

Hyperlayer mode to the characterization method leads to elution profile calibration

from biophysical (size, density) and biological (e.g. morphology, proliferation,

antigen expression, DNA content and fragmentation,..) points of view. Calibrated

conditions allow routine preparation of specific subpopulations of interest which

Table 15.2 SdFFF sorting of HEL cells incubated for 96 h with 10 mM diosgenin

[106,187,188]. SdFFF appeared to be an effective method to sort an enriched population of

megakaryocytic cells as shown by the results of the biological properties studied: in comparison

to a crude population, cells eluted in the first fraction led to the culture of large cells having

maximal ploı̈dy and CD41/GpA ratios. Therefore, cells eluted in F1 could be defined as

differentiated cells compared to cells eluted in F3 which behaved just like the control HEL

population

Control Treated cells (10 mM diosgenin for 96 h)

Crude TP F1 F2 F3

Mean diameter (mm) (Coulter Coulter) 12.70 15.08 15.28 17.15 13.57 11.82

Sd 2.932 1.219 _ _ _ _

Ploidy (%) (flow cytometry) 98% 56% 59% 15% 57% 95%

2–4 N 2% 44% 41% 85% 43% 5%

8–64 N

Ratio CD41/GpA (flow cytometry) 0.32 0.62 0.90 2.26 0.95 0.34

Cell culture and cell species UD M M D M UD

UD undifferentiated cells, M mixture of UD and D cells, D megakaryocytic differentiated cells

Incubation
time

Cultured cells

Control

Incubation with inducer

Early SdFFF cell sorting (calibrated conditions)

BE : characterization / kinetics

Washout (WO)

Treated cells

Sub-population
of interest

Sub - culture
with inducer

Sub-population
of interest

Unactivated cells Unactivated cells

Sub –culture
without
inducer

ABSdFFF (calibrated
conditions)

Incubation
with

inducer

C

Fig. 15.4 Protocol to study mechanisms and kinetics of induced biological events. Strategies

combining cell treatment and early SdFFF elution (calibrated elution conditions). (a) Populations

of interest are continuously sub-cultured with inducer. (b) After inducer washout, populations of

interest are sub-cultured without inducer; (c) Crude population, before any treatment, is used to

sort cells having same status (i.e. cell cycle), to study a link between the kinetics and extent of a BE

and cell status at the start of induction
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can be used in turn as models for the further investigation of different processes

such as mechanisms, kinetics or cancer therapy [174,187,189] (Figs. 15.1, 4 and

15.1, 5).

15.3.1.3 Mechanism and Kinetic Studies

These studies are based on the monitoring and cell sorting ability of SdFFF. The use

of a whole population as a cell model for BE, usually demonstrates global induc-

tion. Nevertheless, in many cases, as some parts of the population (apparently

homogeneous) are not concerned or involved in the process, a mixed population

of activated and inactivated cells is obtained leading to difficult interpretation

[174,189,205,206]. Then, continuous chemical exposure to inducer is needed. As

shown below, early SdFFF separation can prepare enriched subpopulations of

interest, and different strategies can be proposed (Fig. 15.4).

In the first (Fig. 15.4a,) cells are incubated for the minimal time necessary to

process induction and significant SdFFF monitoring. SdFFF elution performed on the

basis of previously calibrated conditions, allowing the preparation of subpopulations

of interest which are subcultured with inducers leading to an enriched population of

desired cells to accurately monitor BE process and kinetics. This protocol elucidates

the apparent contradiction between keratinocytic differentiation and extensive prolif-

eration in HaCat cells submitted to high level Ca2+ concentration [189].

The second protocol is identical to the first until fraction collection (Fig. 15.4b).

Then, subpopulations are this time subcultured in the absence of inducer ¼ wash-

out (WO). These types of strategies have been successfully used to study HEL

megakaryocytic differentiation and apoptosis in 1547 (human osteosarcoma) and

K562 cells (human erythroleukemia cell lines) [147,174,187,199]. The association

of WO and early SdFFF elution answers many questions such as (1) does the

inducer have to be continuously present to provide BE; (2) if not, what is the

minimal time needed to observe and monitor BE induction; (3) then, how does a

cell culture behave without continuous exposure to inducer? In particular, does the

BE lead to similar final stages or kinetics in enriched populations, and are the

remaining unselected cells resistant to therapy, or only unreceptive at the time of

inducer exposure? This last point is critical in the goal of chemotherapy research. If

a part of the cells are resistant, what could be the involved mechanism, and if they

are not resistant, in which cellular stage should cells be to obtain optimal induction?

To answer this crucial question: what is the potential link between the kinetics

and extent of a BE and cell status at the start of induction; SdFFF can be used

(Fig. 15.4c) to sort a crude population to prepare cells having same status (i.e. cell

cycle), demonstrating a direct link between sensitivity to molecules and cell cycle

position either for apoptosis or differentiation induction [115,188]. With these types

of protocols, the monitoring of Robs evolution, in particular the ratio between

fraction and control (normalized Robs or DRobs) can be used to follow evolution

of BE in the different fractions and not only on the total population, showing the

correlation between BE induction and SdFFF signal changes [174,188].
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The second set of experiments in Oncology concerning the isolation of specific

phenotypes from the original crude population (culture cell line, tumor fragment)

and performed in order to study phenotypic relationships, or for cancer stem cell

sorting, is developed in the next section.

15.3.2 Immature Cells: From Normal to Cancer Stem Cells

FFF in stem cell research started in the middle 90s with the work of Urbankova

et al. [98]. GrFFF was used to isolate mouse bone marrow stem cells before

transplantation to irradiated mice. DEP-FFF has also been proposed to eliminate

cancer cells from a mixture containing CD34+ hemathopoietic stem cells [207].

Important studies have also been carried out using GrFFF. Hematopoietic and

mesenchymal stem cells, two important stem cell populations, were purified, with

and without stop-flow injection methods [14,109–111]. DEP-FFF was also success-

fully used in the isolation of rare (circulating) tumor cells and stem cells from

peripheral blood or from adipose tissue [103,113,118].

The pioneering work in neurology [142] demonstrated the capacity of SdFFF to

sort viable, sterile and useable populations of cortical neurons from complex

mixtures of E17 rat embryonic cortices. This study has been used as a model for

the isolation of embryonic neural stem cells from avian olfactory epithelium [148].

In the nervous system, the olfactory epithelium (OE) provides an interesting tool to

study stem cells and set up isolation from different cell types. The OE consists of

four cell types: (1) Sustentacular cells, (2) Olfactory Receptor Neurons (ORNs),

and two basal populations of proliferative cells. ORNs are continuously replaced in

both immature and adult animals. Several pieces of evidence suggest that the basal

cells are a self renewing source of new sensory neurons and act as stem cells

[208–210].

“Hyperlayer” elution gave an enriched population of immature cells which led to

the subculture of cells having many stem cell properties: undifferentiating, self-

renewal capability and multipotentiality by regeneration of all olfactory epithelium

cell types [148]. These results open many perspectives concerning neurogenesis

and neuroregeneration after extension to a mammalian model (rodent).

Original applications in stem cell biotechnology have also been reported [145].

SdFFF elution of genetically modified mouse embryonic stem cells (ES cells)

results in, after proper biological fractogram calibration based on in vitro develop-

mental potential and cell cycle correlation, the isolation of ES cells having the most

in vivo potential to obtain transgenic mice with a high degree of chimerism and

germinal transmission of gene modification.

At the same time, reports on cancer cell lines showed the capacity of SdFFF to

sort populations according to the degree of differentiation. Like neuroblastomas

(NB) and glioblastomas (GB), many tumors and derived cell lines, are composed of

heterogeneous populations with cells in various stages of differentiation. Heteroge-

neity affects treatment outcome, in particular response to apoptotic chemotherapy.
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It is of utmost importance to understand the natural process of differentiation in

order to improve treatment response.

The SH-SY5Y cell line (human neuroblastoma) is heterogeneous with the

presence of distinct morphological cell types. Large Stromal cells (S-type cells)

eluted first and appeared as adherent differentiated cells expressing N-CAM. In

contrast, the last eluted cells were small Neuroblastic undifferentiated Fas-

expressing cells (N-type) [143]. These non-adherent cells formed neurosphere-

like structures as described in the case of neural stem cells. Similar results were

obtained with IMR-32, another human neuroblastoma cell line. SdFFF subpopula-

tion enrichment demonstrated [211] (1) the presence of two distinct populations of

undifferentiated cells (N-type cells); and (2) the kinetics of population differentia-

tion. One N-type population was composed of quiescent cells present in large

aggregates. The second contained proliferative cells forming small aggregates

which released cells in intermediate stages of differentiation at their periphery,

which then migrated to the culture flask surface where they finished maturating into

S-type cells or stromal cells expressing neuron markers [211]. From this model, the

role of each population in tumorigenicity and malignancy has to be defined by

in vitro and in vivo studies, after routine preparation by SdFFF.

These results are linked to immature cancer cell isolation [143,211]. Increasing

bibliographic data describe the presence of immature and cancer stem cells in tumors

and derivative cell lines [212–217]. They appear to be responsible for malignancy

and resistance to therapy (radio- and chemotherapies) [216,217]. Gentle separation

of these populations should be of great interest from various points of view such as

(1) enrichment of subpopulations [116,143,211]; (2) phenotypic relationship and

differentiation kinetic studies [211]; (3) studies of specific sensitivity to apoptosis or

differentiation chemotherapies and therapeutic trials using combined induction

[116]; and (4) in vivo studies of tumorigenicity, metastatic development and drug

efficacy after transplantation. In recent work on glioblastoma U87-MG cells, SdFFF

separated two major cell subpopulations, a more differentiated cell fraction,

containing large and adherent cells, sensitive to Fas-induced apoptosis and another

one, characterized by small cells forming aggregates, expressing CD133, a marker

of stem cells and more resistant to Fas-activated apoptosis [217]. These results

suggest that these immature stem cells in gliomas could be a major factor implicated

in resistance to chemotherapy requiring apoptosis through the Fas signaling system.

Indeed, future strategies of treatment, inducing differentiation of these stem cells

need to be considered to enhance therapeutic efficacy [116]. Actually, these results

have been exported to a colorectal cancer model.

15.4 Conclusion

Early defined as a promising method for cell sorting and biological applications,

SdFFF played a pioneering role in many separation fields. Used originally as a cell

sorter 30 years ago by Caldwell and co-workers, this macro-scaled method can now
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be described as a mature technique. Based on cell biophysical properties, SdFFF

gives a gentle, non-invasive and “tagless” elution/separation, respecting cell integ-

rity and function in order to investigate many important aspects of cell biology

which include cell death and differentiation (development and oncology), or stem

cell research. Recently, Roda et al. [14] described FFF as the “Best-kept-secret” in

bio-separation sciences. SdFFF and GrFFF can be defined as “the secret in the

secret” in the field of cell separation. There are many reasons for that, such as

(1) the development of SdFFF inside a framework mainly devoted to chemistry like

separation concerning macromolecules and colloids with principal applications in

environmental sciences, as observed with the major emergence of AsF4; (2) the

efficacy of SdFFF as measurement tool for sample properties (size, density, diffu-

sivity) and forces; (3) the device complexity and until now poor commercial

availability of upgradable equipment allowing a rapid change of channels (material,

geometry,. . .); and finally (4) the lack of on line hyphenation with very selective

detectors, as in the case of MALS for AsF4. Nevertheless, recent reviews on cell

separation methods, produced by non-FFF specialists, have started to reference FFF

devices and applications [13,15], leading to discovery of the secret? On the other

hand, many instrumental developments still need to occur concerning scale reduc-

tion, sample dilution, output capacity and hyphenation with cell characterization

methods such as specific noninvasive detectors.
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Chapter 16

Isolation and Characterization

of Cells by Dielectrophoretic Field-Flow

Fractionation

Peter R.C. Gascoyne

Abstract Dielectrophoresis (DEP) is a spatially inhomogeneous force field phe-

nomenon that arises when dielectrically-polarizable particles are subjected to a

spatially inhomogeneous, alternating electric field. DEP may be applied by a

microelectrode array and, with appropriate choices of suspending medium and

electric field voltage and frequency conditions, can be used to impose differential

forces according to the properties of different microparticle types in a mixture.

Because the intensity and direction of the DEP force may be controlled electroni-

cally, it is versatile in FFF applications. The physical principles of DEP-FFF

fractionation involving the balance of DEP, sedimentation and hydrodynamic lift

forces, are described with special emphasis on applications to living cells. It is

shown how batch-mode DEP-FFF elution profiles obtained under appropriate

operating conditions may be used to profile the density, mechanical flexibility

and membrane capacitance properties of cells. Finally, the principles of high

throughput isolation of target particle types by continuous-flow DEP-FFF are

treated. This method is applicable to clinical applications including the antigen-

independent isolation of rare circulating tumor cells from blood.
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16.1 Introduction

The imposed forces determining the elution behavior of dissimilar particle types in

field-flow fractionation (FFF) balance at unique equilibrium positions only if at

least one varies spatially relative to the accumulation wall. Therefore, considerable

interest lies in inhomogeneous field types that are easy to manipulate. Dielectro-

phoresis (DEP) is a spatially-variant field effect that is instantly controllable by

programming the voltage and/or frequency of an electric excitation signal. DEP

forces may be positive or negative depending on the particle dielectric and conduc-

tivity characteristics relative to the suspending medium and the chosen frequency of

the applied electric field. Therefore, programmed DEP allows smooth transitions

from steric to hyperlayer FFF modes to be achieved and enables either or both

modes to be used during a single run to fractionate particles according to their

dielectric properties.

As with many field types, Giddings was the first to apply DEP to FFF [1, 2].

However the complexities of creating appropriate field patterns and the dominant

role of the charge double layer, rather than intrinsic molecular properties, in

controlling DEP forces on molecules in aqueous suspensions led the technique of

DEP-FFF to languish in physical chemistry. Greater interest in DEP was kindled by

physicist Herb Pohl [3] who used it to manipulate living cells based on their

dielectric properties. Several laboratories subsequently played key roles in

elucidating the theory and practice of DEP [4–7], lending an understanding of the

biophysical basis for cellular responses [8–10] and inventing methods to apply field

patterns to enable the DEP characterization, manipulation, and isolation of cells

[11–14]. Subsequent efforts, especially in micro-fluidic and micro-total analysis

systems, have applied DEP for cell sorting and isolation based on these early

developments [15–19]. An outstanding review of DEP has been given recently by

Pethig [17]. Unfortunately, most DEP embodiments suffer from extremely low

throughput rates with no feasible route to scale-up, making them unrealistic for

real-world preparative and specimen analysis applications.

Following early demonstrations of the DEP discrimination of normal and cancer

cells in micro-devices [20, 21], our laboratory addressed this central issue of realizing

higher throughput by moving from a single step sorting concept employing a small

group of electrodes to a chromatographic approach that integrated the effect of passing

cells rapidly over thousands of microelectrodes covering a long flow path in a much

larger device [22, 23]. Similar reasoning led Markx, Pethig and Rousselet indepen-

dently to an almost identical approach [24]. The result was the development of DEP-

FFF on large microelectrode arrays, a method that can be used to process millions of

cells at much faster rates than microchips yet exploit the same microscale physical

principles. This chapter describes the application of the DEP-FFFmethod to mamma-

lian cell mixtures and demonstrates how it can be employed to derive population

profiles for cell density, membrane capacitance and cell mechanical properties in a

batch implementation and to prepare cell isolates from large samples including the

extraction of very rare cells from clinical blood specimens in a continuous flow
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implementation. Despite the emphasis onmammalian cell mixtures in this chapter, the

theory and methods are adaptable to other types of particle mixtures where dielectric

differences are a useful discriminant – including plant cells, bacteria, cell organelles,

as well as industrial microparticles.

16.2 The Force Fields in DEP-FFF

In hyperlayer mode DEP-FFF, the height h above the accumulation wall at which a

particle moves through the FFF chamber, and hence its elution behavior, is deter-

mined by the balance of vertical DEP, sedimentation and hydrodynamic lift (HDL)

forces:

Fsed þ FDEP þ FHDL ¼ 0: (16.1)

In this case, the particle transit time through the chamber is controlled by the

fluid flow rate (Fig. 16.1).

In stericmodeDEP-FFF, the particles come into contactwith the accumulationwall

and a vertical contact forceFcontact comes into play so thatFsed þ FDEP þ Fcontact ¼ 0.

Steric (friction-like) interactions occur between the particle and the wall, slowing

the lateral translation, and making the elution process a complex function of particle-

wall contact interaction properties (Fig. 16.1).

flow

V

h

Fsed

FHDL + FDEP

Fsed + FDEP

Fcontact

Hyperlayer
Mode

H

DEP microelectrode array

Steric
Mode

Fig. 16.1 The balance of forces in DEP-FFF in hyperlayer mode and steric mode. The DEP force

is applied by a microelectrode array covering the accumulation wall of the chamber
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In normal mode FFF, the distribution of particles is dominated by diffusion and

particle distributions in the flow stream must be described thermodynamically.

DEP-FFF may be applied for normal mode fractionation of molecules and suffi-

ciently small cell organelles and nanoparticles for which diffusion is significant on

the time scale of the elution. However, because biological cells, including bacteria,

exceed ~1 mm in diameter, their diffusion at temperatures compatible with cell

viability is extremely weak and does not contribute significantly to FFF elution

behavior; therefore it will not be treated here.

16.2.1 Sedimentation Force

Fsed is the sedimentation force 4
3
p � R3 rp � rs

� �
g, where rp and rs are the densities

of the particle and the DEP-FFF elutant medium, respectively, and g is the acceler-
ation due to gravity. The cell density for a given particle is usually considered to be

a fixed parameter, but alterations in suspension conditions such as osmolarity may

impact it dynamically.

16.2.2 Dielectrophoretic Force

FDEP arises from the dielectric response of a particle to an imposed inhomogeneous

electric field [3, 4, 25]. The field induces electric polarization whereby equal and

opposite charges build up on opposite sides of the particle to form an electric dipole.

Because the electric field varies spatially, the field intensities on the opposing

charges on either side of the particle are different, imposing coulombic forces

that do not balance. The residual net force, called the dielectrophoretic force, acts

on the particle even though it retains zero net charge. Because reversal of the field

also causes reversal of the particle polarization, the DEP force direction is indepen-

dent of the field sense. These properties of independence to net particle charge and

field direction distinguish the dipolar DEP phenomenon from electrophoresis, its

better known monopolar cousin. The buildup of charges in DEP is not spontaneous

but depends on both particle dielectric and geometric characteristic and the medium

[3, 4]. Particle DEP responses to fields of different frequencies may be used to infer

the particle properties and to impose separation forces on different particle types.

Suitable inhomogeneous electric fields for DEP can be created by an array of

phased electrodes and, depending on the configuration and excitation phases, the

electric field pattern may move through space (a so-called traveling wave) or form a

fixed field pattern [14, 24]. Although DEP forces for many field types have been

explored, in FFF FDEP is usually produced by a fixed electric field distribution created

by energizing, in anti-phase, two interdigitated arrays of microelectrodes patterned all

over the accumulation wall of the FFF chamber. Pethig’s group was the first to
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introducemicrolithography for the fabrication of precise arrays inDEP [26].When the

electrode array consists of parallel plain microelectrode strips (Fig. 16.2a) of equal

width and spacing s, the vertical component of the DEP force due to fringing fields

above the electrode plane may be written (adapted from [23]) as

FDEP ¼ 2pese0R3 � Re fCMð f Þ½ � � qðhÞ � Peff ð f Þ � V
� �2

; (16.2)

where Vis the AC voltage of frequency f that energizes the microelectrode array to

provide the electric field. V and f may be adjusted to program the DEP response.

The geometric scaling function

qðhÞ ¼ � 176

d3

� �
: exp � 4ph

d

� �
(16.3)

defines the height dependency of the intensity of the DEP field above the electrode

plane (Adapted from [23]) and depends on the electrode periodicity, d ¼ 4s (Fig. 16.2a).
Peff ðf Þ, which ideally approaches unity, defines the proportion of the applied excitation
voltage that is effective in imposing a DEP force on particles within the eluate. As

defined here, it accounts for frequency-dependent voltage drops caused not only by

electrode polarization at the electrode-eluate interface [23] but also by electrode

imperfections and stray impedance in the leads, buses and electrodes downstream of

the voltage measurement point. Therefore, Peff ðf Þ lumps together all the unknowns of

the DEP configuration into a single parameter that can be readily determined experi-

mentally from the DEP-FFF elution characteristics of standard particles such as
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Fig. 16.2 (a) The maximum DEP force generated on particles as a function of height above the

accumulation wall for microelectrode spacings of s ¼ 25 mm and s ¼ 50 mm. Inset: a 15 mm

length of the microelectrode array showing a close-up of individual microelectrodes with s ¼ 50

mm and d ¼ 200 mm; (b) The frequency dependency of the Clausius-Mossotti factor at a suspen-

sion conductivity of 30 mS.m�1 according to the single-shell model for mammalian cells [9, 10].

Tumor cells typically respond as curves 1 & 2; granulocytes as curve 5; lymphocytes as curve 6
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polystyrene beads (described in Sect. 16.3.1). It is the only calibration term needed to

define the performance of a practical DEP-FFF instrument and, although it may alter

over time, it can remain stable for many months of operation with good electrode care.

Re fCMðf Þ½ �, the real part of the Clausius-Mossotti factor [3, 4], describes the

frequency-dependent dielectric polarization properties of the particle of radius R
within its eluate medium, which is assumed to have a dielectric permittivity ese0. This
factor for mammalian cells has been the subject of numerous papers [8–10, 14, 25].

Ifmammalian cells are suspended in amediumhaving amuch lower conductivity than

their cytoplasm and they have an intact membrane barrier function, then their dielec-

tric responses are dominated by themembrane. Over the approximate frequency range

1 kHz<f< 1MHz, the real part of the Claussius-Mossotti factor can then be defined in

terms of a single “crossover” frequency f0 at which cells exhibit a null DEP response

[8–10]:

Re fCMð f Þ½ � ¼ f 2 � f0
2

f 2 þ 2 f0
2
: (16.4)

Cells then exhibit three regimes of behavior:

1. When f<f0, the polarizability of the cell is smaller than the suspending medium,

Re fCMðf Þ½ � is negative and the DEP force is repulsive. The factor approaches –½

when f<<f0 and maximum DEP repulsion occurs.

2. When f ¼ f0, the effective polarizability of the cell matches that of the

suspending medium, Re fCMðf Þ½ � equals zero and the DEP force vanishes. Cells

undergoing DEP-FFF revert to conventional sedimentation FFF behavior at this

frequency. (Note that the DEP force can also vanish over a wide range of

frequencies for cell debris having an ineffective plasma membrane barrier.)

3. When f>f0, the cell polarizability exceeds that of the medium, Re fCMð f Þ½ � is
positive and the DEP force is attractive towards the accumulation wall. The

factor approaches +1 when f>>f0, resulting in maximum steric interaction

between cells and the accumulation wall in DEP-FFF.

16.2.3 Cell Suspension Conditions for Dielectrophoresis

Under physiological conditions, the conductivity of the cytoplasm of a mammalian

cell exceeds 1 S.m�1 and has an osmolarity of �300 mOs. So that the cell is

suspended in a medium having a lower conductivity than this to allow attractive

DEP forces to be applied, the eluate is usually chosen with a conductivity in the

range 30–100 mS. m�1. An ionic solution with this conductivity has low osmolarity

and the eluate is supplemented with a non-ionic osmolyte to avoid inflicting

osmotic stress on the cells. This osmolyte is usually a cell membrane-impermeant

sugar such as 9.5% sucrose or 5.1% mannitol. The requirement of using a low
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conductivity eluate also demands that steps be taken to reduce the ionic conductiv-

ity of clinical specimens as they are interfaced to DEP-FFF fractionation. If cells

are left in low conductivity eluate for > ~1,000 s, their DEP behavior alters

because changes occur in their dielectric properties, probably as a result of ion

leakage from the cytoplasm and non-ideal osmotic responses of the cell membrane

towards the sugars. Therefore, DEP-FFF runs should be designed to be completed

in <1,000 s.

16.2.4 Hydrodynamic Lift Force (HDLF)

In our early DEP-FFF studies, flow shear rates were kept low enough that HDLF

was negligible compared with other applied forces. However, low flow rates result

in slow elution times, low throughput, and long exposures of cells to low conduc-

tivity eluate. Therefore faster flow rates that introduce concomitant HDLF

responses are now used. A body of work has considered HDLF effects and

identified contributing factors including wall effects, particle rotation, and particle

deformation [27, 28]. Importantly, FFF retention times of mammalian cells depend

on cell shape and rigidity [29, 30], indicating that cell structural and mechanical

properties may be accessible though FFF measurements.

The velocity profile for a flow of rate B through a channel of height H and width

W is parabolic at low Reynolds numbers and the fluid at height h above the

accumulation wall moves with a velocity vf given by

vf ¼ _v0h 1� h

H

� �
(16.5)

where _v0 ¼ 6v0
H is the flow shear rate at the wall and v0 ¼ B=ðHWÞ is the mean fluid

flow velocity. Abkarian and Viallat [31] and Mader et al. [32] showed that the lift

force on deformable lipid vesicles, the most cell-like synthetic particles for which

HDLF-shape correlations have been reported, depended on vesicle geometry

according to the relationship

FHDL ¼ �� _v0
R3

h
� F Vð Þ (16.6)

where � is the dynamic viscosity of the eluate and FðVÞ is a dimensionless

geometry function (0<FðVÞ<1). This function was found to increase for increasing

deviations from vesicle sphericity with even a relatively small change resulting in a

30-fold variation in FðVÞ. Both stable and shear-induced asphericity contributed to
increases in FðVÞ [31, 32]. Membrane heterogeneity and linkages between the

membrane, the sub-membrane matrix and the cytoskeleton imbue cells with a richer

pallet of mechanical responses than lipid vesicles. It is therefore helpful to
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recognize the mechanical contributions to HDLF of the cytoskeleton and plasma

membrane,Mcyt andMmem, explicitly, and express the force on mammalian cells as

FHDL ¼ �� _v0
R3

h
� F Mcyt;Mmem

� �
(16.7)

16.3 Characterizing Cell Properties by Batch DEP-FFF

The expressions for Fsed, FDEP and FHDL indicate that the DEP-FFF force balance

condition depends on particle density rp, radius R, crossover frequency f0, and
mechanical deformability, Mcyt & Mmem. Therefore, height differences of particles

during DEP-FFF may be exploited to investigate these parameters or to achieve

fractionation. Batch and continuous flow implementations of FFF may be used.

In batch FFF, an aliquot of particle mixture is loaded onto one end of the

separation chamber and allowed to relax onto the accumulation wall without eluate

flowing. Eluate flow is then initiated with the fractionation fields applied. Particles

reach equilibrium heights according to their physical properties in the applied fields

and are transported through the chamber at corresponding velocities. Different

particle properties are thereby mapped into different elution times. Discrimination

depends on the effective plate height, which can be increased up to some limit by

lengthening the chamber. While the particles are in transit, the fields may be

programmed allowing great flexibility for particle characterization experiments.

Throughput of batch methods is limited by the allowable loading capacity for each

batch and the time taken for the slowest particles to elute (see Sect. 16.3.6).

By undertaking batch DEP-FFF on multiple aliquots of the same cell mixture

under different, carefully chosen field conditions, it is possible to deduce the

profiles of the cell physical properties shown earlier to contribute to the forces

[33]. Because the force balance expressions are highly non-linear, this can be

achieved most readily by mapping the cell elution profiles to the cell parameter

domains computationally. To determine the appropriate mappings, it is necessary to

know the relationship between the velocity vp at which a cell is carried in an FFF

chamber and its height h above the accumulation wall in the hydrodynamic flow

stream. A combination of torque, wall, and lateral forces modifies vp from the eluate

velocity vf (Eq. 16.5) at the same height. Empirical equations derived from experi-

mental data [27, 28] allow the particle velocity to be written as:

vp
R _v0

¼ 0:7431 1þ h=Rð Þ
0:6376� 0:2000 log h=Rð Þ for h<<R; and (16.8a)

vp
R _v0

¼ 1þ h=Rð Þ 1� 5

16

1

1þ h=Rð Þ
� �3

" #
for h>>R: (16.8b)
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Conveniently, the blended function

vpðhÞ ¼ R _v0 1þ h=Rð Þ min
0:7431

0:6376� 0:2000 log h=Rð Þ ; 1�
5

16

1

1þ h=Rð Þ
� �3

 !

(16.8c)

transitions smoothly between the two cases and may be used for computational

purposes [33].

16.3.1 Cell and Particle Density

As shown earlier, the Claussius-Mossotti factor approaches –½ when the applied

electric field frequency is well below the cell crossover frequency f0, leading to

maximum DEP levitation above the accumulation wall. The levitation may be

arranged to be so high that HDLF becomes negligible. For example, for a micro-

electrode width and spacing s ¼ 50 mm, an applied voltage V ¼ 3 Vp-p at 15 kHz, a

chamber height H¼ 350 mm, and using an eluate of 9.5% sucrose at a conductivity

30 mS.m�1, the levitation height is in the range 20 mm <h <40 mm for most

mammalian cell types. This is well above the height range for which HDLF is

significant for mean flow velocities as long as v0<5 mm.s�1. Under these

conditions, the force balance condition simplifies to Fsed þ FDEP � 0 and by

substituting the expressions given earlier, and rearranging, we obtain

h ¼ d

4p
ln

132 � ese0 � Peff ð f Þ � V
� �2

rp � rs
� �

g � d3
 !

for f<<f0ð Þ (16.9)

This is a variant of the expression used to describe DEP-FFF behavior in our

early studies in which HDLF was neglected [22, 23] and it may be used in

conjunction with Eq. 16.8c to allow particle transit times to be mapped directly to

particle densities rp. The only unknown in Eq. 16.9 is the calibration term Peff ðf Þ.
Fortunately, polymer microbeads of different known densities are readily available

and these have dielectric properties that satisfy Eq. 16.9 at all frequencies used for

cell DEP-FFF. Therefore, Peff ðf Þ may be measured and periodically checked using

the elution times of one or more known bead types. After calibration, DEP-FFF

elution profiles for cells may be mapped exactly to high resolution cell density

profiles [33]. Figure 16.3a shows DEP-FFF elution profiles for blood and tumor

cells mapped to density profiles in Figure 16.3c using calibration results for hollow

glass beads of different, known densities that were prepared by isopycnic focusing

on a sucrose stepwise density gradient.
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Because a typical cell DEP-FFF run under density measurement conditions is

completed in less than 5 min, this method is faster and provides higher resolution

than conventional centrifugation or sedimentation methods and can also be used for

rapid, high resolution fractionation based on density. It is noteworthy that this

method does not depend on dielectric properties that are unique to cells and it may

be applied to characterize or fractionate any non-conductive particle type by density.

16.3.2 Cell Shape and Deformability

When the DEP force is zero, the force balance condition simplifies to FsedþFHDL¼0

under flow conditions that are sufficiently fast for steric interactions between

particles and the accumulation wall to be negligible, so that

� _v0
R3

h
� F Mcyt;Mmem

� � ¼ 4
3
pR3 rp � rs

� �
g; (16.10)

giving

F Mcyt;Mmem

� � ¼ 2pH rp � rs
� �

g

9v0�
h: (16.11)
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To examine the form of dependency of F Mcyt;Mmem

� �
on flow rate explicitly,

the particle velocity can be approximated as being the same as the fluid velocity at

the same height, to yield

v ¼ 27�

pH2 rp � rs
� �

g
� F Mcyt;Mmem

� � � v02 for h<<H: (16.12)

This shows that a plot of cell velocity v versus v0
2 has intercept zero and slope

27�

pH2 rp � rs
� �

g
� F Mcyt;Mmem

� �
.

More properly, the slope is computed by regression analysis of the cell elution

times using Eq. 16.8c. It follows that conventional sedimentation FFF conducted as

a function of eluate flow rate may be used to determine the ratio of cell mechanical

properties to density
F Mcyt;Mmem

� �
rp � rs
� � for particles and cells.

rp can be determined in the same apparatus as described in Sect. 16.3.1 though,

unfortunately, rp and F Mcyt;Mmem

� �
cannot be determined simultaneously for each

cell. Rather, from the precise distribution obtained for rp, an estimate of the

distribution of F Mcyt;Mmem

� �
may be derived from the sedimentation FFF data.

Nevertheless, in all cases examined, mammalian cells of a given type have a much

narrower distribution of densities than of mechanical properties, making the

derived distributions of F Mcyt;Mmem

� �
reasonably accurate [33].

Most mammalian cells relax into a spherical shape following harvest and in this

case F Mcyt;Mmem

� �
can be expected to depend on cell deformability in the FFF

shear field. However, if the cell shape under non-shear conditions is non-spherical,

both shape and deformability characteristics need to be deduced from the dependency

of F Mcyt;Mmem

� �
on v0

2. The non-zero intercept reveals the shape parameter under

non-shear conditions and the slope gives the deformability response as before. Tong&

Caldwell [30] showed that erythrocytes, which have discoid morphology under non-

shear conditions, exhibited a significant increase in retention times following chemical

fixation as a result of their reduced deformability under shear conditions in sedimen-

tation FFF, a finding that is consistent with this analysis.

16.3.3 Cell DEP Crossover Frequency

To determine the profile of cell crossover frequencies f0, the electric field frequency
can be programmed to sweep downwards during a DEP-FFF run from fstart to fend,
where fstart>>f0 and fend<<f0 [33]. Initially DEP will attract cells strongly to the

accumulation wall and impose large steric forces that will keep cell velocities close

to zero. As the frequency sweeps downwards, DEP attraction will decrease until it

reaches zero at f ¼ f0 and sedimentation FFF conditions prevail. Still further into
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the sweep, cells will be levitated and finally approach the conditions used to

determine cell density in Sect. 16.3.1.

Providing the cell velocity is negligible during the steric phase of the sweep and

cells approach their maximum velocity soon after lift off from the accumulation

wall then the elution time is dominated by two factors, namely the time at which the

sweep reached f ¼ f0 and the maximum velocity determined by the cell density in

Sect. 16.3.1. By using this concept together with the deformability properties

determined in Sect. 16.3.2, reasonably accurate distributions for f0 of cells may

be computed. Examples calculated by computer analysis of 15 kHz elution profiles

for density, no DEP profiles for HDLF, and sweep frequency DEP profiles results

for distributions of crossover frequencies for human blood and cancer cells are

shown in Fig. 16.3d. The mean f0 results compare favorably with those obtained for

similar cell types by direct DEP crossover frequency [34] and electrorotation [10]

measurements performed one cell at a time.

16.3.4 Cell Membrane Capacitance

The crossover frequencies f0 derived in Sect. 16.3.3 may be expressed in terms of

the effective conductivities ss and sp and the electric permittivities es and ep of the
suspending medium and cells, respectively [35], as

fo ¼ 1

2p
ss � sp
� �

sp þ 2ss
� �

ep � es
� �

ep þ 2es
� �

( )1=2

: (16.13)

showing that cells have a crossover frequency as long as sp<ss and ep>es. The
parameters ep and sp may be understood in terms of cell biophysical properties by

applying a suitable dielectric model such as the single shell model [9] that is

appropriate for most mammalian cell types. This model shows that

fco � ss
p
ffiffiffi
2

p � RCmem

for sp<<ss (16.14)

where Cmem is the effective capacitance per unit area of the cell plasma membrane

[10]. For viable mammalian cells, this approximation is usually valid as long as

ss>>3mS.m�1.

Equation 16.14 shows that fco depends linearly on the eluate conductivity ss. For
practical purposes, it is useful to write the cell DEP properties in the form

Lcell ¼ fco
ss

¼ p
ffiffiffi
2

p
� RCmem

	 
�1

: (16.15)
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where Lcell is the crossover frequency per unit conductivity for the given cell type.

The crossover frequency expected for the cell in an arbitrary eluate is then

fco ¼ Lcell � ss, allowing the required frequency setting to be calculated to obtain

the desired DEP-FFF behavior in that eluate.

The total cell membrane capacitance of the cell is Ctot ¼ 4pR2 � Cmem and

therefore the membrane capacitance per unit area and the cell total capacitance

distributions for cell mixtures can be derived directly from the f0 distributions

obtained in Sect. 16.3.3. Unlike conventional electrophysiological determination

of cell capacitance that demand insertion of microelectrodes and several minutes of

measurements for each individual cell, DEP requires no cell contact and provides

cell capacitance population profiles for up to 106 cells within 15 min.

16.3.5 Combined Computational Approach

If a series of sequential DEP-FFF experiments is conducted on aliquots of a cell

mixture using DEP settings (1) f<<f0 (e.g. 15 kHz); (2) no DEP at 2 or 3 flow rates;

and (3) a sweep fstart ! fend, where fstart>>f0 and fend<<f0 (e.g. 200 kHz to

15 kHz); then the resulting elution profiles may be processed computationally

using the concepts described above and taking into account the exact form of the

forces [33], to yield (1) the exact distribution of cell densities; (2) an extremely

good approximation for the distribution shape and of cell deformability properties;

(3) a very good approximation for the distribution of cell membrane capacitance.

We have applied these methods to a number of different cell types, using an

eluate of 9.5% sucrose and 30 m.Sm-1, s ¼ 50 um, and chamber dimensions of

L ¼ 300 mm, W ¼ 24 mm and H ¼ 0.47 mm. Density measurements were

conducted at f¼15 kHz, V ¼ 2.8Vp-p and a flow rate of 3 mL/min. FFF

measurements used V ¼ 0 and flow rates of 3, 6 and 9 ml.min-1. DEP-FFF

sweepmeasurements used settings of V ¼ 2.8Vp-p, fstart ¼ 200 kHz, fend ¼ 15 kHz

and a logarithmic sweep over 600 s at a flow rate of 3 mL/min.

Figure 16.4 shows a log-log plot of mean cell total capacitance Ctot versus mean

cell radius R for 26 different cell types. Because Ctot reflects total plasma membrane

area, this plot reveals the power law relationship between total membrane area and

cell size. Conventional wisdom might dictate that the membrane area should vary

with the square of the cell radius, as it does for a smooth sphere, so that that the

slope of the plot should be 2. However, the cell total membrane area is found to

depend on the cube of the cell radius (slope ¼ 3). This suggests that mammalian

cells develop as much surface area as is needed to exchange nutrients and

metabolites between the cell interior and the extracellular space in accordance

with a total metabolic exchange that occurs on a per volume basis. This result is

reasonable if cell activity is not diffusion-limited, meaning that the extracellular

space has an abundance of nutrients and can rapidly absorb the metabolic

byproducts from the cell. This result in turn suggests that, in general, mammalian
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cell size is not determined by ambient nutrient conditions, unlike single-celled

organisms such as phytoplankton that exhibit nutrient-dependent size [36, 37].

This dependency of Ctot on R3 has important implications for cell sorting

applications. Circulating cancer cells are significantly larger than other cells in

the peripheral blood and in addition their high glycolytic activity causes their

membrane capacitance to be much higher than that of peripheral blood cells. DEP

is able to exploit this biophysical characteristic to improve the discrimination

between tumor and blood cells. An important upshot is that the DEP crossover

frequencies for all tumor cell types we have measured are well below those of blood

cells, allowing similar DEP settings to be used to isolate any type of CTC from

blood by DEP-FFF (Fig. 16.4).

16.3.6 Batch DEP-FFF Loading and Throughput Capacity

It is important to note that the expressions given above to describe the DEP force on

particles (Eq. 16.2) and to derive the Claussius-Mossotti factor for individual cells

(Eq 16.4) are based on dipolar considerations only. Jones has analyzed the

conditions under which dipolar assumptions are valid and finds that particles

begin to experience dipole-dipole interactions that can affect their dielectric behav-

ior when they are less than about 5 diameters apart [4]. It follows that to ensure ideal
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operation according to the expressions given earlier, the loading concentration for

DEP-FFF needs to be controlled to achieve adequate particle separation.

To compute the spacing of particles for a given injection concentration, it can be

considered that they settle into a 2-D layer during relaxation. Acrivos et al. [38]

have shown that high concentrations of particles in an electric field can undergo a

dielectrically-induced phase change in which the particles accumulate into a sepa-

rate phase from the suspending medium and we have shown that DEP-FFF becomes

much less efficient as such concentrations are approached [39].

If, in a batch run, the front end of a DEP-FFF chamber of height H is filled with a

particle concentration N m�3 then, after relaxation, the mean particle spacing at the

accumulation wall is D ¼ HCð Þ�1
2. To achieve a spacing of at least 5 diameters,

the maximum concentration of particles in the mixture is Nmax ¼ 25d2Hð Þ�1
, or

N � � 106 particles of 10 mm diameter per mL. If the DEP-FFF chamber has a

volume of 5 mL and the chamber load is 10% of its volume, then a maximum of

5 � 105 particles can be processed per batch to satisfy the spacing requirement. If the

turnaround time per batch is 15 min then this sets the maximum throughput rate at

around 2 � 106 particles per hour for batch mode operation under these conditions.

This maximum loading capacity is not a problem for analytical applications but it is

very low in most clinical situations. For example, it is at least 20 times lower than is

needed for analysis of peripheral blood mononuclear cells (PBMNs).

16.4 Continuous Flow DEP-FFF

In continuous FFF implementations, differences in the heights above the accumula-

tion wall at which different particle types arrive at the chamber outlet are exploited by

skimming off the eluate laminae that contain the desired types. The first such imple-

mentation, developed by Giddings [40] and termed Split-Flow Lateral-Transport Thin

(SPLITT) separation, injects the particle mixture at the top of the chamber at the inlet

end. During transit, different particle types move downwards towards the chamber

bottom at different rates under the influence of the applied fields. Particles are not

required to reach equilibrium heights in SPLITT as long as they attain sufficient height

differences to be skimmed off in different flow laminae at the exit end.

In continuous flow DEP-FFF, on the other hand, the particle mixture is injected

slowly as a laminar flow through a slot at the bottom of the inlet end of the chamber

while a much faster laminar flow of eluate is injected to join it from above. The two

flows combine so that the particle mixture is confined to a very thin layer near the

accumulation wall with eluate filling the chamber above it. Because the particles

are injected, and remain, close to the accumulation wall as they flow through the

chamber, they attain their equilibrium heights over the DEP electrode as described

for batch operation within a few seconds of injection and prior to reaching the exit

end of the chamber.
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Fractionation is achieved by withdrawing fluid from a precision slot across the

bottom of the exit end of the chamber. This skims off fluid containing particles up to

a well-defined height above the accumulation wall. Particles that are traveling

above that predefined height flow past the exit slot and leave the chamber through

a downstream port along with the bulk of the flow. For fractionation to operate

effectively in this scheme, the transit time through the DEP-FFF chamber must be

long enough for the particles to attain their equilibrium heights before they reach

the exit slot. Otherwise, the transit time is not important and particles may be

injected and skimmed continuously, allowing huge samples to be processed given a

long enough period of operation. The skimming process must be precise enough to

split the flow to a consistent height across the separation chamber. Adjustment of

the field parameters during such processing would change the particle types that

would emerge through the exit slot, causing particles to be mixed up again.

Therefore, field programming is not usually helpful for continuous DEP-FFF

operation.

A continuous-flow DEP-FFF system based on a p-chamber design is shown in

Fig. 16.5. Cell mixture is slowly injected at a flow rate Bspec into the bottom inlet

slot and joins the faster eluate flow rate Beluate from the top inlet. The proportion of

the chamber height h
H that is filled by specimen during this continuous injection

process (see Fig. 16.5) can be found from

Bspec

Beluate
¼ 3h2

H2
� 2h3

H3
; (16.16)

Fig. 16.5 A “p configuration” chamber for continuous-flow DEP-FFF processing of large batches

of particle mixtures showing the port flows that determine the height above the accumulation wall

to which sample is injected at the inlet and the height to which the collected fraction is skimmed at

the outlet
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showing that the height to which specimen fills the chamber is

h � H �
ffiffiffiffiffiffiffiffiffiffi
Bspec

3F

r
when

h

H
is small: (16.17)

An analogous expression describes the height hs up to which fluid is skimmed by

a flow rate Bskimthrough the first outlet slot. The cell population targeted by the

continuous DEP-FFF method therefore depends on the DEP frequency and voltage

and the specimen injection, skimming and eluate flow rates. For proper discrimina-

tion, the eluate flow rate needs to be small for the injected cells to reach equilibrium

FFF heights before reaching the skimming port. Clearly, it is advisable to know the

cell properties prior to running separation so that the DEP and flow conditions can

be selected appropriately. This can be accomplished by using batch DEP-FFF to

characterize small aliquots of cells prior to using the continuous method.

16.4.1 Continuous DEP-FFF Throughput Capacity

To assure that particle-particle dielectric interactions are negligible in continuous

DEP-FFF, the same particle spacing criterion applies as was discussed in

Sect. 16.3.6 for batch DEP-FFF operation. If, in a continuous run, the particle

concentration is N m�3 and the particle suspension is injected up to a heigh h, then
the mean particle spacing after settling towards the accumulation wall is

D ¼ hCð Þ�1
2. For a particle mixture injection rate of 25 mL min�1, an eluate flow

rate of 1500 mL min�1, and a chamber heightH of 300 mm, Eq. 16.17 shows that the

height of the chamber filled with particles h is 22 mm. For a particle spacing of at

least 5 diameters to be achieved, the maximum concentration of particles in the

mixture is Nmax ¼ 25d2hð Þ�1
, or N � � 4� 107 particles of 10 mm diameter per

mL. At the given particle injection rate, this corresponds to a throughput of 106

particles per minute, or 6 � 107 particles per hour. This is about 30 times faster

than batch DEP-FFF and is sufficient for challenging cell sorting applications such

as the isolation of circulating tumor cells from PBMNs.

16.4.2 Isolating Circulating Tumor Cells(CTCs) from Blood

The isolation of CTCs from the peripheral blood of cancer patients is considered to

be of importance for the prognosis and treatment of breast, prostate, ovarian, colon,

and other cancers [41–43]. The CTC concentrations in the peripheral blood of

patients vary in relation to the stage of the disease but are always extremely low

16 Isolation and Characterization of Cells by Dielectrophoretic Field-Flow Fractionation 271



compared with the background count of PBMNs. It has been concluded that a

concentration above five CTCs per 7.5 mL of peripheral blood correlates to

worsening outcome in breast cancer [44]. A number of methods exist for isolating

CTCs from blood but most rely on the cell surface marker EpCAM that targets

epithelial cells. Because not all cancers, even of the same type, express EpCAM,

those methods are not universally applicable. Furthermore, to derive detailed

information about the metastatic potential of CTCs, it is desirable to collect them

in an intact and viable state to allow for complete morphological, phenotypic,

cytokinetic and molecular characterization. Most methods cannot achieve this. As

shown above in Fig. 16.4, the DEP characteristics of all tumor cell types examined

so far allow them to be isolated from blood cells by DEP-FFF. Because DEP

exploits the membrane capacitance of the tumor cells as an intrinsic property

without the need for antibody or other labeling and maintains cell viability during

sorting without the need to modify the cell, it appears to be an ideal tool for CTC

recovery.

To isolate CTCs in the continuous flow implementation, 10 mL of blood is first

subjected to centrifugation on a histopaque density gradient to remove erythrocytes.

The supernanant layer of cells consisting of peripheral blood mononuclear cells

(PBMNs) and rare CTCs is suspended in 1 mL of RPMI medium whose density has

been adjusted to 1036 kg.m�3 with iodixanol (Optiprep, Axis-Shield, Norway).

This suspension is injected into the bottom inlet port of a continuous DEP-FFF

chamber at a rate of 25 uL/min (see Fig. 16.5). Eluate consisting of 9.5% sucrose at

30 mS/m flows from the inlet to the outlet end of the chamber at a rate of 1 mL/min

and meets the influx of cell suspension to form a laminar junction. Under these

conditions, the blood cell suspension has the same density as the eluate and fills the

bottom 40 um of the chamber while the eluate flows above it. Although the cell

suspension flows over a DEP electrode from the moment it enters the chamber, the

first 40 mm of the electrode is not energized. This is because the cell suspension has

a physiological concentration of ions and a conductivity of ~1.4 S/m. As the

suspension moves along the chamber floor, ions diffuse throughout the chamber

height, bringing the conductivity to ~60 mS/m while the cells sediment to equilib-

rium heights based on the balance of sedimentation and HDLF alone. The next

40 mm of DEP electrode leading to the first skimming port is energized with a DEP

signal of 95 kHz and 3.5 Vp-p. Once cells reach this region, the CTCs experience a

positive DEP force because the applied signal is above their crossover frequency.

This pulls the CTCs closer to the electrode but is not sufficient to overcome HDLF

and they therefore move slowly towards the exit about 5 mm from the chamber

floor. Conversely, the DEP frequency is well below the crossover frequency for

PBMNs and these are levitated about 22 um above the chamber floor where they

move rapidly towards the exit. Fluid is withdrawn through the skimmer port at

15 uL/min by a syringe pump and collected on a filter. The CTCs are thereby

captured while the vast majority of PBMNs pass over the skimming port and are

carried out of the far exit to waste.
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16.5 Other Applications

The DEP-FFF principles and basic equations provided here apply to any particle

mixture for which diffusion is negligible on the time scale of separation, namely

particles of the order of 1 mm in diameter and larger. Such particles include many

types of cells, bacteria, large organelles, cell nuclei, sedimentary particles and silts,

minerals, ores, conductive versus nonconductive versus semiconducting particles,

plastics, glasses, etc. For microparticles that are surrounded by a thin membrane, the

single shell model described here is applicable together with the analytical

methods presented for deriving particle physical parameters. In particular, living

organisms normally depend on membrane barriers to control the flux of nutrients

and metabolites and constrain the locality of biomolecules. Therefore DEP, which

can be used to characterize and exploit the properties of membrane barriers, would

appear to offer possibilities for as yet unknown applications in the life sciences also.

For more complex particle types, a different form of dielectric model (e.g., multi-

shell) might be applicable.

Diffusion considerations have not been included in the present analysis and

normal mode FFF, which depends on diffusion, is not treated. This limits the

applicability of the approaches described here to micro- and larger particles.

DEP-FFF is certainly applicable to small particles including nanoparticles and

molecules but these applications would require different approaches to apparatus

and theory than are dealt with here.
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Chapter 17

Field-Flow Fractionation Coupled to Inductively

Coupled Plasma-Mass Spectrometry

(FFF-ICP-MS): Methodology and Application

to Environmental Nanoparticle Research

Emily K. Lesher, Aimee R. Poda, Anthony J. Bednar,

and James F. Ranville

Abstract Nanoparticles, particles less than 100 nm in diameter, play an important

role in hydrobiogeochemical systems due to their high specific surface area and

ability to bind metals. Particles in this size range, especially highly engineered

nanoparticles, also often display unique characteristics (biocidal, optical, catalytic,

etc.) that result from their size. For these reasons, there is often a need to character-

ize size dependent elemental concentrations in environmental and toxicity research.

Since their inception, flow and sedimentation FFF methods have demonstrated the

capacity to separate and size material in the nanometer size-range. Current and

future nanoparticle research also requires quantitative information on nanoparticle

concentration and composition. When hyphenated with a sensitive, selective ele-

mental detector such as ICP-MS, metal distributions can be measured making FFF-

ICP-MS a useful tool for characterizing both engineered and naturally occurring

nanoparticles and their interactions with soluble species (trace metals). Quantitative

FFF measurements of complex nanoparticle dispersions rely heavily on factors

affecting separation and recovery – including flow rates, membrane material, and

carrier composition – the latter also affecting ICP-MS performance. Recovery, even

with an optimized system, is often less than 100% and can be size dependent. The

interface between the FFF and the ICP-MS, methods for metals calibration, and a

means of conceptualizing the sample-dependent detection limit is discussed. This

chapter also highlights recent applications of FFF-ICP-MS to environmental
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research, including characterization, stability, toxicity, adsorption, and metal trans-

port studies.

Keywords Concentration and toxicity • Elemental composition of nanoparticles •

engineered nanoparticles • Environmental health and safety (EHS) • Flow FFF •

nanoecotoxicity • Nanometrology • Sample recovery • Sedimentation FFF • Single

particle ICP-MS

17.1 Introduction

Although the study of finely dispersed matter (colloids) was first systematically

investigated by Francesco Selmi in 1845, and colloid and polymer chemistry

flourished throughout the twentieth (and twenty-first) century, two recent advances

have truly redefined this field of study and have led to the development of “nano-

technology”, a term first introduced in 1974 [1]. The first advance is the increased

control over the synthesis of nanomaterials and the creation of structures having

dimensions in the range of 10�9–10�6 m. Only recently have we been able to

carefully control characteristics such as size distribution, surface coatings, parti-

cle shape, and molecular self-assembly. The second advance lies in the improve-

ment of our measurement tools, which allow us to better quantify and characterize

nanomaterials. From the first use of the “ultramicroscope” to visualize nano-

particles (NP) smaller than the wavelength of light [2] to techniques that allow

visualization of individual atoms [3], the field of nanometrology is a critical

development.

Nanometrology is central to all aspects of nanotechnology. In the field of

environmental health and safety (EHS) it has become particularly apparent that

“complete” characterization of nanomaterials is key to interpreting the results of

toxicological, human health, and environmental fate studies [4]. Often improper, or

incomplete, characterization is cited as the weak link in the interpretation of the

implications of the study [5].

The focus of this chapter is the use of field-flow fractionation (FFF) coupled to

elemental analysis, most commonly inductively coupled plasma-mass spectrometry

(ICP-MS) [6, 7] for the characterization of metal-containing nanomaterials. Metal-

containing NPs form a particularly significant class, as their use in consumer

products and industrial applications make them the fastest growing category of

engineered NPs (ENPs). Several life cycle assessments conclude that metal bearing

NP could enter aquatic systems at potentially harmful concentrations [8–13].

Many analytical techniques are available for nanometrology, only some of

which can be successfully applied to nano-EHS studies [14]. Summaries of

methods are given in Table 17.1. These methods differ in part by the properties

measured: average size, size distribution (polydispersity), surface characteri-

stics (zeta potential, etc.), shape, and chemical composition. Methods for

assessing particle concentration and particle size distributions include: microscopy
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[15, 16], chromatography [17, 18], centrifugation [19], laser light scattering [20],

filtration [21–23], and spectroscopy [24, 25]. Difficulties generally arise due to a

lack of sensitivity for characterizing and quantifying particles at environmentally

relevant concentrations (low mg/L) or in complex environmental matrices that

may introduce polydisperse particle size distributions having heterogeneous

compositions [26].

Electron microscopy (EM) and dynamic light scattering (DLS) are the most

commonly applied methods, but have advantages and disadvantages [27]. EM gives

the most direct information on the size distribution and shapes of the primary

particles, however, agglomeration artifacts may be introduced by the sample

preparation steps (drying, exposure to vacuum). In addition, organic coatings are

not visible without staining, giving a smaller diameter compared to measurements

of hydrodynamic diameter [28]. Broad distributions require some form of image

analysis/particle counting to obtain quantitative data.

Table 17.1 Comparison of different techniques for detecting and characterizing nanoparticles

Characterization

techniques

Features Applicability to environmental systems

Scanning and/or

transmission

electron

microscopy

Visualization and semi-

quantitative chemical

analysis

Very useful for number distributions, can

discriminate among particle shapes

and types, laborious without

automation, possible artifacts from

high vacuum

Dynamic light

scattering

Non intrusive, rapid and

accurate measurement of

particle size for

monodispersed NPs

Generally unsuitable as it cannot

discriminate among particle types,

gives average size that is heavily

biased to large particles

Filtration and/or

centrifugation

Provides elemental size

distribution when coupled

to chemical analysis

Filtration is very widely used but data is

often over-interpreted, incomplete

passage of particles through filters

bias results to larger size,

centrifugation is procedurally

difficult and has low resolution for

size separation

UV-Vis and

fluorescence

spectroscopy

UV absorbance and

fluorescence are widely

used for size analysis of

quantum dots and other

semi-conductor NPs

Generally unsuitable as other species

present in most natural waters

interfere.

Field-flow

fractionation

High resolution size separation

with wide dynamic range,

when coupled with specific

detectors can provide size

distributions of chemical

properties

Very applicable for polydisperse,

heterogeneous systems when coupled

to ICP or TEM, generally requires

sample pre-concentration and size

pre-fractionation

Single particle ICP

(SP-ICP)

Element specific particle sizing

and counting

Very useful due to low detection limit,

potential of ICP-AES to discriminate

among particles
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Dynamic Light Scattering (DLS) measures the particle hydrodynamic diameter,

but limitations include: poor sensitivity at dilute concentrations, non-selective

material detection, inability to distinguish mixtures or complex matrices and no

capability to count particles to resolve the dominant size in multi-modal particle or

aggregate size distributions. The presence of a small number of aggregates can

skew the effective diameter toward a larger particle size distribution. DLS remains,

nevertheless, a rapid technique to quickly determine average particle hydrodynamic

diameter for a wide range of particle types.

A very new method, single particle ICP-MS (SP-ICP-MS), has been developed

and applied for detecting and determining concentrations of silver nanoparticles

[29]. While this method is in its infancy, it shows promise for detecting

and sizing metallic nanoparticles at environmentally relevant concentrations

(sub-ppb) [30].

Traditional FFF analysis, incorporating UV absorbance detection, is generally

limited to particle concentrations in the mg/L level and lacks particle specificity.

Furthermore, UV response is not a direct measure of particle mass concentration,

but rather depends on particle size, shape, and optical characteristics. Use of the

sensitive and selective ICP-MS lowers detection capabilities by approximately

three orders of magnitude, into the microgram/L range [31], and provides indirect

information on particle mass concentration. It is becoming clear that due to its

elemental specificity, high size resolution, and low detection limit FFF-ICP-MS is a

promising method for nano-EHS (Fig. 17.1).

Fig. 17.1 Flow FFF fractograms of mixed nominal 10, 30, 60 nm Ag and Au NPs. Inset: UV

absorbance fractogramof themixture, showing no ability to discriminate between theAg andAuNPs
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17.2 FFF-ICP-MS Methodology

Effectively detecting, quantifying, and characterizing nanoparticles in environmen-

tal samples requires sufficient method sensitivity and selectivity, while avoiding the

potential interference of natural particles, also frequently present in environmental

samples. ICP-MS has become the premier method for low-level quantitation of

metals in environmental matrices, with multi-element capability similar to that of

ICP-atomic emission spectroscopy (ICP-AES), with the sensitivity equal to or

greater than that of graphite furnace atomic absorption spectroscopy.

17.2.1 Particle Size Calibration

FFF theory is well developed for sizing of dispersed particles in simple matrices

[32–34] using retention time, if the dimensions of the channel are measured.

Furthermore, simple external calibration approaches can be applied if well-behaved

size calibration standards are used. Often, FFF employs stable dispersions of

National Institute of Standards and Technology (NIST)-traceable polystyrene

(PS) bead standards. Unfortunately, ICP-MS detection of carbon is not possible.

When external size calibration is needed, an in-line UV detector prior to the ICP-

MS detector is a simple addition. As new reference nanomaterials become com-

monplace, PS bead standards can be supplemented or replaced with metallic

nanoparticles. Currently NIST provides monodisperse gold nanoparticles, suit-

able for sizing at low mg/L Au levels. External size calibration requires stable

particle dispersions and minimal membrane interactions. Depending on the

nanoparticles to be separated, and their surface charges, a neutral or cationic

surfactant may be needed, which might not be compatible with PS standards, thus

requiring different size calibration standards. For example, PS standards are

poorly separated in carrier fluid containing 0.01% CTAB, a cationic surfactant

which was found to be best for the iron oxide NP under study [35]. In addition, the

proper selection of the membrane will depend on particle properties as well as the

solution matrices.

When using ICP-MS online detection, other considerations need be made with

respect to carriers. For example the carrier can cause salt formation on the ICP-MS

cones, leading to a decrease in ICP-MS signal intensity over time. Polyatomic

interferences can be created in the plasma by carrier components. For example, use

of chloride-based salts will result in polyatomic interferences on elements such as

vanadium, chromium, arsenic, and selenium, among others. Therefore, optimiza-

tion of FFF separation conditions must consider the impact on the ICP-MS detector.

Use of carbon and nitrogen based carrier fluids (e.g. ammonium nitrate, sodium

azide, and organic acids/surfactants) generally produce the least additional

interferences, as these elements are present in the atmosphere.
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17.2.2 Quantitative Analysis

Proper interfacing of ICP-MS to field-flow fractionation enables quantitative

fractionation analysis. It is possible to couple FFF to ICP-MS due to the similar-

ity of the FFF outlet flow rate (0.5–2.0 mL/min) and sample introduction rate of

the ICP. However, serious challenges exist in accurately quantifying metal

concentrations in FFF fractionated samples. Introduction of both internal and

external calibration standards, and sample recovery need to be carefully

considered.

Due to the nature of metal solubility, traditional ICP-MS internal standards are

prepared in 1–5% acid solutions. Unfortunately, the introduction of a dissolved

metal standard into a near neutral pH FFF mobile phase can result in precipitation

of analytes resulting in inaccurate metal quantification of fractionated samples.

While numerous studies do not use internal standards, an alternative is to use split

flows that allow the introduction of acidified internal standards directly to the

ICP nebulizer after elution from the FFF channel. Internal standards have also

been mixed directly into the carrier fluid and simultaneously used for external

calibration by comparison of elemental response factors to the internal standard

[36, 37].

Methods for converting metal intensities to concentrations/masses were

presented in a recent review by Dubascoux and coauthors [38]. In brief, there are

two commonly used methods for external calibration: (1) injecting a known mass of

metal, and comparing the area of the known mass to the area of the sample elution

peak, and (2) analyzing a continuous flow (usually delivered by flow rate-matched

peristaltic pump) of known concentrations of metal, developing a calibration curve,

and then converting each fractogram intensity reading to a concentration.

Quantitative applications of the FFF-ICP-MS coupling are often complicated by

recovery issues. When reported, the ratio between recovered mass after analysis

and injected mass is often well below 100%. Analyte loss within the FFF channel

can be attributed to several mechanisms. Membrane ‘stickiness’ is generally

recognized as a major analyte sink, arising from physical interaction with the

membrane surface, as well as ionic sorption mechanisms. In addition, losses

through the accumulation wall based on membrane cut off values are noted for

samples containing dissolved and macromolecular constituents. Analyte loss can

also occur in the sample tubing and ICP-MS nebulizer and spray chamber. Typi-

cally these losses are relatively small in comparison to those due to membrane

interactions.

Quantitative analyte recovery experiments performed by Poda et al. examined

the loss of silver NPs in the system. [31]. Recoveries of the three silver nano-

particle sizes tested (10, 40, and 70 nm) at different concentrations are illustrated

in Fig. 17.2, which with the cross flow field on, cross flow field off, and

bypassing the FFF entirely, yielded recoveries of 88–98% based on integrated

peak areas.
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17.2.3 Detection Limit

Traditional ICP-MS analysis generally has instrumental detection limits for

dissolved metals in the range of 1–100 ng/L, depending on the specific metal and

the abundance of the isotope measured. However, in FFF applications, the mass of

metal nanoparticles being detected is distributed over a size range, which is diluted

as the mass is spread out over the effluent volume. Spreading is a function of sample

polydispersity, non-ideal membrane interactions, and band broadening. Thus, the

detection limit is more appropriately conceptualized as a mass, where as shown in

Fig. 17.3a, the mass-based detection limit (mDL) is the product of the instrument

detection limit and the peak width. This example shows the uranium elution profile

during measurement of U binding to monodisperse nano-hematite (data presented

in [39]), along with fractograms mathematically scaled down by factors of 2 and 10.

The test of significance is the comparison of the area (mass) under the elution peak

with the area (mass) defined by the mDL. While there are no outstanding rules on
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significance, it is clear in the figure that the 0.1 scale fractogram is roughly the same

area of the mDL and the mass of U would not be accurately quantifiable. In

mixtures the effect of polydispersity is more drastic. Figure 17.3b depicts serial

dilutions of a mixture of three sizes of silver NPs (Ag NPs) [31]. While, for

example, 20.1 mg/L of only the 40 nm particles would have provided a quantifiable

peak, the mixture of 6.7 mg/L (20.1 mg/L total) of 10, 40, and 70 nm particles results

in a fractogram that is only slightly above background.

Finally, the multi-element capability of ICP-MS further enhances the utility

of FFF determinations of nanoparticles when investigating multicomponent

or mixtures of materials, as was discussed in relation to Fig. 17.1. Metal salt

semiconductors, such as cadmium selenide quantum dots represent an excellent

test case. Dissolution of the cadmium selenide core is inhibited by addition of an

outer shell of zinc sulfide or similar material. Traditional ICP-MS technology can

easily detect these metals, with the exception of sulfur, thereby allowing size-

dependent dissolution or aggregation of these particles to be studied.

17.3 Applications: Characterizing Nanoparticles

with FFF-ICP-MS

Despite intense interest in using FFF with elemental detection, especially ICP-MS,

to characterize ENPs, there are still few published reports of its application. The

number is sure to rise quickly in the next few years as many research groups are
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investing in the technology and testing its applicability for studies into nanoparticle

stability (aggregation, dissolution, persistence of coatings) in general and during

toxicity, transport, and exposure tests. As noted in the Dubascoux et al. review [38],

perhaps the earliest application of the method to engineered nanoparticles was

reported in 2002 by Siripinyanond and Barnes [40]. The samples were alumina

and silica particles used for polishing integrated circuit chips. Diameters of

the particles ranged from 28 to 680 nm. Also reviewed by Dubascoux et al. was a

size and elemental characterization of Cd-Se/Zn-S quantum dots by Bouby and

co-authors [41].

Four more papers reporting characterizations of engineered nanoparticles using

FFF-ICP-MS, and an additional three using FFF with off-line elemental analysis

have been published since the Dubascoux review. A summary of all of these, plus

recent papers characterizing natural nanoparticles (NNP) and colloids with FFF-

ICP-MS can be found in Table 17.2, and are described below. When comparing

studies, it should be noted that recovery and detection limit are defined and

measured differently by different authors, and are not always directly comparable.

17.3.1 Engineered NP – FFF with Offline Elemental Detection

Although the primary focus of this review is online coupling of FFF with ICP-MS,

two recent papers present FFF separations with offline ICP-AES analysis, which

could be applied on-line [42]; moreover Contado and Pagnoni describe that as a

goal of their FFF optimizations for the separation of TiO2 nanoparticles [43].

Despite the superior detection limit for most metals by ICP-MS, ICP-AES may

have an advantage in that there may be fewer interferences, all isotopes contribute

to the emission, and the fact that there are no cones or vacuum interface that could

be affected by carrier fluid constituents.

Contado and Pagnoni presented the first detection, separation, and quantification

of TiO2 NP by FFF, by analyzing TiO2 from two commercial powders and a

sunblock [43]. The recovery of the extraction procedure, up to 21% depending

on sonication conditions, was measured by comparison to acid digested Ti

concentrations. FFF sizing results were compared to SEM imaging, with good

agreement. Ti concentration in the elution fractions is compared against the UV

fractogram, with good agreement and recoveries of 85–107%. Fractograms and

results are given for a variety of flow parameters, and the discussion traces their

optimization of FFF operating parameters to achieve good resolution and recovery.

This discussion is often omitted, making this paper useful for a new FFF user.

In a newer paper, Contado and Pagnoni revisit TiO2 particles by measuring six

different TiO2-bearing cosmetics with Sd FFF and symmetrical flow FFF and

offline ICP-AES [44]. An important outcome is the extraction and identification

of the TiO2 particles, which are mostly in the micro- size range as opposed to nano-,

and the recognition of the variation in particle shape and size distribution between

samples. In some of the Sd FFF fractograms, there is a very good overlap between
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the UV and Ti signals. However, two samples displayed a strong Ti peak at 45 min

while the UV showed a much earlier peak followed by a slow decline. Particles with

diameter ~300 nm are visible in the SEM and likely created the Ti peak. No

explanation of the lack of UV absorbance is given; it is perhaps a result of varying

UV absorbance characteristics with size and shape.

Silver nanoparticles (Ag NPs) are predicted by life cycle assessments to be one

of the most likely engineered nanomaterials to enter the environment at

concentrations capable of causing environmental effects [8, 9, 11]. Songsilawat

et al. studied the effect of different coatings and the presence of humic acid on the

stability of Ag NPs [45]. The Ag NPs were separated by flow FFF and silver content

measured by electrothermal atomic absorption spectrometry (ETAAS). Citrate-

stabilized Ag NPs aggregated quickly in environmental waters (tap, ground, and

seawaters), however 200 mg/L humic acid reduced aggregation. Alginate and

pectin coated Ag NPs were less susceptible to aggregation. The study was an

excellent demonstration of the applicability of FFF for aggregation studies.

17.3.2 Engineered NP – Online FFF-ICP-MS

A recent study on Ag NPs by Poda et al. [31] makes FFF-UV more powerful by

adding the elemental discrimination of ICP-MS. The authors achieved excellent

separation and sizing of monodisperse Ag NPs down to concentrations of 6.7 mg/L
with 88–98% recovery. The optimized method was then employed to characterize

the Ag NPs extracted from worms (Lumbriculus variegates) that had been exposed

to Ag NP spiked sediments. When solid matrices are involved, extraction and

preservation of the physicochemical form of particles can be quite challenging.

Analysis of total metals, for example, often involves digestion of the matrix with

concentrated acids, which can produce a liquid solution for metals analysis, but will

have little similarity to the original form in the starting material. To preserve the

physicochemical form of any nanoparticle, a less aggressive method of extraction

must be used. Only a few methods of particle extraction from tissue have been

previously proposed [46]. The Ag NPs were liberated from worm tissue by sonica-

tion using deionized water, but extraction efficiency was not reported. FFF-ICP-MS

of the original Ag NPs and the extractant showed an increase in diameter from 31 to

46 nm.

Nanoecotoxicity is a growing field, and one that would benefit from greater

characterization of engineered nanoparticles. There have been persistent calls for

better characterization of the ENPs studied in toxicity tests [47, 48] because the

particles are not standardized and are likely to change in size, aggregation state, and

coating integrity upon introduction to an organism (as shown in the Poda et al. study

[31]). Even before introduction, the character of the ENP may not be exactly as is

represented by the manufacturer. This is demonstrated by Pace et al. [28]. In this

study four types of Cd-Se/Zn-S quantum dots (QD, two core sizes and two types of

coatings: mercaptoundecanoic acid, MUA, and polyethylene oxide, PEO) were
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dosed to Daphnia magna. A finding of the study was that for the MUA coated QDs,

the larger QD demonstrated higher toxicity than the smaller QD (Fig. 17.4), a result

that is contradictory to the general sense that smaller NPs have great effects on

organisms. FFF has been used previously to size [49], and with ICP-MS, to quantify

metals [41] in QD, but this is perhaps the first application to interpretation of

toxicity results. The authors found that the MUA coated QD had a much greater

Cd:Se ratio than the 1:1 M ratio expected (7:1 and 9:1 for green and red, respec-

tively), and importantly, that the excess Cd was integral to the QD, not a dissolved

or particulate impurity, as shown in the FFF fractogram in Fig. 17.5. The MUA

coated dots were significantly more toxic than the PEO coated QD, presumably due

to the greater quantity of Cd released to solution over the 48 h toxicity test, as

shown in Fig. 17.4, inset. The authors hypothesize that the excess Cd is retained in

the MUA polymer coating during synthesis and is more readily released to solution

than Cd in the QD core.

Schmidt et al. examined an engineered nanoclay, which when added at a 1:20

ratio, strengthens a biopolymer material (polylactide, PLA) that has been proposed

as a green alternative to petroleum-based plastics for food packaging [50]. The

nanomaterial is Cloisite30B, a derivatized montmorillonite clay sold commercially.

The experiment contacted the 95% PLA/5% Cloisite30B with ethanol, representing

a food substance, and then looked for NP in the ethanol. The authors also replicated

the experiment in controls: 100% PLA + ethanol, 100% Cloisite30B + ethanol,

and ethanol alone. The ethanol extracts were then analyzed by asymmetrical flow

FFF with multi-angle light scattering (MALS) and ICP-MS detection. Particles

were sized by MALS, and Zr and Mg were chosen as signatures of the Cloisite30B.

MALS indicated that particles do leave the packaging material, but the particles did
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Fig. 17.4 Dose–response curves for D. magna exposed to two different-sized, MUA-coated

quantum dots. The larger (5 nm core size) quantum dot showed greater toxicity than the smaller

(2 nm core size) quantum dot on a mass concentration basis (Used with permission from [28],

# 2010 American Chemical Society)
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not include Zr or Mg in the PLA, or PLA + Cloisite30B experiments. Nanoparticles

containing Zr and Mg were only released during the 100% Cloisite30B test,

indicating that the nanocomposite does not release NP to food.

A final study on “engineered” nanoparticles examined iron oxides [39]. In this

study, Lesher et al. attempted to determine the degree to which quantitative

adsorption measurements can be made using FFF-ICP-MS. Samples with variable

pH and containing constant concentrations of hematite and uranium were created,

and symmetrical flow FFF-ICP-MS was used to measure the mass of U associated

with the mass of Fe. These results allowed for calculation of the percent U sorbed at

each pH. The FFF method was compared against a combination of centrifugation,

filtration, and total analysis of the filtrate, assumed to contain only the truly

dissolved U. A sorption edge was created with the results; the two methods showed

relatively good agreement, as shown in Fig. 17.6a. The authors note that while there

are a great number of outstanding papers studying metal speciation and phase

distribution on natural samples, FFF-ICP-MS still needs to be vetted in more

controlled laboratory studies before it may be accepted as the preeminent tool for

measuring metal speciation in complex, natural samples.
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Fig. 17.5 Metals and fluorescence fractograms for red MUA-coated quantum dots (core size

¼ 5 nm). Inset: Dissolution data for 48 h exposure of QD in hard water. The red MUA QD

released 34% of the total Cd content, but without a shift in the fluorescence peak. FFF-ICP-MS

confirmed that excess Cd is associated with the QD, leading to the hypothesis that there is also

Cd associated with the MUA coating (Used with permission from [28], # 2010 American

Chemical Society)
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17.3.3 Natural NP- Online FFF-ICP-MS

In another paper looking for insights on U speciation, but in the context of a toxicity

study, Trenfield et al. used symmetrical flow FFF-ICP-MS to measure U complex-

ation with a natural fulvic acid isolated via XAD-8 resin from Sandy Billabong,

Australia (SBFA) [51]. The results indicated that little of the U was actually present

as the U-SBFA complex. Potentiometric titrations showed that SBFA had weaker

binding sites (dissociated acidic groups) compared to a standard fulvic acid, and

would therefore not bind U as effectively. Accordingly, an adjusted binding con-

stant was derived from the titrations and used in speciation modeling. The modeled

concentration and FFF-ICP-MS measured concentration of U-SBFA complex were

within 4% (Fig. 17.6b). Furthermore, in associated U aquatic toxicity tests, less

protection was observed than expected for a “typical” DOC [52].

Claveranne-Lamolère et al. used two asymmetrical flow FFF-ICP-MS protocols

to characterize rendosol (a French soil type characterized as rich organic material

overlaying limestone) leachates for their capability of transporting uranium [53].

The methodologies employed, including the different protocols for low and high

MW ranges, are based on the work by Dubascoux et al. [54]. The work identified
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two colloidal populations. The first was lower molecular weight (1,500 � 300 Da,

confirmed by SEC), high in organic carbon, associated with some Fe, Al, and was

likely composed of humic substances. The authors gave a 60% recovery on this

fraction, but that value was based on recovery of PSS beads, not the sample itself.

The second population was inorganic with no UV absorbance, but a strong MALS

signal. These particles ranged from 30 to 450 nm diameter, and 97% were recov-

ered. These colloids were characterized by a strong Ca signal, and 40% of the

carbon is inorganic, therefore the colloids were likely to be composed of calcite,

perhaps coated with humic substances. Only 1% of the total U was equally

distributed between the two colloidal populations.

Another study seeking toxicological perspective on NNPs used asymmetrical

flow FFF-ICP-MS to examine the dissolution and recrystallization of beryllium

containing microparticles in an effort to explain statistically different rates of

chronic beryllium disease among workers at four Be processing plants [37].

Huang et al. hypothesized that it was the differences in properties among the

various facilities’ source ore materials (BeO versus bertandite and beryl) that

caused differences in rates of disease. The authors examined the behavior of the

different Be-containing source materials in synthetic lung fluid (SLF). This is

perhaps the first direct application of FFF-ICP-MS to a human health study. The

authors found that BeO contact with SLF resulted in fewer nanoparticles, and a

greater amount of truly dissolved Be, perhaps suggesting a mechanism of disease.

Recovery was quantified at two points in the analysis to differentiate between

recovery of particles in the FFF, and recovery during ICP-MS. Loss during the

FFF fractionation is mostly low, ranging from 0% to 50%, but loss due to ICP

inefficiencies (nebulization, particle ablation and ionization) is high, 70–95%. The

effluent was not acidified prior to entering the spray chamber. The low recovery on

the ICP-MS cast doubts on the size distributions because size itself may be a

variable affecting efficiency. Nevertheless, the paper is an important benchmark

in the use of FFF-ICP-MS for human health applications. Furthermore, their efforts

to measure recoveries could lead to approaches for quantifying recovery.

A study on wastewater treatment plant (WWTP) colloidal organic matter (COM)

presented tandem characterizations utilizing two separate asymmetrical flow FFF

systems, one of which was hyphenated with ICP-MS [55]. Worms et al. observed

that WWTP effluent organic matter is sometimes the primary contributor to the

pool of organic matter in urban water systems, and that there is little information on

how it differs from natural organic matter in terms of reactivity and metal com-

plexation. The effluent COM (EfCOM) was characterized for composition, chemi-

cal properties, molar mass distributions, and metal associations and additional

metal binding capacity, and compared to lake NOM. While an asymmetrical flow

FFF-MALS-UV system measured the COM size distributions, the metal binding

was measured by the second FFF-MALS-UV-ICP-MS. Metal binding was

measured before and after spiking EfCOM samples with Cd, Cu, and Pb. The

spikes increased the Cd-OM complex signal, but not the Cu or Pb complexes.

Further characterizations (LC with online TOC, UV, and FL detectors) showed a

humic-like fraction with low aromaticity that was most of the EfCOM. In general,
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Ag, Cd, Cu, Cr, Mn and Zn associated with low molecular weight COM and Al, Fe,

and Pb with low to high molecular weight fractions.

Bolea et al. used asymmetrical flow FFF-ICP-MS in both steric and normal

modes to measure metal binding to a compost leachate derived from urban solid

residues [56]. By taking advantage of two separation modes, the authors were

able to analyze microparticles (greater than 1 mm), colloids (15 nm to 1 mm),

and macromolecules (less than 1,000 kDa). For most of the analyzed elements

(all but Ag, Co, Cu, Mo, and Ni), more than 50% was associated with the parti-

culate fraction. Less than 10% of every element was associated with the

nanocolloidal fraction. The remainder of the mass was associated with the macro-

molecular fraction; for the elements noted as exceptions to the general trend, the

amount complexed to macromolecules was more than half. The authors also note an

advantage of the normal/steric combination method: eliminating the need for pre-

filtering, which can create artifacts and precludes quantification of the particulate

fraction by FFF-ICP-MS.

Laborda et al. use similar methods to Bolea et al., but applied the asymmetrical

FFF-ICP-MS to establish isotope ratios in an isotope dilution study [57]. Isotope

dilution allows for the measurement of the exchangeability of metals between the

aqueous phase and in this case that bound to the organic matter of a compost

leachate. This is the first application of FFF-ICP-MS to an isotope dilution study,

and it required significant optimization of ICP-MS to capture the transient isotope

ratios. The authors did not see a difference in the Pb or Cu isotope ratios across the

size range, but show that it is feasible to measure this effect.

Diaz et al. investigated nanoparticles in the Great Salt Lake, Utah, where due to

high TDS, one might expect a substantial colloidal fraction [36]. These natural

nanoparticles may act as vectors, transporting trace elements through the food web

eventually to the large population of birds. The hypersaline environment creates

permanent layers in the lake: an oxic and an anoxic zone. The authors hypothesized

the two layers would support different colloidal populations. The hypothesis was

tested by asymmetrical flow FFF-ICP-MS, using two fractionation protocols: one

with a stronger field for the 0.9–7.5 nm range, and a second with a weaker field for

the 10–250 nm range. More than 50% of the mass of Al, Fe, and Pb was particle-

associated. Cu, Zn, Mn, Co, Au, Hg, and U were also associated with particles to a

lesser degree. Interesting size-related trends were uncovered, such as that Hg was

mostly associated with <2 nm NPs, and concentrations increased with depth,

indicating possible complexation with DOC. Arsenic was also associated with

<2 nm NP, but did not increase with depth, possibly pointing towards the presence

of arsenite NP.

Plathe et al. characterized the NNP present in the sediments associated with the

polluted Clark Fork River SuperfundSite by asymmetrical flowFFF-MALS-UV-ICP-

MS [58]. Beyond the very thorough characterization, an important outcome

of this paper is the publication of a method to extract colloids from sediment that

builds on the dissertation work of von der Kammer [59]. Here, the internal

standard and nitric acid met the FFF effluent at a T before entering the ICP.

This interface also served as an introduction port for the calibration standards.
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The study found that toxic trace metals are bound to Fe- and Ti- containing

nanoparticles.

Samples from the lower Mississippi region were characterized by symmetrical

flow FFF-ICP-MS with UV and fluorescence (FL) detectors by Stolpe et al.; the

result was the identification of four unique colloidal populations with varying

degrees of metal binding capacity [60]. Monitoring a variety of FL excitation/

emission wavelengths allowed for the distinction between humic substances of

terrestrial origin and biogenic protein-like colloids. The authors observed that

colloidal concentrations decreased gulf-ward, and size distributions of protein-

like colloids and Fe colloids vary from river to river, likely a result of different

influences of allochthonous and autochthonous colloidal inputs. Most metals peak

in the humic region, indicating metallo-organic complexes, although Fe, P, Mn,

and Pb associate with larger colloids, likely Fe bearing ones. In summation, the

authors note that high-DOC, low alkalinity systems support a greater concentra-

tion of Fe-colloids, though they are smaller in size, when compared to moderate

DOC, high alkalinity rivers. The work builds on similar characterizations and

methods of European streams and estuaries by Stolpe, Hassellov, and coworkers

[61–65].

A paper by Gelting et al. also builds on the older FFF-ICP-MS work cited above,

but further incorporates iron isotope data, numerous sampling time points, and a

sediment trapping experiment to put together a comprehensive story on the trans-

port of Fe-colloids, association with trace metals, and the effect of salinity gradients

in marine systems [66]. The authors measured aggregation as a function of salinity

by sampling in various locations in the Baltic Sea. The research was motivated by

the ecological concerns: nitrogen fixing cyanobacteria have been shown to have

high Fe requirements, and thus algal blooms may be dependent to some degree on

Fe-colloid transformations. Gelting et al. also relied on the methods developed by

Hassellov, Stolpe, and coworkers [61, 63]. The results show that Fe and fulvic acids

co-occurred and were the most significant colloids.

Krachler et al. asked the question, “can peat bog-derived colloidal iron endure

estuarine flocculation to contribute significantly to the oceanic dissolved Fe pool?”

[67]. A number of papers have looked at riverine and terrestrial Fe-colloids, but the

authors hypothesized the dramatically greater fulvic content of bog water induces

the Fe to exist bound as ions or very small nanoparticles to bog humic substances.

They used asymmetrical flow FFF-ICP-MS to measure the distribution of Fe

colloids, and perform field mixing experiments to mimic the effect of increasing

salinity on the bog water. The FFF-ICP-MS results showed that most of the Fe is

indeed in the humic region in contrast to rivers where a large fraction of the Fe

exists as >10 kDa inorganic particles. The mixing experiment showed that these

Fe-organic colloids are less susceptible to flocculation. Projecting the mixing

experiment results to 100% seawater, they predicted 22% of the iron to stay in

solution.

Stolpe and Hassellov also published the first FFF-ICP-MS characterization of

environmental nanofibrils, along with three other populations of colloids [68].

Colloidal fibrils are long, string-like polysaccharide-rich particles capable of
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binding metals [69]. The populations were characterized by asymmetrical flow

FFF-ICP-MS with UV and FL detections, atomic force microscopy, and a staining

method to quantify planktonic exudates (transparent exopolymer particles, TEP).

An isotope spiking experiment also explained metal partitioning among the colloi-

dal populations.

17.4 Conclusion

The recent increase in publications (18 reviewed here in less than 2 years) using

FFF with elemental detection, most commonly ICP-MS, shows that the method is

practical, effective, and adaptable to many different types of studies. The studies

show that FFF methods can be used quantitatively or qualitatively, depending on

the goals of the study. FFF methods have fractionated a variety of nano-sized

particles and macromolecules: TiO2, Ag, derivatized clay, synthetic and natural

iron oxides, Be minerals, soil and compost leachates, and organic matter from

WWTP effluent, lakes, bogs, streams, and seawater. Hyphenated FFF has been

used to address questions of NP size distribution, stability, toxicity, migration

from composite material, impacts on human health, and effect on metal specia-

tion and transport. Still, there are outstanding questions and issues to be resolved.

Regarding methodology, a number of instrumentation setups, standardization

procedures, and choices regarding mobile phase composition and sample prepara-

tion, have been presented in the work reviewed. The versatility that defines FFF as a

valuable analytical technique can also make optimization for diverse environmental

samples a challenge. One set of conditions is not universally superior to another,

rather the best conditions depend on the samples and the goals of the study. Still, a

goal for environmental FFF researchers should be to communicate best practices

and results for optimizing systems, and also determine how to best measure,

describe, and communicate detection limits and recoveries (both in the FFF frac-

tionation step, and the ICP-MS analysis), both being critical elements of quantita-

tive analysis by FFF-ICP-MS.

A number of fundamental questions still exist regarding the role FFF methods

may play in studies on both engineered and natural nanomaterials. For engineered

nanoparticles, future topics of research include the role of coatings in stability and

biological effects; the degree to which aggregation and dissolution can be moni-

tored by FFF methods; and investigations into the lowest detectable concentrations

for each type of ENP and whether that value is environmentally relevant. For

natural nanoparticles, future topics of research include the degree to which the

method can be used to quantitatively measure metal-particle interactions and how

the measurement itself might affect the sample. As these fundamental questions are

addressed, FFF methods will continue to impact a variety of fields via novel

applications.
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