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SUMMARY 

The performance of the asymmetrical flow field-flow fractionation channel has 
been improved by the use of a much thinner (0.12-mm) channel than before and by 
flow programming (stepwise gradient elution). The thinner channel contributes to 
a decreased zone broadening which enables complete resolution in a shorter time. 
Three protein peaks, representing molecular weights from 12 000 to 136 000, were 
completely resolved within 3 min. Flow programming speeds up the elution of the 
high-molecular-weight materials which occur late in a fractogram. This enabled 
separation of a small plasmid fragment (700 base pairs) from the large amounts of a big 
fragment (4600 base pairs) in 30 min and improved detection of a presumed trimer of 
albumin. Two viruses (1.8 lo6 and 50 lo6 daltons) were eluted as narrow peaks 
within 5 min. 

INTRODUCTION 

Field flow fractionation (FFF) comprises a group of analytical and micro- 
preparative separation methods especially suited for macromolecular and particle 
separations. The basic idea originated with Giddings in 1966’. Many different modes 
of FFF have since been described’. The flow FFF method used in this work is universal 
in the sense that it can separate material having a very broad range of molecular 
weights and particle sizes in one single separation unit. Adjustment of conditions for 
the actual molecular or particle size is simply made by changing the flow-rates of the 
cross- and channel-flows. The almost general applicability makes it especially 
important to develop the performance of flow FFF further. The separation is based on 
differences in the diffusion coeflicients, and the factors which influence separation are 
thus the molecular and the particle mass and shape. For a more complete list of 
references to earlier work and a detailed description of the principle the reader is 
referred to a previous article3. 

The type of separations that can be obtained by flow FFF is perhaps best 
described as a size fractionation, and the results are therefore in a way similar to those 
of size-exclusion chromatography (SEC). One important aspect in a comparison of 
flow FFF with SEC is that the former may lack some of the problems observed in the 
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latter for ultra-high-molecular-weight materials4. For example, there is no upper 
“exclusion limit” in flow FFF (except when the particle size approaches that of the 
channel thickness) and, if properly designed, elution times in flow FFF may become 
much smaller than in SEC for a certain resolution level. Theoretical calculations show 
that the selectivity of flow FFF is superior to that of SEC2. This means that there is 
a potential in flow FFF for better resolution than in SEC if the zone broadening in the 
flow FFF channel can be kept low enough. A further advantage of flow FFF is that 
gradient elution can be obtained by programming the flow-rate. 

In the previous study3 we obtained much improved resolution and separation 
speed for proteins by using a thinner channel (0.3 mm). The application of flow FFF 
was also expanded to new types of compounds, such as the separation of plasmids and 
plasmid fragments. In the present study we have obtained a further improvement in 
resolution and speed by using an even thinner channel (0.12 mm). Stepwise flow 
programming was used to optimize the separation speed. The examples given show 
rapid separations of proteins and their dimers and trimers, a small plasmid fragment 
from large amounts of a big fragment, three small plasmid fragments and two plasmids 
and the isolation of two virus particles. 

Very recently, a flow FFF separation system was described in which circular 
hollow fibres are used as the separation channel instead of the flat, rectangular channel 
used in our works,6. The separation appears to be slower in the hollow fibre system. 

EXPERIMENTAL 

The reader is referred to the authors’ previous papers3g7 for a detailed 
description of the construction of the asymmetrical flow FFF channel and its 
operation. Here, we will note those parts which differ in size or material from those in 
the previous paper3. 

Two channels (I and II) were used, of length 28.5 cm and breadth 1.0 cm. The 
semipermeable membrane serving as the accumulation wall was a Millipore Type 
PLGC ultratiltration membrane (Millipore, Bedford, MA, U.S.A.) with a nominal 
molecular weight cut-off of 10 000. It consists of a regenerated cellulose membrane on 
a polypropylene substrate. The two channels differed in their thicknesses, which are 
determined by the thickness of the spacer material that was clamped between the 
ultrafiltration membrane and the glass plate serving as the upper wall for the channel. 
Channel I had a poly(tetrafluoroethylene) (PTFE) spacer with a measured thickness of 
0.032 cm. The resulting geometrical volume (void volume) of the channel was 0.87 ml. 
Channel II had a fluorinated ethylene propylene (FEP) spacer with a measured 
thickness of 0.012 cm, giving a geometrical volume of 0.35 ml. Calculation of the void 
time was based on the geometrical volume. The real void volume of a channel may be 
somewhat smaller than that calculated from the thickness of the spacer. This depends 
on the compression of that part of the membrane which is covered by the spacer. The 
values of the void time reported may therefore be somewhat overestimated. 

Sample loops were 10 or 98 ~1 in volume. The carrier inlet flow was delivered by 
a Gynkotek constant-flow pump, Model 600/200, Version 600 (Gynkotek, Munich, 
F.R.G.). The eluate composition was monitored by a Spectromonitor III spectro- 
photometric detector (Laboratory Data Control, Riviera Beach, FL, U.S.A.) set at 
280 nm for proteins and 260 nm for DNA (plasmids, plasmid fragments) and viruses. 
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Flow programming was performed by manually stepping the needle valve N2 or 
N3 (see ref. 3) which causes the ratio pC/qO;,,, to change. 

Human serum albumin fraction V, fatty acid-free, and cytochrome c from horse 
heart Type III were obtained from Sigma (St. Louis, MO, U.S.A.). Ferritin and 
thyroglobulin were from a gel filtration calibration kit (Pharmacia, Uppsala, Sweden). 
The plasmids were gifts from the Department of Pharmaceutical Microbiology, 
University of Uppsala (Uppsala, Sweden) and Pharmacia Biotechnology (Uppsala, 
Sweden). Purified samples of Satellite tobacco necrosis virus (STNV) and Semliki 
forest virus (SFV) were gifts from the Department of Molecular Biology, University of 
Uppsala. 

The carrier was a Tris-HNOJ buffer (pH 7.4) ionic strength 0.1, containing 
0.02% sodium azide and 1 mM EDTA. 

RESULTS AND DISCUSSION 

The experimental procedures were as described in previous papers3,’ for an 
asymmetrical flow FFF channel. The same symbols, describing the operating 
conditions, have been used here: z’ = focusing point (distance from channel inlet end); 
vl, = cross-flow-rate during relaxation; k’, = cross-flow-rate during elution; JJ’,,,~ = 
flow-rate at channel outlet end; Vi” = flow-rate at channel inlet end; to = void time; 
tR = I%teIItiOtI time; R = tO/tR = retention ratio. 

Sample injection, channel thickness, retention time and zone broadening 
Sample injections were made by the so-called “downstream central sample 

injection” method, presented in our previous paper3. Thus, the elution of a compound 
starts from the focusing point, z’, at which the sample was loaded, relaxed and 
concentrated. 

Experiments were performed in two channels, one having a nominal thickness of 
0.032 cm, the other 0.012 cm. 

The cross-flow-rate during elution determines the retention level of the sample. 
The higher the cross-flow-rate used, the higher will be the degree of retention, i.e., the 
lower will be the retention ratio, R. The retention time is a complex function of both the 
retention ratio and the flow-rates, PC, l’,,t and rii, (ref. 7). At high retention degrees 
(low retention ratios) the retention time is constant for constant cC/qO,, or C’r,/I;,“, 
(ref. 7). 

The relative zone broadening in flow FFF, e.g., expressed as the observed 
average plate height, 17, or the plate number, N, should decrease as the retention ratio 
decreases if the non-equilibrium processes are the dominating zone broadening 
effects’. Zone broadening is also strongly dependent on the channel thickness, i.e., it 
decreases as the channel is made thinner’, provided the retention ratio is constant. 
However, results published so far show that the observed plate height is much higher 
than expected, indicating that some “instrumental” zone broadening processes occur 
that have not been included in the zone broadening theory. Nevertheless, it should be 
worthwhile to decrease the channel thickness so as to produce more efficient 
separations. 

In a normal, symmetrical flow FFF channel the resolution between two 
compounds will steadily increase when the cross-flow-rate is increased8, i.e., when 
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retention increases. The separation can then be optimized by keeping the ratio of the 
cross-flow-rate to the channel flow-rate constant, while increasing the values of both*. 
This approach keeps the retention time constant while increasing the resolution. For 
rapid separations, a flow-rate ratio is chosen that gives a suitable retention time. 

In the asymmetrical flow_ FFF channel a similar situation exists: the retention 
time is a function of the ratio VJC’,,, (ref. 7). When this ratio is kept constant the 
retention time remains constant. In the absence of a complete theory for the plate 
height and resolution in the asymmetrical channel, we optimized the separation speed 
and resolution empirically. A similar approach to that for a symmetrical channel was 
used, i.e., the ratio ?Jv,,,, was chosen to give the desired retention times, while the 
value of Ci, = qC + Voul was increased to improve resolution. 

It should be pointed out that the present asymmetrical flow FFF channel creates 
a linearly decreasing longitudinal velocity gradient down the channe17. The local 
non-equilibrium plate height, H, will therefore decrease along the channel’s longitudi- 
nal axis, and the resulting average (or observed) plate height, H = Laf/ti (where ot is 
the standard deviation of the peak in time units) will be a complex function of the 
flow-rates CC and QO’,,,. This effect will be dealt with in subsequent papers. The plate 
numbers presented below have been calculated from the observed average plate height, 
R. 

Proteins and uggregatrs 

Figs. 1 and 2 show the separation of the monomer and the presumed dimer of the 
two proteins ferritin and thyroglobulin. These separations are of the same kind as 
already reported for albumin3 and were performed in the thicker channel (0.032 cm). 
The flow-rates were adjusted to give an elution time of 7 min for both monomers. 
Under these conditions they are highly retained, corresponding to about 40 and 50 
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Fig. I. Fractionation of ferritin (MW = 440 009) in channel I. Peaks: I = monomer; 2 = dimer. Sample: 

ferritin, 2 mg/ml. IO ~1. Relaxation/focusing; VC = 4 ml/min. z’ = 4.3 cm. Injection: qow-rate = 0,05 

ml/min during 0.25 min and 0.02 ml/min during I .75 min; loop volume = IO ~1. Elution; V, = 4.7 ml/min, 
V out = 2.4 ml/min, f0 = 0.18 min. 

Fig. 2. Fractionation of thyroglobuhn (MW = 669 000) in channel I. Peaks: I = monomer; 2 = dimer. 

Sample: thyroglobulin, 2 mg/ml, IO ~1. Relaxation/focusing: VC = 5 ml/min, z’ = 4.2 cm. Injection, as in 

Fig. I. Elution; V, = 3.7 ml/min, V,., = 3.4 ml/min, f,, = 0. I5 min. 
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Fig. 3. Rapid separation of a protein mixture in channel II. Peaks: I = cytochrome c; 2 = albumin 
monomer; 3 = albumin dimer. Sample: cytochrome c. IO mg/ml, I ~1; human serum albumin, I .25 mg/ml, 
9 ~1. Relaxation/focusing: V” = 5 ml/min during I min. and 9.9 ml/min during I5 s. z’ 7 5 cm. Injection: 
flow-rate = 0. I ml/min. loop volume = IO pl, time = I min. Elution; V, = 8.9 ml/mm, V,,, = 0.8 ml/min, 
1, = 0.09 min. 

void times (fR/tO = l/R), respectively. The presumed dimers occur at about 50 and 70 
void times, respectively. The high retention levels lead to the high resolution observed. 
The plate numbers for the monomer peaks are 840 and 340, respectively. When lower 
values for V,/ V,,, were used, elution times were shorter at the cost of lower resolution. 

Fig. 3 shows the separation o_f two proteins and a presumed dimer in the thin 
(v.012 cm) channel. Here, the ratio V,/ V,,, was adjusted to give very rapid eltition, and 
Vi, was raised to an high value to improve resolution. The plate numbers are 172 and 
455, respectively, for peaks 1 and 2, while the retention levels correspond to about 10, 
20 and 28 void times. When the same sample was studied in the thicker channel with the 
same short elution times, the resolution was much lower. These results appear very 
promising for rapid protein separations. 

The identity of the presumed dimer peaks was not confirmed by other techniques 
but is supported by several observations. The proteins used are known to show 
aggregate peaks in SEC. Further, the ratio of the dimer peak retention time to the 
monomer peak retention time is constant, I .40, for all three proteins, albumin, ferritin 
and thyroglobulin. For well retained components the retention time in asymmetrical 
flow FFF is inversely dependent on the component’s diffusion coefficient7, D, which in 
turn depends on the component’s molecular weight according to a simple power law*, 
D = A/Mb (A is a constant, A4 is the molecular weight). The exponent b is 0.33 for 
a spherical particle and increases as the particle becomes more elongated’. The ratio 
1.40 then corresponds to a value of b = 0.49 which does not seem unreasonable for 
a protein dimer. 

One obvious application for flow FFF would be the detection of higher 
aggregates of proteins. Isocratic experiments like those represented by Figs. 1-3 would 
then result in very long retention times and considerable dilution of aggregates, 
making detection difficult. In such cases, the use of flow programming’ to decrease the 
ratio VJ QoU, would speed up the elution of the aggregates. Fig. 4 demonstrates such an 
experiment in the thicker channel. The ratio c,/ qO”, was initially set very high to retain 
the low-molecular-weight end of the sample spectrum sufficiently long for the first 
peak to become relatively narrow. The ratio ?JeO,, was then decreased rapidly to 
a low value so that the presumed dimer and trimer were eluted relatively rapidly. In 
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Fig. 4. Stepwise gradient elution of human serum albumin (HSA, MW = 67 000) in ch_annel I. Peaks: I = 
monomer; 2 = dimer; 3 = trimer. Sample: HSA_, 3 mg/ml, IO ~1. Relaxation/fqcu$ng; IfC = 5 ml/min, z’ = 

4.2 cm. Injection as in Fig. I. Elution; V, + V,,, = 7 ml/min, decreasing Vc/Vou, in six steps. 

isocratic experiments the trimer was undetected due to the dilution. The fractogram in 
Fig. 4 should be compared with the isocratic experiment in Fig. 3 in our previous 
work3. By proper adjustment of the ratio PC/ QO’,,, it should be possible to detect much 
larger aggregates. 

Plasmids 
Fig. 5 illustrates a model separation of two plssmids, differing in the number of 

base pairs by a factor of 1.8. The separation time is short and the resolution is more 
than adequate for many applications. The fractogram was obtained by using the thin 
channel: the plate numbers for both peaks are about 450. When the same separation 
was carried out in the thicker channel the resolution was incomplete (see also similar 
experiments in ref. 3). Optimization of the flow-rates with the thin channel resulted in 
much improved resolution and decreased separation time. 

The small interfering responses close to peak 2 in Fig. 5 appear to be due to an 
heterogeneous composition of the plasmid pGLlO1 (peak 1). When this plasmid was 
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Fig. 5. Separation of the plasmids pGLlOl (2390 base pairs) and pBR322 (4320 base pairs) in channel II. 
Peaks: I = pGLl0 I, 0. I pg/pl. I ~1; 2 = pBR322,O.l pg/pl, I ~1. Relaxation/focusing: VC = 2 ml/min, z’ = 
4:2 cm, time = 3 mjn. Injection: flow-rate = 0.1 ml/min, loop volume = 98 ~1, time = 2 min. Elution: 
V, = 1.9 ml/min, V,,, = 0.6 ml/min, to = 0.24 min. 
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Fig. 6. Fractionation of the plasmid pGLlO1 (2390 base pairs) in channel II. Peaks: 1 = plasmid; 2 and 3 = 
possibly aggregates OJ conformational variants of the plasmid. Sample: pGLIO1, 0.1 pg/$, 5 ~1. 
Relaxation/focusing: V’c = 2 ml/min. z’ = 4.3 cm, time = 2 min. Injection: flow-rate = 0.05 ml/min, loop 
volume = 10 ~1, time = I min. Elution: V, = 1.6 ml/min, V,., = 0.42 ml/min, to = 0.32 min. 

fractionated separately (see Fig. 6) two extra responses occurred. They may be due to 
aggregates or conformation variants of the plasmid pGLlO1 sample. 

In the course of this study, we noted changes in the retention characteristics with 
sample load. These effects increased with the size of the plasmid, and were more 
pronounced in the thinner channel. The result of these effects was a tendency for peak 
fronting, and elution of a portion of the sample close to the void time. The effect is 
demonstrated by the differences between the two fractograms in Figs. 5 and 6. 
A possible explanation is that the highly concentrated sample zone formed during 
sample focusing creates an intermolecular repulsion which prevents the entire sample 
from relaxing to the correct equilibrium level above the accumulation wall. Thus, part 
of the sample would be relaxed too far away from the wall, resulting in early elution. 
The maximum sample size may be increased by allowing the sample to focus over 
a larger area of the ultrafiltration membrane. 

Plasmid,fragments 
Separation of the fragments, obtained from plasmids after treatment with 

restriction enzymes, can be carried out rapidly with asymmetrical flow FFF3. Those 
cases where relatively few fragments occur seem best suited for the technique. In our 
previous study3 with a thick channel (0.03 cm), the separation of two fragments, one 
relatively small, the other big, was easily achieved. However the separation time was 
rather long (about 40 min) and the late-eluted big fragment gave a very broad band. 

Stepwise flow programming can be used to speed up the elution of the large 
fragments in such work. This is demonstrated in Fig. 7, where the small fragment is 
eluted isocratically at a relatively high retention level, corresponding to about 22 void 
times. This contributes to an improved resolution for the small fragment. Then, the 
cross-flow-rate is reduced to zero in one step, resulting in immediate elution of the big 
fragment. The total separation time was 30 min, compared to 60 min in the previous 
work3. The sample applied was 16 pg. 

Fig. 8 shows a rapid high-resolution separation of three “small” plasmid 
fragments (200,700 and 1200 base pairs), performed in the thinner channel. The plate 
numbers for the three peaks are, respectively, 330, 580 and 1350, and the retention 
degree corresponds to ca. 13, 27 and 59 void times, respectively. All three fragments 
were eluted in about 0.5 ml of carrier. The thin channel has the advantage of giving 
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Fig. 7. Micropreparative separation of plasmid fragments with flow programming in channel I. Peaks: I = 
700 base pairs (bp); 2 = 4600 bp. Sampie: fragments from the plasmid pTL830 cleaved with Pstl and Bglll, 
0.4 fig/PI, 40 ~1. Relaxation/focusing, V” = 4 ml/min, z’ = 4.7 cm, time = 8 min. Injection: flow-rate = 
0,05 ml/min, loop vo!ume = IO ~1, four loop volume were injected during 7 min. Elution:Jime = O-20 min, 
V, = 0.66 ml/min. Voul = I .2 ml/min. lo = 0.49 mitt: time > 20 min. V, = 0 ml/min. Vout = I .2 ml/min. 

Fig. 8. Separation of three plasmid fragments in channel II. Peaks: 1 = 200 bp, 0.01 pg; 2 = 700 bp, 0.05 
pg; 3 = 1200 bp, 0.04 pg. The fragments were obtained from three different digests of the plasmid pTL830, 
each giving one big and one small fragment. The small fragments had previously been isolated in channel I. 
Sample volume = 700 ~1. Relaxation/focusing: V” = 4 ml/min, z’ = 4.7 cm, time = 7.5 min. Injection: 
flow-rate = 0.2 ml/min, loop volume = 98 ~1, seven loop volumes were injected during 6.5 min. Elution: 
V, = 2.8 ml/min. V,,,, = 0.5 mlimin. tn = 0.22 min. 

greater separation speed, resolution and smaller peak elution volumes. A disadvantage 
is the concentration effect noted for large fragments, similar to the large plasmids 
discussed above. This effect limits the sample sizes in preparative separations. 

Viruses 
The retention, separation and characterization of virus particles by flow FFF 

has already been studied’. However, the conditions used led to very long elution times, 
often several hours. In line with on-going efforts to develop rapid flow FFF 
separations3**, we now demonstrate such separations for viruses. Two viruses were 
studied, with molecular weights of ca. 1.8 . lo6 and 50 106. Results are shown in Figs. 
9 and 10. The cross-flow-rate in each case was chosen to give high retention leyels (18 
and 22 void times, respectively) which increases the resolution; the ratio VJV,,, was 
adjusted to give short elution times. The smaller virus (Fig. 9) was given an elution time 
of only 2.5 min while the larger virus was e!uted at 5 min (Fig. 10). It should be pointed 
out that by proper change of the ratio Vc/l?o,, any elution time can be chosen for 
a given component. 

The virus peaks appear well shaped, but the smaller virus in Fig. 9 has a tendency 
to give a skewed peak, which may be caused by an heterogeneous composition of the 
sample (perhaps due to some aggregation). The peak from the larger virus shows 
a slight tail which may be caused by instrumental factors. The peak efficiency, as 
expressed by the plate number, N, is 242 and 590, respectively. 
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Fig. 9. Isolation of Satellite tobacco necrosis virus (MW = 1.8 106) in channel II. Peaks: 1 = virus, 3 Hg/pl, 
2 ~1. Relaxation/focusing: Vc = 3 ml/min, z’ = 4..3 cm, time = 2 min. Injection: flow-rate = 0.05 ml/min, 

loop volume = IO ~1, time = 1 min. Elution; V, = 4.35 ml/mitt, V,,, = 0.67 ml/mitt, fa = 0.15 min. 

Fig. 10. Isolation of Semliki forest virus (MW = 50 106) in channel II. Peaks: 1 = virus, 0.1 pg/pl, 5 ~1. 
Relaxation/focussing: r = 2 ml/min, z’ = 3,8 cm, time = 2 min: Injection: flow-rate = 0. I ml/mitt, loop 
volume = 10 ~1, time = 0.5 min. Elution: V, = 1.65 ml/min, V,., = 0.74 ml/min, f0 ,= 0.23 min. 
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