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Steric transition in flow field-flow fractionation (FIFFF) was investigated under field programming by
varying the channel thickness of a frit inlet asymmetrical FIFFF (FI-AF4). Steric transition is a typical
inversion in sample elution mode from the increasing order of diameter (normal mode) to the opposite
order (steric mode). Owing to the co-elution of two different-sized particles in the steric transition region
where particles elute by the combination of the two elution modes, a loss of information in determining
the accurate size of sample components in field-flow fractionation occurs. In this study, the effect of field
programming on the steric transition in FI-AF4 was examined with the increase in channel thickness
in order to increase the diffusional contribution of particle retention with the simultaneous reduction
of steric contribution. This study demonstrated that the steric inversion diameter can be increased to
>1 wm by programming the crossflow rate and by increasing the channel thickness to 350 and 490 pm.
The present study also investigated the effects of outflow rate and initial field strength on the particle
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1. Introduction

Field-flow fractionation (FFF) refers a group of elution-based
separation methods utilizing external forces to retain particles or
macromolecules in an empty channel with a migration flow having
parabolic velocity profiles [1,2]. Flow FFF (FIFFF), a sub-technique
of FFF, employs a secondary flow as an external force that moves
across the channel in the direction perpendicular to migration flow
[3]. FIFFF is the most widely used technique among FFF methods
owing to its various applications to macromolecules whose sizes
range from 1000 Da to ~ 50 wm including water soluble polymers,
organic polymers, proteins, cells, subcellular species, and particu-
late materials [4-10].

The size separation of particles by FFF is generally based on the
interaction of particles with external forces. When particles are
pushed toward one wall of a channel (accumulation wall) by exter-
nal forces (sedimentation force in sedimentation FFF or crossflow
in FIFFF), submicron-sized particles find an equilibrium between
the two counter-directing forces (the external force and Brownian
diffusion) in such a way that smaller particles protrude away from
the channel wall toward the faster streamline region of parabolic
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flow profiles whereas larger particles find the equilibrium posi-
tion close to the wall. Therefore, smaller particles elute earlier than
the larger ones, which is called the normal mode of retention [2].
However, particles larger than a certain size limit exhibit negligible
diffusion, but are elevated to a finite distance against the channel
wall by hydrodynamic lift forces. In this case, the center of larger
particles is exposed to a faster streamline than that of smaller ones,
and therefore, larger particles migrate faster. The latter is referred
to as the steric mode of retention [11]. In between the two reten-
tion modes, there is a particle size range called the steric transition
region, where particle retention is governed by the combination of
both normal and steric modes, and the particle size with the longest
retention time in both retention modes is called the steric inver-
sion diameter [12]. In the steric transition region, particles of two
different sizes around the steric inversion diameter elute together,
which often makes it difficult to determine accurate sizes. The steric
inversion diameter can be varied by controlling the field strengths
and flow rate in FFF. Its typical value was reported as ~1 um for
polystyrene (PS) latex particles in sedimentation FFF (SAFFF) [13]
and 0.4-0.5 wm for FIFFF including cylindrical channel system as
in hollow fiber FIFFF (HF5) [14-16]. In FIFFF, large particles elute
by the steric/hyperlayer mode of elution in which the migration
height of particle increases with the particle size so that larger par-
ticles migrate at a distance further away from the bottom height
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of smaller particles, resulting in a decrease in the steric inversion
diameter.

In analyzing sample materials with a broad size distribution by
FFF, an optimized run condition needs to be selected for the success-
ful size-based separation without encountering steric transition
during run. Studies have shown that the steric inversion diame-
ter can be decreased by increasing the field strength and flow rate
simultaneously. The smallest value was reported as 0.22 pum for
gold particles in SAFFF [13] and ~0.23 um for PS latex in FIFFF
[14]. Steric inversion diameter can be increased to a large diam-
eter scale either by increasing the diffusional contribution or by
reducing the influence of hydrodynamic lift forces on retention.
The former effect can be achieved by increasing either the channel
thickness or the temperature. An increase in the temperature dur-
ing the separation was observed to result in an increase in steric
inversion diameter up to ~0.8 pm at 73 °C for HF5 [16]. However,
the latter effect can be obtained by employing field program-
ming, which results in a substantial decrease in the hydrodynamic
lift forces. A recent study shows that ultrahigh-molecular-weight
copolymers in the range 107-108 Da can be resolved in either nor-
mal or steric/hyperlayer mode by adjusting the decay patterns of
field programming in a frit inlet AF4 (FI-AF4) channel system [17].
However, it is not clear yet how large the steric inversion diameter
can be extended in case of particle separation by FIFFF, especially
using FI-AF4 channel system. An FI-AF4 channel utilizes a short
(~ 3 cm long) inlet frit at the beginning of the depletion wall of
the typical AF4 channel so that sample components introduced to
the channel are hydrodynamically compressed toward the accu-
mulation wall by the incoming high-speed frit flow while they are
migrating [18,19]. Therefore, sample relaxation in FI-AF4 can be
continuously achieved without stopping the migration flow typ-
ically required for the focusing/relaxation procedure of AF4 and
the possible sample adsorption by the accumulation wall can be
reduced. In practice, hydrodynamic relaxation in FI-AF4 along with
field-programmed separation has been useful for the separation of
broad ultrahigh-molecular-weight polymers [20,21]. However, the
FI-AF4 system requires a high-speed frit flow (normally 20 times
faster than the sample injection flow rate) and a high crossflow rate
to ensure hydrodynamic relaxation of sample components. There-
fore, the available range of outflow rates in FI-AF4 is limited. To
analyze sample materials with a broad size distribution, selection
of a proper run condition to ensure hydrodynamic relaxation and to
avoid steric transition is required. However, the effect of field pro-
gramming on steric transition in particle separation has not been
examined in FI-AF4, which is useful for the separation/isolation of
biological particles and the further analysis of biologically active
components in conjunction with proteomic and metabolomics [22].

In the present study, the effect of field programming on steric
transition in FI-AF4 has been investigated with PS latex particles. By
varying the field decay patterns, the rate ratio of frit flow to injec-
tion flow, initial field strength, and channel thickness, a possible
extension of steric transition to a larger diameter scale has been
achieved.

2. Theory

The retention ratio, R, is defined as the ratio of void time, t°, to
retention time, t;, and R in the normal mode is generally expressed
as

Rzgzsx [coth (217) _2,\} (1)

where A is the ratio of mean layer thickness of the sample zone to
the channel thickness, w, which is given for FIFFF as

D kT

h= Uw ~ 3mpwud

(2)
where D is the diffusion coefficient of the sample component (=
kT/37nd), U is the transverse flow velocity of the crossflow, k is
Boltzmann distribution constant, T is absolute temperature, 7 is
the viscosity of the carrier liquid, and d is the particle diameter. In
the case of a small A, Eq. (1) can be simply expressed as

2kT - 2kTVO
anqwUd — pw2dV,

R=6A= (3)

where V* is the channel void volume and V. is the volumetric flow
rate of crossflow (=A.U, where A is the total area of the accumula-
tionwall)[1,2,23]. However, in the steric/hyperlayer mode of FIFFF,
the retention ratio is expressed as
0
R= L -3 (4)
tr w
where y is the steric correction factor, which depends on the field
strength, migration flow velocity, and particle diameter [24]. Owing
to the complicated properties of hydrodynamic lift forces, y has
not been fully resolved and thus, retention in the steric/hyperlayer
mode cannot be theoretically expected [25]. Instead, a calibration
is normally applied to determine the particle diameter from the
retention time [12,23] as

logt; = logt,; —Slogd (5)

where t;q is the extrapolated retention time of a unit diameter and S
(>0) is the diameter-based selectivity in the steric/hyperlayer sep-
aration. Therefore, the retention ratio can be written as the sum of
Egs. (3) and (4) as
t0 3yd
R=— =61+ " 6
L + (6)
and it can be expressed by using the calibration equation in Eq. (5)
as

_ o 2kr &
anwlUd ~ tq

(7)

From Eq. (7), the steric inversion diameter, d;, can be semi-
empirically determined at g—’; =0][13,26] as follows:

1
2KTt, S+
di= | =" (8)
TnwUt8S
Eq. (8) applies to a typical FIFFF channel with an appropri-
ate equation of t° according to the channel type (symmetrical,
asymmetrical, and frit-inlet asymmetrical FIFFF). For a frit-inlet

asymmetrical FIFFF (FI-AF4) channel, t° can be expressed in a
reduced form as [19]

0 / v, Vv
OVl Vs (I s () U (orFi — AFa) (9)
Ve LVr—-Vs Vs Vour

where Vs is the injection flow rate, V; is the frit flow rate, and Vo is
the outflow rate leading to the detector. Eq. (9) is valid only when
Vs < VpAp/Ac, where Ay is the area of the inlet frit. Eq. (8) indicates
that the steric inversion diameter can be increased with a decrease
in U at a given channel thickness, but can be, to some degree, offset
by the decrease in t; in the steric/hyperlayer separation. When
utilizing the field programming in the FIFFF channel, an additional
decrease in void time, which is a function of time as t°(t), along
with a decrease in the slope (S) of steric calibration may result in an
increase in the steric inversion diameter. When field programming
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is introduced, U and ¢° in Eq. (8) are no longer constants as U(t) (=
Ve(t)/A ¢) and t°(t) at time t. For instance, the crossflow rate in a
linear decay pattern can be expressed as [27]

Ve (£) = Veo - AVe (ttp“) (10)
where Vg is the initial crossflow rate, AV, is the decrease in the
crossflow rate during the program, t; is the initial time delay before
the field decay begins, and t;, is the transient time for programming.
When the crossflow rate is varied by fixing Vout, the void time in
Eq. (9) becomes

t0(t) = v { Vs 1n<vf.(t)> +in <Vf(t)>}
Ve(t) | Vy () — Vs 2 Vout

(for FI—AF4 with field decay) (11)

This will require a complicated numerical calculation for the
prediction of stericinversion diameter in the normal mode, which is
beyond the scope of this study. However, it will be useful to attempt
an experimental approach to increase the steric inversion diameter
by utilizing field programming at different channel thicknesses. The
present study will investigate the possibility of increasing the steric
inversion diameter by utilizing the FI-AF4 channel system.

3. Experimental

PS latex standards were purchased from Thermo Fisher Scien-
tific (Waltham, MA, USA) and their nominal diameters were 0.046,
0.102, 0.203, 0.303, 0.400, 0.498, 0.702, 0.799, 0.903, 0.994, 1.999,
4.000, 6.007, 7.979, and 10.15 pm. Hereafter, they are referred to
as 50, 100, 200, 300, 400, 500, 700, 800, and 900 nm and 1, 2, 4, 6,
8,and 10 pm, respectively. Sodium dodecyl sulfate (SDS) and NaN3
were purchased from Sigma-Aldrich (St. Louis, MO, USA).

The FI-AF4 channel utilized in this study was modified from
a model LC channel from Wyatt Technology Europe GmbH
(Dernbach, Germany) by replacing the depletion wall block
with a polycarbonate block embedded with a ceramic frit
(35mm x 18 mm x 7 mm) in our laboratory. The installation of an
inlet frit with plumbing is described in literature [28]. Channel spac-
ers were cut from Mylar sheets with different thicknesses of 190,
350, and 490 pwm with a tip-to-tip length of 26.6 cm and an inlet
width of 2.2cm with a trapezoidal decrease to an outlet width
of 0.6cm A regenerated cellulose membrane with a pore size of
20KkDa, obtained from Merck Millipore (Darmstadt, Germany), was
utilized at the accumulation wall. The carrier solution was prepared
using ultrapure water (>18 MQecm) added with 0.05% SDS and
0.02% NaNj3 as a bactericide. The prepared solution was filtered with
Durapore® hydrophilic polyvinylidene fluoride membrane filter
(pore size 0.1 wm) obtained from Merck Millipore and degassed 1 h
prior to the FI-AF4 analysis. Sample injection was performed using
a model 7725i loop injector from Rheodyne (Cotati, CA, USA) with
a sample loop (6 L) through the sample inlet using SP930D high-
performance liquid chromatography (HPLC) pump from Young-Lin
Instruments (Seoul, Korea). PS particles of submicrometer sizes
were diluted with the carrier liquid (x 10 for 50 nm, x60 for 100 nm,
x100 for 200-500nm, x10 for 600-900 nm) and supramicron-
sized PS particles were used without dilution. All injections were
performed with 1L of each standard. The frit flow was deliv-
ered to the inlet frit port using a model 1260 Infinity HPLC pump
from Agilent Technologies (Palo Alto, CA, USA), controlled by the
Eclipse Separation System for AF4 from Wyatt Technology Europe
GmbH. The Eclipse system controlled both the outflow rate and
crossflow rate, which was programmed to decrease linearly during
the separation. During field programming, the crossflow rate was
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Fig.1. Fractograms of polystyrene (PS) particles in FI-AF4 (w =190 m) using a) con-
stant field strength (V. = 1.0 mL/min) and b) a linear field programming (the decay-I).
Vs =0.1 mL/min, Vo =0.7 mL/min, and V; was adjusted as V¢ + Voye - Vs.

1.0 mL/min initially for the decay-I and was maintained for 3 min;
it was thereafter decreased to 0.5 mL/min for 6 min, to 0.1 mL/min
for 18 min, further to 0.02 mL/min for 6 min, and was thereafter
maintained at 0.02 mL/min. The decay-II began with a higher ini-
tial crossflow rate of 3.0 mL/min but the decay patterns were the
same as those of the decay-I. The eluted PS particles were mon-
itored at a wavelength of 254 nm using a model UV730D UV-vis
detector from Young-Lin Instruments. The detector signals were
recorded using ASTRA software from Wyatt.

4. Results & discussion

The effect of field programming on the separation of PS latex
standards in an FI-AF4 channel system is compared with that of
an isocratic (constant field) run in Fig. 1. In the constant crossflow
rate condition, submicron PS particles were reasonably separated,
except for the particles of size 1 wm, which were not successfully
resolved. The flow rates employed were Vs =0.1, Vo =0.7, the ini-
tial V. =1.0mL/min, which was constant in Fig. 1a and decreased
linearly (the decay-I) in Fig. 1b, and Vf varied with the decrease
in crossflow rate as Vy + Vs = Ve + Vour in an FI-AF4 channel system.
The thickness of the channel spacer employed in Fig. 1 was 190 p.m.
When field programming was applied to Fig. 1b, the elution times
of submicron particles were reduced with some loss of resolution.
The separation of supramicron-sized PS particles was achieved in
a decreasing order of sizes. Although PS particles during field pro-
gramming eluted without a serious band broadening, particles in
the size range 0.5-1 wm were not yet resolved from each other
owing to the combination of normal and steric/hyperlayer modes
of retention. As the separation was achieved in a relatively thin
channel (w=190 pwm), the contribution of lift forces can be signif-
icant and the decrease in field strength during field programming
may not reduce the steric/hyperlayer effect as much as expected.
At the elution time of particles in the steric transition region, it
appears that the steric inversion diameter was in the range 0.7-0.8
pm.

To minimize the contribution of the lift force, steric transition
was investigated with a channel of increased thickness (w=350
pm). Fig. 2 shows the comparison of particle separation between
a) the isocratic field and b) linear field decay (the decay-I). The
flow rate conditions were the same as those used in Fig. 1. Fig. 2a
demonstrates that an increase in the channel thickness enhanced
the separation resolution, but with a substantial broadening of
all the eluting components. In the constant field strength condi-
tion, supramicron particles were not successfully resolved owing



134 Y.B. Kim et al. / J. Chromatogr. A 1576 (2018) 131-136

0.1 a.
f 1.0
0.05 Isocratic|
0.2
93 -0.0
50 100

—
=
Crossflow rate (mL/min.)

Detector response

.
g
n

0 10 20 30 40
Time (min.)

Fig. 2. Separation of PS standards in FI-AF4 with a channel of increased thickness
(w=350 wm) using a) constant field strength (V. =1.0mL/min) and b) field decay
pattern I. Vs =0.1 mL/min, Vo, =0.7 mL/min.

to the reduced migration flow velocity. The employment of field
programming in the 350-wm-thick channel resulted in a success-
ful separation of supramicron particles in Fig. 2b and improved the
normal mode separation in which the resolution of particles of sizes
0.5 and 0.8 pm was better than that observed in Fig. 1b. Moreover,
the retention time (33.1 min) of particles of size 1 wm in a thicker
channel appeared to be longer than that (29.8 min) of particles of
size 0.5 wm, confirming that the steric transition was increased to
a larger diameter scale. With the thinner channel in Fig. 1b, the
particles of size 1 wm eluted earlier than those of size 0.5 pm.
The influences of the experimental parameters in FI-AF4
channels on the separation of PS latex standards were further inves-
tigated. Fig. 3a shows the normal mode of separation by linear
field programming (the decay-I) obtained by increasing the outflow
rates from 0.4 to 1.0 mL/min while Vs was fixed at 0.1 mL/min. As
the frit flow rate (V) is equal to V¢ + Voue — Vs, the initial Vf values
should be 1.3, 1.6, and 1.9 mL/min for the top, middle, and bottom
fractograms in Fig. 3a, respectively. An increase in the outflow rate
in FI-AF4 under the same field decay pattern requires an increase
in the frit flow, which increases the migration speed of particles
during the hydrodynamic relaxation. The shoulder before the par-
ticle elution at the top of Fig. 3a is caused by the surged elution of
some particles originating from incomplete hydrodynamic relax-
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Fig. 4. Field programming in the FI-AF4 separation of PS particles with a channel
(w=490 pm). Vs =0.1 mL/min and Vj,,; =0.7 mL/min.

ation under a low ratio of \'/f/\'/S (=1.3/0.1).In an earlier report, this
ratio was determined to be effective when it was close to 20 [18].
However, for the case of the bottom fractogram, which employed
a sufficiently high Vf (=1.9mL/min), it did not lead to a successful
separation as the outflow rate (1.0 mL/min) was too high. When
the initial field strength was raised to 3.0 mL/min (the decay-II) in
the top fractogram of Fig. 3b in comparison with the decay-I with
the fixed Vs =0.1 and Vyy = 0.7 mL/min, it did not make a significant
difference in the separation of late eluting particles (> 0.2 wm) as
the field decay patterns after 10 min of run were the same.

A further increase in the channel thickness to w=490 wm
resulted in a shift in the steric transition region to a larger diame-
ter scale as PS particles of size 2 wm eluted slightly later than those
of size 1 pm in Fig. 4 whereas their retention order was reversed
in Fig. 2. Notably, the band broadening was significantly increased
as the flow rate conditions were the same as those used in Fig. 2,
resulting in a substantial decrease in the migration speed with an
increase in the channel thickness. However, it can be useful that the
steric transition region can be shifted to a large diameter scale when
the field programming is employed with an increase in the chan-
nel thickness in FIFFF. The steric inversion diameter, d;, at different
channel thicknesses can be simply estimated from the experimen-
tal relationship between the retention time and particle diameter
as shown in Eq. (5), which can be separately established for both
normal and steric/hyperlayer modes. Fig. 5 shows the plots of log
tr (min) vs. log d (.m) of PS particles measured with the chan-
nels of the three different thicknesses (190, 350, and 490 pwm). The
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0 10 20 30 40
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Fig. 3. Effects of a) Voyr (0.4, 0.7, and 1.0 mL/min from the top) and b) the initial field strength (V, = 3.0 mL/min for the top and 1.0 mL/min for the bottom, V,y =0.7 mL/min
for both) on programmed-field separation of PS latex standards in FI-AF4 (w =350 wm). Vs =0.1 mL/min for all runs.
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Fig. 5. Plots of log t (min) vs. log d (wm) of PS particles obtained by programmed-
field separation in FI-AF4 at different channel thicknesses (190, 350, and 490 pwm).

Table 1

Slope and intercept values of the calibration plots of log t, (min) vs. log d (um) of
PS latex particles for the three different channel thicknesses shown in Fig. 5. Data
points marked with filled symbols in Fig. 5 were included to establish the calibration
curves in Eq. (5).

w Normal mode Steric/hyperlayer mode
(mm)

Sn log t;1 (min) R? S log t;1 (min) R?
190 0.55 1.31 0.986 0.74 1.12 0.994
350 0.48 1.65 0.972 0.69 1.71 0.975
490 0.33 1.68 0.928 0.52 1.90 0.893

stericinversion diameter can be empirically estimated from the cal-
ibration parameters of both normal and steric/hyperlayer modes as
listed in Table 1 without referring to Eq. (8) as the semi-empirical
approach used to determine d; in Eq. (8) requires a numerical cal-
culation of void time varied during the field programming as in Eq.
(11). Fig. 5 shows that d; can be increased by employing field pro-
gramming in FIFFF. The typical steric inversion diameter in FIFFF
was determined to be ~ 0.5 pm, but it was increased to 0.72 pm at
the channel with w=190 pm in Fig. 5 and to a value as large as 1.8
pmwith an increased channel thickness (w =490 pwm). Notably, the
slope values (S) in Table 1 or the diameter selectivity was observed
to decrease with the application of field programming. In Table 1,
the slope values of the steric/hyperlayer mode followed the expres-
sion of S in Eq. (5); however, the slope of the normal mode, Sy,
followed log t; = log t;1 + Sy log d.

5. Conclusion

The steric transition phenomena in FI-AF4 channel systems have
been investigated by employing field programming and increasing
the channel thickness. As the steric inversion diameter of any FIFFF
channel system was observed to be approximately 0.5 pm, FIFFF
separation of particulate materials covering this size is limited.
The present study demonstrated that the steric inversion diame-
ter could be increased to above 1 pwm when the crossflow rate was
programmed to decrease with the increase in channel thickness.
The steric inversion diameter was observed to increase to 1.8 pum
with a 490-p.m-thick channel; however, separation resolution was
sacrificed to some degree owing to the increase in band broadening.
The results of this study suggested that field programming with the
350-m-thick channel can be useful to improve the normal mode
of separation to as close as 1 wm without a serious increase in the
retention time. As the FI-AF4 channel system requires a high rate

of frit flow to ensure successful hydrodynamic relaxation of sample
components, the possible range of outflow rates is limited; there-
fore, field programming with the application of a higher frit flow
rate can be an alternative to successfully operate an FI-AF4 chan-
nel. The present study demonstrated that steric transition in the
FI-AF4 channel can be extended to a large diameter scale to some
degree by utilizing crossflow programming at an increased chan-
nel thickness, which can be useful to separate particles without
encountering steric transition at the submicron level.
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