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ABSTRACT: This study introduces the thickness-tapered channel
design for flow field-flow fractionation (FlFFF) for the first time. In
this design, the channel thickness linearly decreases along the
channel axis such that the flow velocity increases down the channel.
Channel thickness is an important variable for controlling retention
time and resolution in field-flow fractionation. Especially, in the
steric/hyperlayer mode of FlFFF, in which particles (>1 μm)
migrate at elevated heights above the channel wall owing to
hydrodynamic lift forces, the migration of long-retaining smaller-
sized particles can be enhanced in a relatively thin channel or by
increasing the migration flow rate; however, an upper size limit that
can be resolved is simultaneously sacrificed. A thickness-tapered channel was constructed without a channel spacer by carving the
surface of a channel block such that the channel inlet was deeper than the outlet (w = 400 → 200 μm). The performance of a
thickness-tapered channel was evaluated using polystyrene standards and compared to that of a channel of uniform thickness (w =
300 μm) with a similar effective channel volume in terms of sample recovery, dynamic size range of separation, and steric transition
under different flow rate conditions. The thickness-tapered channel can be an alternative to maintain the resolving power for
particles with an upper large-diameter limit, faster separation of particles with a lower limit, and higher elution recovery without
implementing the additional field-programming option.

Flow field-flow fractionation (FlFFF) is an elution-based
method that can separate macromolecules by size.1−3 It is

the most popularly used variant of field-flow fractionation
(FFF) techniques because of its wide variety of applications
including synthetic polymers, proteins, subcellular and
extracellular vesicles, cells, and nano- to micron-sized
particles.4−8 Size-based separation in FlFFF is based on the
differential distribution of sample components above the
channel wall depending on their hydrodynamic diameters, as
well as enforcement by crossflow moving across the channel
wall. When migration flow of a parabolic velocity pattern is
applied to sample components that are in equilibrium between
the force (crossflow) and opposing diffusional forces,
submicron-sized particles or macromolecules elute with an
increasing order of diameter, which is typical during elution in
the normal operating mode of FFF.1 However, particles larger
than ∼1 μm in diameter elute in an opposite order of sizes
owing to the negligible contribution of particle diffusion but
increased role of hydrodynamic lift forces,9 called steric/
hyperlayer operation.10

As mentioned, diffusion does not play a significant role in
the mechanism of elution of particles larger than ∼1 μm in
diameter. Such particles are driven to equilibrium positions
close to the accumulation wall where the force due to the
applied field or the drag due to the fluid crossflow is balanced
by opposing hydrodynamic lift forces. While fluid inertial lift
forces tend to drive particles away from walls bounding fluid

flow, they are relatively weak and are often not strong enough
to counter the applied forces.9 Experiments using sedimenta-
tion FFF have shown the effect of much stronger lift forces in
the region close to the wall. These forces appear to increase
with particle volume, to increase with the reciprocal of the
distance between an entrained particle and the wall, and to
increase with the fluid shear rate close to the wall.11 The result
is that the equilibrium positions of the particles are generally
quite close to the wall. The consideration of hydrodynamic
effects that retard the particle velocity relative to that of the
undisturbed fluid velocity at the position of the particle center
then determines its migration velocity along the channel.11,12

The observation that diameter-based selectivity Sd (= d log tr/d
log d) tends to be less than unity in steric sedimentation FFF
and greater than unity in steric/hyperlayer flow FFF is
consistent with this model.13,14

When analyzing particulate or cellular species with a
diameter range of ∼1 μm, complete separation either by the
normal or steric/hyperlayer mode alone is difficult because of

Received: August 11, 2022
Accepted: September 22, 2022
Published: October 4, 2022

Articlepubs.acs.org/ac

© 2022 American Chemical Society
14460

https://doi.org/10.1021/acs.analchem.2c03503
Anal. Chem. 2022, 94, 14460−14466

D
ow

nl
oa

de
d 

vi
a 

Y
O

N
SE

I 
U

N
IV

 o
n 

O
ct

ob
er

 1
9,

 2
02

2 
at

 0
5:

11
:5

7 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Seung+Yeon+Shin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jae+Won+Seo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Yong+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+Stephen+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myeong+Hee+Moon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.2c03503&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03503?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03503?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03503?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c03503?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ancham/94/41?ref=pdf
https://pubs.acs.org/toc/ancham/94/41?ref=pdf
https://pubs.acs.org/toc/ancham/94/41?ref=pdf
https://pubs.acs.org/toc/ancham/94/41?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03503?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf


the coelution of particles around the steric inversion diameter.
The steric inversion diameter in FlFFF was typically observed
in 0.4−0.7 μm of polystyrene (PS) latex beads.15−17 The steric
inversion diameter can be increased by decreasing the
hydrodynamic lift forces either by increasing the channel
thickness or by increasing diffusional contribution by
increasing temperature; this diameter increased up to 1.8 μm
when the channel thickness was increased to 490 μm.18 This
approach can be useful for the size analysis of submicron-sized
sample materials with some oversized species of approximately
1−2 μm in diameter. However, for particle samples with
primary size distributions exceeding 1 μm, including those with
some undersized (<1 μm) particles as a minor distribution, it is
useful to shift steric inversion to a low submicrometer scale.
Such operation can be achieved via increasing hydrodynamic
lift forces9 by decreasing the channel thickness or increasing
the migration flow velocity. Steric inversion was reduced to
∼0.23 μm for PS latex by decreasing channel thickness in
FlFFF.15 However, when the channel thickness is decreased,
the upper particle size that can be resolved is limited.
Increasing the field strength can be an alternative to overcome
this limitation, but this approach may increase the risk of
sample loss in the channel if the migration flow velocity is not
high, despite the simultaneous increase in the hydrodynamic
lift forces for larger-diameter particles. An alternative approach
to enlarge the dynamic size range of separation without
sacrificing the retention time for smaller particles and
resolution for larger particles in the steric/hyperlayer mode
is by employing a field-programming method in which either
the crossflow rate decreases or the migration flow rate
increases with time.4,19,20 However, flow rate programming
for FlFFF requires a special flow controller that incurs an
additional cost for the system setup.

This study introduced the development of a thickness-
tapered FlFFF channel for the first time. In this designed
channel, the channel thickness linearly decreases along the
channel axis; thus, the linear flow velocity increases. This effect
enhances the migration of long-retaining species without
employing a programmed increase in migration flow or a
programmed decrease in field strength. Because a gradual
increase in the migration flow rate during separation lowers the
detector signals owing to a dilution effect, a thickness-tapered
FlFFF channel can be an alternative approach for enhancing
particle separation without increasing the outflow rate or
decreasing the field strength. The thickness-tapered FlFFF
channel was constructed by carving the channel space below
the surface of the upper channel block of an asymmetrical
FlFFF channel such that the depth (w = 400 μm) of the
channel inlet was higher than that (w = 200 μm) of the outlet.
Therefore, the typical channel spacer used for constructing the
channel space was removed in the thickness-tapered FlFFF
channel. The performance of a thickness-tapered FlFFF
channel (w = 400 → 200 μm) was compared with that of a
conventional FlFFF channel possessing uniform thickness (w =
300 μm) and a similar void volume by examining the dynamic
size range of particle separation under different flow rate
conditions, steric transition diameters, and particle recoveries
using a set of PS latex standards with a broad diameter range
(0.020−20 μm in diameter).

■ THEORY
Typical channel geometries of FlFFF are rectangular (fixed
breadth) or trapezoidal (decreasing breadth) designs with a

fixed channel thickness. Between the two, the trapezoidal
geometry is more commonly utilized. A thickness-tapered
FlFFF channel with a trapezoidal breadth can be constructed
without using a typical channel spacer by carving the channel
space inside the channel block, as shown in Figure 1a, and the

dimensions of the channel geometry are shown in Figure 1b.
As indicated by the channel dimensions in Figure 1b, b0 and bL
are the channel breadths at z = 0 and z = L, respectively. L0
and Lf, which are the lengths of end pieces at the inlet and
outlet, respectively, were adjusted to be the same as b0 and bL,
and this adjustment was applied for both rectangular and
trapezoidal channels. Similarly, w0 and wL are the thicknesses at
z = 0 and L, respectively. Here, L is the effective channel
length, which is defined as the distance between the start (z =
0) of the separation without including the inlet end piece and
the last (z = L) of separation without considering the outlet
end piece, according to Williams.21 In this configuration, the
volumetric channel flow rates at z = 0 and z = L are expressed
as V0 and VL, respectively. V0 can be calculated from Vin, the
flow rate at the channel inlet by subtracting the portion of the
crossflow rate exiting through the inlet end piece.

For the following derivation, we assume that the sample
focusing/relaxation occurs at z = 0, as defined by Figure 1b,
and that the particles migrate along the channel to z = L under
elution flow conditions.

Because the channel breadth and thickness decrease along
the channel length as a function of position z, the local mean
flow velocity, ⟨v⟩z, is expressed as follows:

=v
V

b wz
z

z z (1)

where Vz is the volumetric flow rate at any arbitrary position z
and bzwz represents the cross-sectional area at z. When the
channel breadth linearly decreases from b0 to bL, the channel
breadth can be expressed as

Figure 1. (a) Schematics of a thickness-tapered FlFFF channel, in
which a channel space is carved by decreasing thickness, and (b) the
top and side views of a channel block.
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=b b b b z
L

( )z L0 0 (2)

Similarly, the thickness of a channel with decreasing
thickness from w0 to wL can be expressed as

=w w w w z
L

( )z L0 0 (3)

In eq 1, the volumetric flow rate at any arbitrary position z,
Vz, is expressed as follows:

=V V
A
A

V V( )z
z

L0
e

0
(4)

where Az is the channel area from z = 0 up to any point z, Ae is
the effective channel area between z = 0 and z = L, and
V VL0 is the volumetric flow rate lost by the effective channel
area from z = 0 to z = L. Az is now expressed as

=
+

A
b b

z
( )

2z
z0

(5)

and Ae is simply expressed as

=
+

A
b b

L
( )

2
L

e
0

(6)

Similarly, the effective channel void volume V0 is defined as
the volume above the effective channel area and can be simply
obtained by

= = { + + + }V b w z L b w w b w wd
6

(2 ) ( 2 )
L

z z L L L
0

0
0 0 0

(7)

The local mean flow velocity, ⟨v⟩z, in eq 1 can be calculated
using eqs 2 to 6 as follows:

{ }
{ }{ }=

+

+
v

b b V b b b V V

b b b w w w b b

( ) 2 ( ) ( )

( ) ( ) ( )
z

L
z
L L

z
L L

L
z
L L

z
L L

0 0 0 0 0

0 0 0 0 0

2

2

(8)

Equation 8 not only applies to a thickness-tapered channel
but also to any channel design with constant thickness.

Because the channel flow velocity with decreasing thickness
continuously changes along the migration axis, the normalized
flow velocity profile can be useful for estimating the change in
the flow velocity profile along the channel axis. The normalized
flow velocity profile can be obtained from the ratio of the local
flow velocity ⟨v⟩z given by eq 8 to the time-averaged velocity
⟨v̅⟩ (=L/t0) as21

=
v
v

v
L t/

z z
0 (9)

The void time of a typical asymmetrical channel (either
trapezoidal or rectangular) with uniform thickness is calculated
as22

=
i
k
jjjjj

y
{
zzzzzt V

V V
V
V

ln (uniform thickness)
L L

0
0

0

0

(10)

Equation 10 is not valid for a channel with decreasing
thickness; therefore, the t0 of a channel with decreasing
thickness is expressed as

= =t z
v

b w z
V

d d
(thickness tapered)

L

z

L
z z

z

0

0 0 (11)

Equation 11 can be solved by numerical analysis.
Therefore, eq 9 is now expressed as
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=

=

+
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2

(12)

Although a complete solution of 12 cannot be derived, the
normalized velocity profile of a trapezoidal channel with
tapering thickness can only be plotted against z/L by
incorporating numerical analysis. When 12 is solved for the
case of uniform thickness (w0 = wL), the equation is derived as
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which is identical to the expression found in ref21.

■ EXPERIMENTAL SECTION
Materials and Reagents. An AF4 channel (model LC)

from Wyatt Technology Europe GmbH (Dernbach, Germany)
was modified by replacing the accumulation wall inlay with a
homemade polycarbonate block engraved with the shape of a
typical ribbon-like channel space without using a spacer. All
channel spaces were carved from the surface of the channel
block in a trapezoidal shape with an initial and final breadths
(b0 and bL, respectively) of 2.1 and 0.6 cm, respectively, in a
tip-to-tip channel length of 26.6 cm. The lengths of the
triangular end pieces of a channel for the inlet and outlet
triangles were L0 = 2.1 cm and Lf = 0.6 cm, respectively. A
thickness-tapered channel was constructed, where the inlet was
the deepest and the outlet was the shallowest, indicating
decreasing channel thickness. The thicknesses of the tapered
channels at the inlet (win) and outlet (wout) were win/wout =
400/200 μm. A channel of uniform thickness (300 μm) was
constructed in the same manner as the thickness-tapered
channel without using a spacer. The total geometrical void
volumes, including end pieces, were 1.09 and 1.04 cm3 for the
thickness-tapered and uniform channels, respectively. The
channel membrane was a regenerated cellulose membrane
(MWCO, 10 kDa), purchased from Wyatt Technology Europe
GmbH. After each FlFFF run, the membrane was rinsed for 10
min without crossflow. The thickness-tapered channel was
evaluated using PS standard beads with nominal diameters of
0.023, 0.051, 0.100, 0.203, 0.303, 0.400, 0.508, 0.600, 0.799,
0.994, 1.999, 4.000, 6.007, 7.979, 10.15, 12.01, and 20.00 μm
(hereafter referred to as 20, 50, 100, 200, 300, 400, 500, 600,
and 800 nm, and 1, 2, 4, 6, 8, 10, 12, and 20 μm) purchased
from Thermo Fisher Scientific (Waltham, MA, USA). The
carrier solution was 0.05% sodium dodecyl sulfate (SDS) and
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0.02% sodium azide (NaN3) purchased from Sigma-Aldrich
(St. Louis, MO, USA) and prepared using ultrapure water
(>18 MΩ·cm). The solution was filtered using a 0.22 μm pore
size mixed cellulose ester (MCE) membrane filter from MF-
Millipore (Danvers, MA, USA) via a 2522C-10 vacuum pump
(Welch, Louisiana, USA) and degassed for 1 h using a degasser
from Branson (Danbury, CT, USA) prior to FlFFF runs.
Sample injection was performed using a model 7725i injector
(Rheodyne, Cotati, CA, USA) with a sample loop (25 μL). PS
standards were injected during the focusing/relaxation mode,
in which the carrier solution was delivered to both the channel
inlet and outlet at a 1:9 ratio of the flow rate required for the
separation such that the injected particles were focused at the
1/10 position from the channel inlet. The carrier solution was
delivered using a model SP930D HPLC pump. The PS
particles were detected using a model YL9120 UV−Vis
detector at 254 nm and recorded using Autochro-3000
software (Young-Lin Instruments, Seoul, Korea).

The focusing flow rate ratio allows the calculation of the
focusing position in the channels. The channel length and
breadth dimensions correspond to a total channel area of 34.65
cm2. The focusing position must therefore correspond to an
area, measured from the inlet, of 3.465 cm2. This places the
focusing position at 2.71 cm from the inlet, or 0.61 cm beyond
the inlet end piece, within the trapezoidal section of the
channels. When z is defined as zero at the focusing position, L
is defined as the distance from the focusing position to the start
of the outlet end piece, and b0, w0, and V0 correspond to z = 0,
then all eqs 1 to 13 remain valid and refer to the effective
region of elution along the channels, ignoring the small outlet
end pieces. Therefore, L = 23.29 cm, b0 = 2.06 cm, w0 = 0.0380
cm, and wL = 0.0205 cm for the thickness-tapered channel, and
V0 is given by either V V0.1in c, where Vin is the channel inlet
flow rate during elution, or +V V0.9out c, where Vout is the
channel outlet flow rate during elution. Note that with this
redefinition of z, the effective channel volumes given by eq 7
are then found to be 0.955 and 0.930 cm3 for the thickness-
tapered and uniform channels, respectively.

■ RESULTS AND DISCUSSION
The performance of a thickness-tapered FlFFF channel was
evaluated with PS latex standards in comparison to a
conventional channel with uniform thickness. Figure 2a
shows the fractograms of PS separation in the steric/hyperlayer
mode of FlFFF obtained with a uniform channel (w = 300 μm,
top) and a thickness-tapered channel (w = 400 → 200 μm,
bottom) at an outflow rate (Vout)/crossflow rate (V̇c) of 3.0/
0.5 mL/min. Compared with the separation in the uniform
channel, the retention of PS particles in the thickness-tapered
channel was reduced by approximately 29% on average with an
increase in peak intensities for most particles. This was in spite
of a 2% higher calculated effective void time of 0.294 min using
eq 11 for the tapered channel compared with 0.288 min for the
uniform channel. In particular, the retention time of PS 1.0 μm
was considerably reduced by 40%, indicating that the
hydrodynamic lift forces for long-retaining species were
effective in the thickness-tapered channel under identical
flow rate conditions. The decrease in retention time in the
thickness-tapered channel was approximately 36% on average
when the outflow rate was increased to 4.5 mL/min (Figure
2b). This 36% decrease in retention time occurred when the
calculated effective void time increased again by 2% from 0.197

min for the uniform channel to 0.201 min for the tapered
channel.

With further increase in the lift forces from the increase in
the migration flow velocity, PS 0.5 μm particles were
successfully resolved in the thickness-tapered channel. Figure
2 shows that the separation of long-retaining components (<2
μm) can be successfully achieved in the thickness-tapered
channel without further increasing the migration flow rate or
decreasing the crossflow rate. Both approaches may deteriorate
the resolution of early eluting components, which may reduce
the upper size limit of separation. Moreover, an increase in
migration flow rate results in a dilution effect in typical UV
detectors. Because the thickness-tapered channel was thicker at
the inlet and thinner at the outlet by 100 μm each compared
with those of the uniform thickness channel (w = 300 μm),
particle migration in the thickness-tapered channel was more
sluggish before half of the channel length but faster in the
second half of the channel than that in the uniform thickness
channel. Moreover, during the relaxation and initial migration
of particles in the first half of the thickness-tapered channel, it
is expected to provide a better differentiation of equilibrium
heights for particles of different sizes against the accumulation
wall than in the uniform thickness channel. This effect can
maintain the separation resolution of early eluting particles (for
instance PS 10 μm in Figure 2b). Therefore, by implementing
a thickness-tapered channel, the dynamic size range of
separation can be expanded to smaller sizes in the steric/
hyperlayer separation of FlFFF, and the effect of programming
the channel flow rate can be achieved without incurring the
dilution effect during detection.

Variations in the local mean flow velocity along the axis of
migration in the uniform and thickness-tapered channels can
be compared by plotting the normalized velocity profile ,v

v
z

using eqs 12 and 13 with computer simulation as a function of
fractional length z/L, in Figure 3. The solid line in Figure 3 is
the normalized velocity profile of the thickness-tapered
channel (w = 400 → 200 μm) under the run conditions
utilized in Figure 2a, whereas the dashed line represents the
uniform thickness channels (w = 300 μm). The breadths of
both channels were trapezoidal (bL/b0 = 0.29). For

Figure 2. Comparison of steric/hyperlayer separation of PS standard
mixtures obtained between the uniform (w = 300 μm) and thickness-
tapered (w = 400 → 200 μm) channels at two different flow rate
conditions: (a) =V V/ 3.0/0.5out c mL/min and (b) =V V/ 4.5/0.5out c
mL/min.
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comparison, the velocity profile of a rectangular (bL = b0)
channel with uniform thickness was plotted together using the
dotted line in Figure 3. The normalized flow velocity of a
rectangular channel with uniform thickness sluggishly
decreased at V V/ cout = 3.0/0.5 in mL/min, in which the loss
of migration flow velocity along the channel axis by the exit of
crossflow was not significantly large owing to the use of a
relatively higher outflow rate compared to the crossflow rate.
For the uniform thickness channel with a trapezoidal breadth,
the initial migration velocity was lower than the average
migration velocity before the middle point of channel;
however, migration velocity rapidly increased in the last half
of the channel length compared to that of the rectangular
channel. The normalized flow velocity of the thickness-tapered
channel was not significantly lower in the first half of the
channel length than that of the uniform thickness, even though
the inlet thickness of the thickness-tapered channel was greater
than that of the uniform thickness channel by 100 μm.
However, its increase was more rapid than that in the
remainder of the channel. Because of the similarity in effective
void volumes of the two channels (0.930 and 0.955 cm3 for the
uniform and thickness-tapered channels, respectively), the
difference in the time-averaged velocity, ⟨v̅⟩, between the two
channels was not significant. (Effective void times differ by just
2% as mentioned earlier.) Therefore, the normalized flow
velocity profiles for the two trapezoidal channels (uniform and
thickness-tapered) represent the variations in local mean flow
velocity, ⟨v⟩z. Based on these findings, the mean flow velocity
at the beginning of the thickness-tapered channel can be
inferred not to be significantly lower than that in the uniform
channel despite the difference in channel thicknesses, rapidly
increasing in the second half of the channel; this increase in
flow velocity was conducive to the recovery of long-retaining
particles due to the increased contribution of lift forces. The
recovery of particle elution was determined by calculating the
relative ratio of the peak area of each PS standard particle
obtained at a given crossflow rate to that of the same standard
obtained without applying crossflow at a fixed outflow rate for
the datasets shown in Figure 2. Figure 4 shows that elution
recovery generally decreases with decreasing particle size or
with increasing retention in the steric/hyperlayer mode. The

recovery values of the PS standards in the thickness-tapered
channel appeared to exceed 80%, except for that of PS 1 μm, of
those obtained in the uniform channel, and the average
recovery value for the steric/hyperlayer run was higher by ∼8%
in the thickness-tapered channel.

The thickness-tapered channel was tested using submicron
PS standard mixtures under two different operating conditions
(Figure 5). With the uniform thickness channel, PS particles

with diameters ranging from 20 to 300 nm were well separated
at a baseline resolution of V V/out c = 1.5/0.5 mL/min; however,
the separation of the same mixtures using the thickness-tapered
channel was achieved with relatively poor resolution, especially
for PS 200 and 300 nm particles. This poor resolution is
attributed to the increased contribution of hydrodynamic lift
forces owing to the decrease in channel thickness toward the
channel outlet. An increase in the outflow rate to 3.0 mL/min
(Figure 5b) resulted in the high-speed separation of PS
mixtures at a similar resolution to that shown in Figure 5a for
the uniform thickness channel. Due to the increase in steric
effect, PS 500 nm particles were eluted much earlier than was

Figure 3. Plots of the normalized mean channel flow velocity v v/z
as a function of z/L for trapezoidal channels with uniform thickness
(300 μm) and tapering thickness (400 → 200 μm, wL/w0 = 0.54) with
a fixed bL/b0 = 0.29 compared with the plot for a rectangular channel
with uniform thickness. The flow rate condition for all cases is fixed at

=V V/ 3.0/0.5out c mL/min.

Figure 4. Recovery values (%) of PS standards calculated from the
peak area of each species between the uniform (w = 300 μm) and
thickness-tapered (w = 400 → 200 μm) channels obtained at

=V V/ 3.0/0.5out c mL/min.

Figure 5. Normal mode separation of submicron-sized PS standard
mixtures compared between the uniform (w = 300 μm) and
thickness-tapered (w = 400 → 200 μm) channels under the two
different flow rate conditions: (a) =V V/ 1.5/0.5out c mL/min and (b)

=V V/ 3.0/0.5out c mL/min.
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expected from the theory where the retention time in FlFFF
linearly increases with diameter.23 An improvement of the
particle migration in the normal mode can be achieved by
decreasing the outflow rate which would have the effect of
reducing the lift forces on particles larger than 300 nm in
particular.

Figure 5 shows that the performance of the thickness-
tapered channel in the normal mode of separation is relatively
poor compared to that of the uniform channel. Given that the
flow velocity after the middle point of a thickness-tapered
channel increases much faster than that of a uniform channel
with a similar void volume (Figure 3), the influence of the
hydrodynamic lift forces can be larger in the thickness-tapered
channel. To examine steric inversion in the thickness-tapered
channel, retention times of 16 PS standards ranging from 0.020
to 20 μm obtained under the run conditions used in Figure 2a
were plotted against diameter in logarithmic scale in Figure 6.

Diameter selectivity, as indicated by the slope Sd (= d log tr/d
log d) of the calibration curve in the steric/hyperlayer mode
was calculated as −1.17 and −1.12 for the uniform and
thickness-tapered channels, respectively. Linear regression for
the steric calibration was conducted using the retention time
data of PS standards (1−20 μm), showing linearity with
particle sizes. Linear plots in the normal mode of separation
(left linear plots) were obtained by the linear regression of
retention time data of PS standards (0.02−0.3 μm) against
diameter because the theoretical retention time in a thickness-
tapered channel was not yet clearly expected. Therefore, the
steric inversion diameter was empirically determined from the
crossing point of the two calibration curves. As shown in the
plot, the empirical steric inversion diameter values (0.69 and
0.62 μm) calculated for the two channels were not significantly
different from each other. The similar diameters indicate that
the increase in inlet thickness of the thickness-tapered channel
compared to that of the uniform channel with similar void
volumes does not significantly alter the steric inversion
diameter.

■ CONCLUSIONS
This study demonstrated that a thickness-tapered channel in
an FlFFF can be utilized as an alternative to increase the
separation speed without applying a programmed variation in

migration flow rate. In particular, the thickness-tapered
channel offered certain advantages in steric/hyperlayer
separation compared to the normal mode operation because
it induced an increase in hydrodynamic lift forces, which can
be useful for eluting long-retaining particles without incorpo-
rating field programming or reducing channel thickness.
Reduction of channel thickness is beneficial for high-speed
separation in the steric/hyperlayer mode; however, this
approach can deteriorate the resolution in separating large-
diameter particles. Increasing the migration flow rate to
accelerate the elution of long-retaining small-diameter particles
induces a dilution effect during typical UV detection. Thus, the
use of a channel with a relatively thicker inlet and a thinner
outlet can be an alternative approach to ensure good
differentiation of particle equilibrium at the beginning of
migration and maintain the resolving power for particles of an
upper large-diameter limit and a faster separation of particles of
a smaller size limit than that of a uniform channel with a
similar void volume, consequently expanding the dynamic size
range of separation to a certain extent. Moreover, the slight
improvement in elution recovery could be an additional feature
of the thickness-tapered channel. The present study demon-
strated the possibility of employing a channel with tapering
thickness for the first time. Further studies are needed to
examine the performance of a thickness-tapered channel with
different tapering thickness gradients in comparison to the
field-programmed separation of a uniform channel and to
elucidate the retention theory in a channel of varying
thicknesses.
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