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The thickness-tapered channel structure in flow field-flow fractionation (FIFFF), recently introduced by con-
structing a channel with a linear decrease in thickness along its length, demonstrated effectiveness in steric/
hyperlayer separation of supramicron particles with improvements in separation speed, elution recovery, and an
expanded dynamic size range of separation. In this study, we conducted a comparative analysis of the perfor-
mance between the impact of field (or crossflow rate) programming or outflow rate programming for the sep-
aration of polystyrene latex standards (50 ~ 800 nm) with a conventional channel having uniform thickness and
a thickness-tapered channel without programming. Outlet flow rate and crossflow rate conditions were also
varied. Although the particle size resolution of the tapered channel does not surpass that of field programming in
uniform thickness channel, it achieves higher-speed separation without a significant loss of resolution and
without the need for a complex flow controller system even at a low outflow rate condition. Furthermore, it
yielded an improved resolution for particles close to the steric transition regime (400 ~ 600 nm) in the normal
mode of separation. Due to the continuous increase in mean flow velocity down the channel, the tapered channel
exhibits flexibility in separating submicron-sized particles at high crossflow rate conditions or low outflow rate
conditions, of which the latter can be advantageous when coupled with mass spectrometry in a miniaturized

setup.

1. Introduction

Flow field-flow fractionation (FIFFF) is widely employed for the size
separation of macromolecules, including those of biological origins,
polymeric and particulate materials [1-5]. The separation in FIFFF oc-
curs within a thin and unobstructed channel space, utilizing two
perpendicular flow streams: migration flow and crossflow [6,7]. FIFFF’s
unobstructed channel provides an advantage over typical chromato-
graphic systems by avoiding possible sample interactions with the
packing materials. The use of aqueous buffer solution as a carrier liquid
enhances the biocompatibility of FIFFF, leading to diverse applications
including water-soluble polymers, proteins, cells, subcellular species,
extracellular vesicles, and virus-like particles [4,8-13].

The original channel design of FIFFF featured a fixed breadth with
permeable frits in both depletion and accumulation walls, creating a
symmetrical channel [14]. In the symmetrical channel the crossflow rate
into the channel via the upper frit ideally equals the crossflow rate out
through the membrane and bottom frit. The channel inlet flow rate then
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equals the channel outlet flow rate. FIFFF gained more popularity with
an asymmetrical channel design replacing the depletion wall with an
impermeable glass or plastic wall [15]. However, this resulted in
decreasing migration flow velocity along the channel axis, resulting in
increased retention time and poor recovery. To address this, the asym-
metrical channel system adopted a trapezoidal channel design where
channel breadth decreases along the channel axis, compensating for the
decrease in migration flow rate [16]. While the mean flow velocity in an
asymmetrical channel with the trapezoidal design continuously de-
creases along the channel length, the mean flow velocity in an expo-
nential channel design, where breadth decreases exponentially, can be
maintained constant for the entire channel length under certain run
condition. The performance of an exponential channel for the separation
of submicron particles was found to be similar to or slightly better than
that of a trapezoidal one [17]. Attempts to enhance separation efficiency
through alteration of channel geometry aimed to miniaturize the di-
mensions of asymmetrical FIFFF channel by reducing channel length
and breadth about a maximum of one-third scale of the conventional
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channel [18-21]. Certainly, miniaturization of AF4 channel offered
several advantages, including enhanced separation speed and resolution
as well as reduced consumption of sample injection amount. Further-
more, reduced channel flow rates in miniaturized AF4 channels enabled
direct hyphenation to mass spectrometry for the online characterization
of proteins and lipids in biological particles [22,23]. While enhancing
separation efficiency in flow FFF can be achieved through modifications
in channel geometry, effective separation of particles or macromolecules
across a broad size range requires a systematic increase in migration
speed. This can be achieved by either decreasing crossflow rate or
increasing migration flow velocity through programmed decay of field
strength (crossflow rate) or gradual ramping up of the migration flow
velocity (outflow rate) [24-26].

A recent study introduced a thickness-tapered channel [27] (Fig. 1)
where channel thickness decreases along the channel axis, enhancing
migration flow velocity without the need for programmed decrease of
crossflow rate or programmed ramping of outflow rate. The
thickness-tapered channel was constructed without using a plastic
channel spacer, instead carving the channel into the surface of the
depletion wall with a decrease of channel depth from the inlet to the
outlet. Initial evaluations showed that the thickness-tapered channel
significantly improved the capability to separate a broad diameter range
(0.05 ~ 10 pm) of polystyrene latex standards in steric/hyperlayer
mode, especially for long-retaining particles, while increasing speed and
elution recovery [27].

In this study, we compare the particle separation performance of the
thickness-tapered channel with that of a conventional channel of uni-
form thickness, ensuring a similar void volume, employing field pro-
gramming or outflow rate programming. The evaluation involves the
separation of polystyrene latex beads in normal mode of FIFFF by
varying field strength and migration flow rate, along with an examina-
tion of the migration flow velocity profiles along the channel axes based
on theory.

2. Theory

In a thickness-tapered channel, the breadth and the thickness of the
channel decrease along the channel axis as shown in Fig. 1. When it is
assumed that the pressure drop along the channel is small compared to
that across the membrane, then the local mean flow velocity at each
point 2, <v>,, of a thickness-tapered channel is expressed as [27]

(bo + bL)Vo - {Zbof — (bo — bv) L—zz}(Vo - VL)

T bow. {bo — (bo — by) L} {wo — (wp —wr) i}(bo +by)

@

where volumetric flowrate (V,), channel breadth (b,), and thickness (w;)
at any arbitrary position z, respectively, are expressed as

. . by +b, . LEN4
V.= Vo— —v)s 2
z V() bo + bL (V() VL)L ( )
Z
b, =bo — (bo — bL)Z 3

z=0 Ve 7=L

Fig. 1. Schematics of a thickness-tapered channel for FIFFF. The migration axis
z was set as z = O for the beginning of separation and z = L for the end of
separation. Ly and Ly are the lengths of inlet end-piece and outlet end-piece,
respectively. b and w represent for the variable channel breadth and thick-
ness, respectively, dependent on z.
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w, = wy — (wo — WL)E 4
L

In Eq. (2), Vo and V;, are the volumetric flow rates at position z =
0 and L, respectively, as shown in Fig. 1. V, is calculated by subtracting
the fractional portion of crossflow rate, V., exiting through the inlet end-
piece. Likewise, by and by, in Eq. (3) and wy and wy, in Eq. (4) are the
channel breadth and thickness at position z = 0 and L, respectively. If the
channel thickness is tapered from the inlet to the outlet, as in this work,
then the thicknesses wg and wy, can be calculated. Eq. (1) can be utilized
to plot the local mean velocity profile for the trapezoidal channel with
tapering or uniform thickness as a function of z/L, the dimensionless
fractional distance along the trapezoidal section normalized to the
length L of the trapezoidal section.

In the case of employing field-decay programming in a conventional
(uniform thickness) channel of a typical asymmetrical FIFFF system, Vin
is generally decreased according to the programmed decrease of cross-
flow rate with time while outflow rate is fixed. When a linear decay
pattern of field strength is employed, crossflow rate at time t, V,(t), can
be expressed as [25]

Ve(t) = Vi — AV, (““) ®)

1,

where V, is the initial crossflow rate at t = 0, AV, is the decrease in
crossflow rate during the time ¢, of the field-decay program, and t; is the
initial pre-decay time delay. Eq. (5) is valid for t; <t < t;+t, only. Vc(t)
is fixed at Vo before t; and maintained at Vo — AV, after t;+t,. In
practice, successive periods of linear decay of crossflow rate with
different gradients of decay may be employed. Similarly, when outflow
rate is linearly increased with time while crossflow rate is fixed, outflow
rate at time t, Vo (t), can be calculated as

. . o ft—1

Vuut(t) = Voul.O + AV()“[ (T]) (6)

P

where Vout,O is the initial outflow rate at t = 0, AV, is the increase in
outflow rate during the programming period tI;, and fl is the initial time
delay before ramping. Eq. (6) is valid for fl <t< fl +t[/,. Vout(t) is
maintained at Vom:o fort < t'1 and Vout,O + AV, fort > t'1+t;,. Both types
of programming can be used simultaneously as reported earlier [24,25].

In the case of employing field or flow programming with a conven-
tional channel, localized mean flow velocity profile in the channel
changes together with the change in flow rates with time. Therefore,
localized mean velocity profile at a specific time can also be plotted by
using Eq. (1) with the corresponding flow rate values obtained using
Egs. (5), (6).

When flow rates, either crossflow rate or outlet flow rate, are varied
during particle elution, the continuously changing local flow velocity at
the center of mass of a particle zone as it migrates along the channel will
be different for every particle size. In this case, the calculation of elution
conditions for each particle size can be obtained by considering small
time intervals and summing the corresponding increments to channel
volume from the focusing position to the channel outlet. Volume in-
crements are calculated by

5V =RVt @

where dt is the time interval, R is the retention ratio which depends on

V,;(t) and wy, and Vy is the local volumetric channel flow rate at volume
V measured from z = 0 given by

. . v . .
Vv = V() 7w(V0 - VL) (8)

in which V? is the channel volume between z = 0 and z = L. Note that Eq.
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(8) is equivalent to Eq. (2) and that (Vo — V) or Vi, or indeed both, may
be programmed with time. With the addition of each increment 6V, the
local z, and hence b,, w, and <v>,, corresponding to the local V can be
solved for numerically. Each particle size is therefore driven by a
different variation of <v>; as it migrates along the channel.

3. Experimental

Polystyrene latex standards with nominal diameters of 46, 102, 203,
303, 400, 498, 600, and 799 nm (hereafter referred to as 50, 100, 200,
300, 400, 500, 600, and 800 nm) were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Sodium dodecyl sulfate (SDS) and so-
dium azide (NaN3) were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

An asymmetrical flow FFF channel, model LC (27.5 cm long) from
Wyatt Technology Europe GmbH (Dernbach, Germany), was utilized
with a regenerated cellulose membrane (MWCO 10 kDa) from Wyatt.
Two channel dimensions were used in this study: a uniform thickness
channel (w = 250 pm) and a thickness-tapered (w = 350 — 100 pm)
channel. The nominal thickness information is listed in Table 1 along
with the calculated channel volumes based on these nominal thick-
nesses. The thickness-tapered channel was constructed without using a
spacer by carving the upper channel block of an asymmetrical FIFFF
channel in such a way that the inlet area was deeper than the outlet area
as described in the previous work [27]. The upper polycarbonate
channel blocks were constructed in house. The uniform thickness
channel utilized a Mylar spacer (250 pm). The calculated void volumes
of the channels were similar to each other, so that they could provide a
good comparison of particle separation in normal mode. The channels
had the same lengths and widths: a tip-to-tip length of 26.7 cm, an inlet
width of 2.1 ¢m, and a final width of 0.6 cm.

The carrier solution for FIFFF was prepared using ultrapure water
(>18 MQ-cm) by adding 0.05 % SDS and 0.02 % NaNgs and the solution
was filtered with Durapore® hydrophilic polyvinylidene fluoride
membrane filter (pore size 0.1 pm) from Merck Millipore and degassed
for 1 h prior to FIFFF runs. Sample materials were injected using a model
77251 injector from Rheodyne (Cotati, CA, USA) with a sample loop (25
pL) using the focusing/relaxation mode and focused at the 1/10 position
from the channel inlet (ratio of flow at channel inlet to the crossflow
during focusing was 1:10). The effective channel volume was counted as
the volume between the focusing position and the outlet. These calcu-
lated volumes for the uniform and tapered channels are also given in
Table 1. Delivery of carrier solution to the FIFFF channel was made by a
model 1260 Infinity HPLC pump from Agilent Technologies (Palo Alto,
CA, USA) which was connected to the Eclipse AF4 system from Wyatt
Technology for the control of outflow rate and crossflow rate. Pro-
grammed decrease of crossflow rate was controlled by the Eclipse sys-
tem. The two different decay patterns were utilized for field (or
crossflow rate) programming while the outflow rate was fixed as listed
in Table 2. When outflow rate was linearly increased, the crossflow rate
was fixed as listed in the Ramp-I of Table 2. The eluted polystyrene
beads were monitored using a model YL9120 UV-Vis detector at a
wavelength of 254 nm and recorded using Autochro 3000 software from
Young-In Chromass (Anyang, Korea).

Table 1
Thickness and channel void volume of channels (uniform and tapered thickness)
employed in this study.

uniform channel tapered channel

Win (pm) 250 350
Woye (Hm) 250 100
wo 250 330
wy, 250 106
total channel volume (mL) 0.870 0.850
volume from focusing point (mL) 0.783 0.734
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Table 2

Change in flow rates during the programmed decrease of field strength (or
crossflow rate) or programmed increase of outflow rate. Voue used were 0.5, 1.0,
and 1.5 mL/min for the Decay-I and 1.0 mL/min only for the Decay-II. V. used
for the Ramp-I were 0.5 and 1.0 mL/min.

Decay-I Decay-II Ramp-I

t Ve t 1 t Vou
(min) (mL/min) (min) (mL/min) (min) (mL/min)
0 1.0 0 0.5 0 1.0

3 1.0 3 0.5 3 1.3

7 0.6 8 0.1 7 1.7

14 0.3 23 0.02 10 2.0

23 0.02 60 0.02

4. Results & discussion

Experiments were carried out to compare the performance of a
thickness-tapered FIFFF channel for the separation of polystyrene latex
standards in the normal mode with that of a conventional channel
(uniform thickness) in which separation is achieved with or without
employing a field-decaying or an outflow ramping program. Run con-
ditions for particle separation were selected to provide a successful
separation for each experimental setup. Fig. 2 shows the comparison of
PS separation utilizing these three experimental setups obtained at a
fixed crossflow rate of V. = 1.0 mL/min by varying outflow rate of a)
Vour = 0.5 and b) 1.5 mL/min. The run condition used in Fig. 2a was
relatively harsh to provide a good separation for the smaller nanometer
sized PS particles in the uniform thickness channel (the uniform channel
hereafter). Due to the low rate of outflow (top of Fig. 2a), particles of
200 nm in diameter were eluted in 50 min. This run condition is not
generally recommended for particle separation in a typical FIFFF
channel because of the long retention times and poor recoveries. The run
condition would be recommended if fine resolution of particles smaller
than 100 nm is required. However, the use of a programmed decay of
field strength (the Decay-I) as shown in the middle fractogram of Fig. 2a
demonstrates that particles up to 400 nm in diameter could be quite well
resolved while still resolving particles of 50 nm. Particles larger than
400 nm were not resolved from the 400 nm particles due to the influence
of hydrodynamic lift forces which influence steric foldback. The
thickness-tapered channel (the tapered channel hereafter) shows much
faster elution of particles up to 400 nm but with a poorer separation of
the 200 nm, 300 nm and 400 nm particles. The 600 nm particles showed
a poor recovery. The separation resolution values measured for the
peaks illustrated in Fig. 2a were 1.10 (100 and 200 nm), 0.53 (200 and
300 nm), and 0.66 (300 and 400 nm) for Decay-I in the uniform channel.
However, these values were reduced for the tapered channel, measuring
0.76, 0.38, and 0.45 respectively, as detailed in Table S1 of the Sup-
plementary Materials. Elution of PS 50 nm was not successful with the
tapered channel due to the overlap with void peak or PS 100 nm, and
thus it was not injected in the tapered channel.

An increase of outflow rate to 1.5 mL/min (Fig. 2b) markedly
reduced the retention times of PS particles with a significant improve-
ment in the separation of submicron sized particles without program-
ming in the uniform channel (top). The 300 nm and 400 nm particles
were also eluted. In the case of field programming (middle of Fig. 2b), an
increase of outflow rate enhanced the capability of resolving 400 and
500 nm particles with almost baseline resolution of particles in the
diameter range of 50 ~ 500 nm. A similar outcome was also observed in
the tapered channel (bottom) with a successful elution of 500 and 600
nm particles without field programming. Resolution values with the
tapered channel in Fig. 2b were 0.55 (between 200 and 300 nm), 0.33
(300 and 400 nm), 0.50 (400 and 500 nm), and 0.38 (500 and 600 nm).
Remarkably, these values were comparable to or even better than those
(0.55, 0.53, 0.25, and 0.04, respectively) for the uniform channel with
Decay-l, as indicated in Table S1. Although the separation resolution of
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Fig. 2. Separation of polystyrene standards obtained by a uniform thickness (w = 250 pm) channel using a constant (top) crossflow rate (Ve = 1.0 mL/min) and a
linear decrease of crossflow rate (the Decay-I, middle), and by a thickness-tapered channel (w = 350—100 pm) at a constant crossflow rate (bottom). Outflow rate
(Voue) conditions were a) 0.5 and b) 1.5 mL/min. Carrier solution was 0.05 % SDS with 0.02 % NaNs.

the tapered channel cannot surpass that of the unform channel with field
programming, the tapered channel clearly enhanced the recovery of
particles larger than 400 nm with a comparable performance in particle
separation with field programming with the uniform channel. Com-
parison of the peak area of PS particles between the uniform channel
with field programming and the tapered channel revealed that the
relative recovery of PS particles with the tapered channel in Fig. 2a
increased by 27 % to 34 % for PS particles ranging from 100 to 300 nm.
However, it decreased by 17 % for PS particles of 400 nm and deterio-
rated further with larger particles. Under an increased outflow rate
condition (Fig. 2b), the relative recovery values with the tapered

4.0 —— :
1 a. Vyt=0.5 mL/min
339 tapered, w=350 > 100 um
] V.= 1.0 mL/min
~ 3.0 ] ¢
w E
R ]
& 254 uniform, w=250 pm
\(_)/ ] Decay-I
N 2.0 time Vc
A ]
> (min)  (mL/min)
VvV 154 T3 1.0
] 7 0.6
1.0 14 0.3
] 23- 0.02
0.5 . _ri:ﬁ,-,‘;,,vﬂ"
00 ] T T v T T T T T T

z/L

channel decreased by 20 % to 8 % for PS particles ranging from 100 to
300 nm, but increased by 35 % to 90 % for PS particles ranging from 400
to 600 nm. The recovery of particle elution is associated with the
combination of outflow rate and crossflow rate. Under low outflow rate
conditions, the tapered channel demonstrated better recovery for
smaller particles compared to the uniform channel with field program-
ming. However, under increased outflow rate conditions, field pro-
gramming provided higher recovery with smaller particles, while the
tapered channel performed better with the elution of larger particles.
This shows the capability of the tapered channel to be operated at an
outflow rate condition lower than that is required for the uniform

40—
1 b. Vour=1.5 mL/min
3.5 tapered, w=350 - 100 um .
3.0 V. = 1.0 mL/min
" Juniform, w=250 pm \ E
~ 1 ]
X E . Decay-I. ]
E time Vc ]
2 2.0 (min) (mL/min) ;
N { 03 1.0 _
‘ AN
S 154 7 0.6
V 1 14 0.3
1.04 23- 0.02 .

z/L

Fig. 3. Plots of mean channel flow velocity, (v),, as a function of fractional distance (z/L) for a uniform thickness channel (w = 250 pm) at different time frames
during the decrease of crossflow rate (the Decay-I) and for a thickness-tapered channel (w = 350—100 pm) with a fixed b;/by = 0.29 and w;/wo = 0.32. The outflow
rate conditions were a) Vo= 0.5 mL/min and b) 1.5 mL/min. Crossflow rate conditions during the field decay are marked for each time frame in the figure.
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channel system without field programming, which can be advantageous
in detectability and possible on-line hyphenation with mass spectrom-
etry. Experimental plate height values were calculated for the peaks
observed in Fig. 2 and listed in Table S2. The data revealed that
employing field programming in the uniform channel provided superior
separation efficiency for all particle sizes investigated in this study, in
contrast to the experimental plate height values obtained with the
tapered channel.

A significant increase in migration speed of particles in the tapered
channel results from a systematic increase in migration flow velocity
because of the continuous decrease in channel thickness along the
channel. Profiles of local mean flow velocity at each point 2, <v>,, are
plotted in Fig. 3 against the fractional distance (z/L) of each channel
setup (the uniform channel and the tapered channel) using Eq. (1). It
was assumed that channel thicknesses were in correspondence with
nominal thicknesses and that the membrane did not expand into the
channels. It was also assumed that the pressure drop along the channel
was small compared to the pressure drop across the membrane, as
mentioned previously. Local mean velocity profiles during field pro-
gramming were expressed at four different time frames based on the
change in crossflow rate using Eq. (5). Fig. 3a shows the change in local
mean velocity profiles of the run conditions utilized in Fig. 2a, showing
that local flow velocity of the uniform channel at t = 0 (the same as
isocratic field strength) does not vary strongly along the channel but
increases by 2-3 times compared to that at the channel inlet (z/L = 0)
when the crossflow rate was reduced to 0.02 mL/min (t = 23 min). This
is simply because the channel inlet flow rate is correspondingly lowered
at the reduced crossflow while the outlet flow rate remains at 0.5 mL/
min. However, the local mean flow velocity along the tapered channel
rapidly ramps up, particularly for z/L > 0.5. The differences in the ve-
locity profiles between the tapered and uniform channels are more
pronounced when the outflow rate of 1.5 mL/min is used. Fig. 3b shows
the large increase in the local flow velocity in the tapered channel.
Compared to the mean velocity profiles of the uniform channel under
isocratic field strength condition (V. = 1.0 mL/min at t = 0 ~ 3 min), a
rapid increase in the mean flow velocity of the tapered channel after the
half of the channel length significantly expedites particle migration,
resulting in large decreases in retention time of particles in the tapered
channel (the bottom of Fig. 2b). When field strength (or crossflow rate)
decreases during a field decaying program, the flow rate entering the
channel inlet simultaneously decreases and thus initial mean flow ve-
locity substantially decreases as shown in the figure. However, the
decrease of field strength results in an increase of zone thickness against
the membrane and a corresponding increase in retention ratio that more
than compensates for the reduced channel flow velocity, resulting in a
speedy migration of particles. Retention ratios also increase along the
tapered channel as the thickness decreases, but the change in R (by a
factor of approximately 3) would be very much less than obtained with a
reduction of V. from 1.0 to the V, at the different elution times. The
variation of retention ratios and zone velocities along the channel are
discussed in more detail in the Supplementary material and examples
are shown in Figures S1 and S2.

Fig. 4 shows the variation of mean channel flow velocity <v>, at the
center of mass of the 50, 100, 200, 300 and 400 nm particle samples (as
labeled, full curves) as they migrate along the uniform thickness channel
under the programmed crossflow rate conditions of Decay-I with
outflow rate held at 0.5 mL/min (corresponding to the fractograms
shown in the middle panel of Fig. 2a). The dashed curves show the
variation of <v>, along the uniform thickness channel at constant V. of
1.0, 0.6, 0.3 and 0.02 mL/min as labeled. These curves are identical to
those shown in Fig. 3a, but on a much expanded scale. The initial point
for migration is the focusing position that may be calculated to corre-
spond to 2.71 cm from the channel inlet, or 0.61 cm beyond the inlet
endpiece. In this plot, as in Figs. 3 and 6, L corresponds to the length of
the trapezoidal section of the channel as shown in Fig. 1. Therefore, the
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Fig. 4. The full curves show the mean flow velocity at the center of mass of 50,
100, 200, 300, and 400 nm particle samples as they migrate along the uniform
thickness channel under programmed crossflow rate conditions of Decay-1 with
outlet flow rate of 0.5 mL/min. The dashed curves show the variation of <v>,
along the channel at constant V. of 1.0, 0.6, 0.3, and 0.02 mL/min as labeled.

initial z/L = 0.61/24 = 0.025. In Fig. 4, it can be seen that the 50 nm
particles migrate furthest along the channel during the predecay time of
3 min to about z/L = 0.32. The 100 nm particles migrate to z/L = 0.20
during the same period, and the larger particles less. The <v>, curves for
the different particle zones show discontinuities as they intersect the
constant V. curves where the crossflow decay program also has dis-
continuities in the gradient of decay.

Further studies were carried out at an intermediate outlet flow rate of
1.0 mL/min. The top, second and bottom panels of Fig. 5a show the
results from crossflow rate conditions of isocratic (V, = 1.0 mL/min) and
programmed crossflow rate (Decay-I of Table 2) with the uniform
channel, and isocratic with the tapered channel. The 300 nm particles
are seen to be eluted under the constant flow condition (top) in the
uniform channel, but the resolution between the 50 and 100 nm parti-
cles was reduced. There was a reduced separation of the 300 nm parti-
cles from larger sizes in the programmed run. Particles up to 600 nm
were eluted from the tapered channel, but separation was poor. Also
included (third panel from top of Fig. 5a), is an examination of a
ramped-up outlet flow rate from 1.0 to 2.0 mL/min over 10 min (Ramp-I
of Table 2). This did not improve particle separation at all.

Fig. 5b shows results at the intermediate outlet flow rate, or initial
outlet flow rate, of 1.0 mL/min. In these runs, V, or Vo was reduced to
0.5 mL/min. At constant flow rate in the uniform channel, 400 nm
particles were eluted but the 50 nm particles were not injected here. The
runs under programmed cross flow decay (using Decay-II of Table 2)
were not as good as for the conditions of Fig. 2a (higher Vo = 1.0 mL/
min and Decay-I). The resolution between 100 and 200 nm particles
appeared as deteriorated, and the 400 nm particles eluted together with
larger sizes. The tapered channel also showed reduced resolution of 100
and 200 nm particles. The third panel of Fig. 5b shows the result of
ramping up the outlet flow rate from 1.0 to 2.0 mL/min over a period of
10 min (Ramp-I of Table 2) at the reduced V. of 0.5 mL/min. Separation
was little improved between the 400 and 600 nm particles compared to
the same ramp of outlet flow rate at V., = 1.0 mL/min in Fig. 5a.

The local flow velocity profiles during the outflow programming (the
Ramp-I) under the crossflow rate (V. = 0.5 mL/min) used in Fig. 5b are
plotted at time frames of 0, 3, 7, and 10 min in Fig. 6 and compared with
that of the tapered channel obtained at Vour = 1.0 mL/min which is the
run condition shown at the bottom of Fig. 5b. Local mean flow velocity
profiles in Fig. 6 appear to be higher at most of time periods during
outflow programming over most of the channel length compared to the
tapered channel under constant flow conditions with outlet flow rate of
1.0 mL/min. In the uniform thickness channel, the average migration
height against the channel wall for particles of a certain diameter is
expected to be consistent at a fixed outflow rate. During the increase of
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Fig. 5. Flow FFF separation of PS standards using a uniform thickness channel and a thickness-tapered channel (bottom) at V,,/V. = 1.0/0.5 mL/min for isocratic
field runs. The second and third fractograms of each run condition were obtained by a programmed decrease of crossflow rate (Decay-I for a and Decay-II for b), and a

programmed increase of outflow rate (Ramp-I), respectively.
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Fig. 6. Plot of mean channel flow velocity, (v),, as a function of fractional
distance (z/L) for a uniform thickness channel (w = 250 pm) at different time
frames during the increase of outflow rate (the Ramp-I) and for a thickness-
tapered channel (w = 350—100 pm) with a fixed b./bg = 0.29 and w./wy =
0.32 at V, = 0.5 mL/min.

outflow rate, it is expected that the hydrodynamic lift forces simulta-
neously increase, resulting in the increase of particle elevation to some
degree. However, the decrease of channel thickness causes a continuous

elevation of equilibrium height, resulting in the significant reduction of
migration time. The local mean velocity profiles shown in Fig. 6 does not
reveal the change in the equilibrium height of particles and also the
mean velocity profiles of particles.

5. Conclusion

In this study, we compared the performance of a thickness-tapered
channel in FIFFF for particle separation with that of a conventional
asymmetrical FIFFF channel, utilizing both field programming and
outflow programming. It is evident that field programming, or crossflow
rate programming, significantly improved the separation of submicron-
sized particles in the uniform channel. However, the tapered channel
demonstrated the ability to operate at a relatively higher crossflow rate
condition (as shown at the bottom of Fig. 2b), resulting in faster sepa-
ration compared to either field programming (middle of Fig. 2b) or
outflow programming at a lower field strength (V, = 0.5 mL/min, the
third in Fig. 4b) in the uniform channel. While field programming
increased the resolution of particles up to 400 nm in the uniform
channel, the tapered channel enhanced the elution of larger particles
close to the steric transition regime (400 ~ 600 nm in the normal mode
of separation) due to the continuous increase in hydrodynamic lift forces
during the rapid acceleration of migration velocity along the channel.
Despite the tapered channel’s resolution not surpassing that of the
uniform channel under field programming, it operates without a com-
plex flow controlling system and achieves a high-speed separation
without significant loss of resolution, even at a low outflow rate con-
dition. This could be advantageous for directly coupling FIFFF with
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electrospray ionization-mass spectrometry (ESI-MS) for size-dependent
analysis of pathogenic proteins or lipids within biomacromolecules
including extracellular vesicles or lipoproteins, especially once the
tapered channel is miniaturized. Further research is needed to refine the
operational parameters without compromising the recovery of particle
elution within the tapered channel. Additionally, efforts should focus on
reducing the dimensions of the tapered channel while showcasing the
potential application of FIFFF-ESI-MS for comprehensive and direct
proteomic or lipidomic analysis of intact biomacromolecules, thus
eliminating the requirement for preliminary preparation steps.
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