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This article gives an overview of a recently developed channel system, frit-inlet asymmetrical flow field-flow
fractionation (FI-AFIFFF), which can be applied for the separation of nanoparticles, proteins, and water soluble
polymers. A conventional asymmetrical flow FFF channel has been modified into a frit-inlet asymmetrical type
by introducing a small inlet frit near the injection point and the system operation of the FI-AFIFFF channel can
be made with a great convenience. Since sample components injected into the FI-AFIFFF channel are hydro-
dynamically relaxed, sample injection and separation processes proceed without interruption of the migration
flow. Therefore in FI-AFIFFF, there is no requirement for a valve operation to switch the direction of the
migration flow that is normally achieved during the focusing/relaxation process in a conventional asymmetrical
channel. In this report, principles of the hydrodynamic relaxation in FI-AFIFFF channel are described with
equations to predict the retention time and to calculate the complicated flow variations in the developed
channel. The retention and resolving power of FI-AFIFFF system are demonstrated with standard nanospheres
and protreins. An attempt to elucidate the capability of FI-AFIFFF system for the separation and size charac-
terization of nanoparticles is made with a fumed silica particle sample. In FI-AFIFFF, field programming
can be easily applied to improve separation speed and resolution for a highly retaining component (very large
MW) by using flow circulation method. Programmed FI-AFIFFF separations are demonstrated with polysty-
rene sulfonate standards and pululans and the dynamic separation range of molecular weight is successfully
expanded.

Keywords : Flow field-flow fractionation, Frit-inlet asymmetrical channel, Nanopatrticle separation.

Introduction tion.*® The simple configuration of an FFF channel is illu-
strated as shown in Figure 1 with an external field imposed
Field-flow fractionation (FFF) is a group of separation perpendicular to the direction of channel flow and a para-
techniques applicable to the separation and characterizatidolic flow profile which provides different flow velocities
of macromolecules and particulate materials ranging fronacross the channel thickness. The external field in FFF plays
nanosized to supramicron size&dSince the field-flow frac-  a crucial role in partitioning sample components with differ-
tionation concept was first introduced by Giddings in 1966, ent diffusions into flow streamlines of differing velocities.
it has been diversified into a number of subtechniques alonghe differential distribution of sample components across
with theoretical developments. Generally, FFF is an elutiorthe channel results in differing migrations of each compo-
technique fractionating sample components according toent due to their different flow velocities of the parabolic
their diffusivity and mobility which are closely related to flow streamlines.
molecular weight or particle size. Separation in FFF is carri- Flow FFF, one of the subtechniques of the FFF family, uti-
ed out in a thin flat channel with a rectangular cross sedlizes a secondary flow as an external field and it becomes a
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Figure 1. Schematic diagram showing parabolic flow streamlines in a rectangular FFF channel. Real sample bands should be more like
distributed form of sample clouds though they appear as discrete sample layers in the diagram.

universal technique due to the wide size range of samplengitudinal migration begins. This is the relaxation process,
applications from 1 nm to about §@n, which includes which is a pre-requisite step to establish a steady state distri-
nanopatrticles, colloids, proteins, and water soluble polybution of sample components across the channel. In case of a
mers®® In flow FFF, a secondary flow, the so-called cross-symmetrical channel, relaxation is achieved by stopping
flow, is driven from one of the channel walls toward the channel flow (longitudinal direction) for a certain period of
other wall. Both walls are made of porous ceramic frit andiime right after sample injection while crossflow is applied
the field strength can be varied by controlling the rate ofto the channetl® During the relaxation process, channel
crossflow. The channel wall towards which crossflow isflow bypasses the channel and this is illustrated as a bold
driven is called an accumulation wall, and is normally over-line at the simple side view of a symmetrical flow FFF chan-
laid with a semipermeable membrane to prevent the passagel in Figure 2a. Figure 2 shows the configuration of flow
of sample materials. A sample component in flow FFF chandirections during the relaxation process for three different
nel experiences a drag of crossflow and simultaneouslflow FFF channels. The stop-flow process in the conven-
exhibits a diffusive motion against the wall. The two oppo-tional symmetrical channel is an important procedure since
site transports of a sample component in flow FFF channet greatly reduces the spreading of an initial sample band.
are balanced at a certain equilibrium height from the accuAfter the relaxation process is completed, channel flow is
mulation wall and the equilibrium locations are largely gov-resumed in order to initiate the separation process. In an
erned by the difference in diffusion coefficients of sampleasymmetrical flow FFF channel, sample relaxation is
components. Therefore, particles or macromolecules of achieved in a different way since there is no flux from the
smaller Stoke’s diameter having a faster diffusion protrudedepletion wall. Thus, relaxation of sample components in
toward the high speed flow streamlines than those wittthis channel is allowed to occur below the injection point by
larger diameters and the particles are separated accordingfticusing the two counter-directing flow streams originated
increasing particle diameter. from both the channel inlet and the outlet as shown in Figure
The conventional flow FFF channel has a symmetricalb!?**Note that the injection point is apart from the channel
assembly in which there are two permeable walls and thinlet. After the focusing/relaxation, flow moving from the
crossflow rate is normally adjusted to be the same as thehannel outlet toward the focusing point is reversed so that it
incoming flow rate at the depletion wall (opposite from flows toward the channel inlet and the separation process
accumulation wallf° Thus, there are two different flow begins. Since the focusing/relaxation process is expected to
streams entering into and exiting the channel. In Figure 2azompress an injected sample cloud into a narrow band by the
the side view of symmetrical flow FFF channel is illustrated.two counter-directing flows, band broadening of an eluted
Later, the flow FFF channel system has been operated witlpeak can successfully be reduced to a good extent. In addi-
out the permeable depletion wall and this is termed an asyntion, migrating sample bands are somehow compressed longi-
metrical channet:!2 The asymmetrical type of channel was tudinally during migration along the channel since the linear
also developed by replacing depletion wall with a glass platfow velocity decreases along channel axis due to the loss of
as shown in Figure 2b. In an asymmetrical flow FFF chanerossflow. From a mechanical point of view, flow penetra-
nel, there is no input of crossflow, but the crossflow field cartion through a ceramic frit can not be uniform due to the
be generated by allowing the flow to penetrate through thé@regular spacing of the locations of the pores along the sur-
accumulation wall. In this channel, crossflow is provided byface of the ceramic frit. Thus, an asymmetrical flow FFF
the part of channel flow that is pumped from the channethannel utilizing only one permeable frit may reduce the
inlet and the remaining flow exits through the channel outlehon-ideal phenomenon of crossflow passage and this will
by carrying sample components. reduce the broadening of a final peak. For all of these rea-
However for both flow FFF channels, sample materialssons, it is known through experiments that an asymmetrical
must be driven to their equilibrium positions before theirflow FFF channel provides a better resolution in separation
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Figure 2. Side views of three different flow FFF channels (a. symmetrical, b. asymmetrical, c. frit-inlet asymmetrical channel}isowing
flow direction during sample relaxation (bold lines) and during separation (solid lines).

than a symmetrical channel. posed with both frit-inlet and split inlet channel systéfis.
However, both relaxation techniques are based on the tenmn the hydrodynamic relaxation method, sample materials
porary stoppage of longitudinal migration of sample materi-are introduced to channel inlet with a relatively low flow rate
als. During this period, sample components are forced bgnd a large amount of channel flow is introduced through a
crossflow toward the accumulation wall that is covered by amall inlet frit placed near the injection point of the deple-
semipermeable membrane. Occasionally, some particles atien wall. When the two flow streams merge together, sam-
adsorbed by the channel membrane. When flow is resumgule components are driven toward the accumulation wall by
after the relaxation processes, an abrupt change in the flothie relatively fast frit flow, where they can reach their steady
stream causes a sudden increase in or a release of syststate equilibrium hydrodynamically within the inlet frit
pressure leading to a baseline shift in the detector signal. Thegion. When sample materials leave the relaxation segment,
pressure change may also disturb the steady state equithey enter the separation segment and separation begins
brium of the relaxed sample materials and this may result ismoothly. When the frit inlet concept is utilized in a sym-
a sweep of some of sample materials along with void peak anetrical channel, manipulating the sample flow, frit flow,
in an early elution. For all of these reasons, it is desirable tand crossflow is required. In order to have a successful
bypass the static relaxation process if sample relaxation carydrodynamic relaxation to occur, frit flow must be approxi-
be somehow provided. As an alternative to these relaxatiomately 20 times faster than the sample flow. In this case, the
procedures, a hydrodynamic relaxation process was presummation of sample stream and frit inlet stream becomes
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the total axial flow (channel outlet flow) and the combinedAs it is shown in Figure 2c, injected sample materials are
flow becomes a considerable amount. Therefore, the abilitgompressed toward the accumulation wall by the relatively
to manipulate the lowest axial flow rate is limited. Conse-high speed frit flow and simultaneously they are longitudi-
guently, to retain low retaining sample components in thenally transported down the channel. Once they reach the end
channel an even higher crossflow speed is required. The subf the inlet frit element, they are expected to attain their
sequent increase in crossflow rate is needed to compensaquilibrium heights depending upon their diffusivity and are
for the increase of the axial flow rate and this is critical to thesmoothly transferred to the separation segment for migra-
channel wall material (ceramic frit plate) in flow FFF. In tions. Retention in the separation segment is expected to be
addition, increased axial flow rate requires an increase in theimilar to that observed in conventional flow FFF channel
injection amount of sample materials for them to besystem if the hydrodynamic relaxation is successfully
detected. From these reasons, hydrodynamic relaxation hashieved. Retention in frit-inlet asymmetrical flow FFF
not been further developed in flow FFF. channel follows the basic principle of FFF as known by the
Recently, the hydrodynamic relaxation method using theetention ratioR, which is the ratio of channel void tintd,
frit-inlet concept was applied to an asymmetrical flow FFFto retention timet;, given by
channel and the frit-inlet asymmetrical flow FFF (FI-
AFIFFF) system has been under develojd&tThe inlet frit
element is placed near the inlet of the depletion wall of an

asymmetrical channel and the sample injection is injected . : . .
) . ; : : . where A is the dimensionless parameter representing the
directly into the flowing streamlines. Figure 2c illustrates

particle trajectory that can expected to result from an asymf_ractlonal height of a sample band at equilibrium within the

metrical channel using a hydrodynamic relaxation methodChannel as expressed by the ratio of mean layer thickness,

o L . fo channel thicknessy. For a sufficiently long retained com-
The schematic view of the frit-inlet asymmetrical flow chan- onentA becomes very small and the right side of equation
nel is plotted in Figure 3. FI-AFIFFF system is advantageou§ y 9 q

. can be simplified aR[06A . The mean layer thickness,

because the stopless flow operation removes all of the com):- . .
. . ._the average height of a sample band, is closely related to the
plicated devices such as valves and tees for flow conversion,. .
" ) fleld strength (scaled by crossflow veloclt}), and the diffu-
In addition, it bypasses a temporary stoppage of sample ey A
L . . : sion coefficientD, of sample material as
migration, which often results in adsorption of sample mate-

rials onto channel membrane. Once a hydrodynamic relax- D

_t_ 1,0
R=¢ = GAB:othz ~-2)5 (1)

e ; ) . - _KT O
ation is successfully achieved, separation process in FI- I = U aD ~ 3md0 )
AFIFFF channel is similar to that of a conventional asym-

metrical channel that provides a high resolution separatiornwherekT is thermal energy; is the viscosity of the carrier
From the initial evaluation of FI-AFIFFF for the separation liquid, andds is the Stokes diameter of sample component.
of standard particles and proteins, it has been found thatherefore, retention time in a simplified form can be calcu-
hydrodynamic relaxation can successfully be achieved dated as a function of diffusion coefficient by rearranging
about a 5 : 95 ratio of sample flow to frit flow rdfé¢® Theo-  equation 2 into 1 as

retical calculations for the variation of flow velocities were

accomplished to predict retention time at frit inlet asymmet- £ Mto 3

rical channel and the results showed that the retention in FlI- "76A 6DV &)
AFIFFF channel basically follows the general principles of

field-flow fractionation®® It is shown in equations 2 and 3 that retention time increases

In this article, principles of frit-inlet asymmetrical flow as hydrodynamic diameter of sample components (small dif-
FFF separation are explained with the theory related with th@usion coefficient) and crossflow raté  increase. The volu-
calculation of diffusion coefficient or hydrodynamic diame- metric flow rate of crossflow/, is related with crossflow
ter of sample components from experimental retention timevelocity asV. LU, whereb is the breadth of the channel.
The separation capability of FI-AFIFFF is demonstratedThe above equation is valid for flow FFF channels (symme-
with latex spheres, nanosized fumed silica, proteins, anttical and asymmetrical) except for those that use a cylindri-
water soluble polymeric standards. A recent improvethent cal channel as such as hollow fiber flow FFF (R for HF-
for a separation of broad MW ranges of polystyrene sulFIFFF is approximately A once void time is properly cal-
fonates with resolution enhancement is also discussed tgulated?®23
introducing the field programming method into a frit-inlet  The void timef°, in a conventional symmetrical channel is

asymmetrical flow FFF system. simply calculated by dividing the channel lendthby the
average velocity of migration flow,v[{=V/bw) , whexe
Theory is the volumetric flow rate of channel flow. However, migra-

tion flow velocity in frit-inlet asymmetrical channel varies
Retention in FI-AFIFFF Channel. In frit-inlet asymme-  through the entire channel length since sample flow and frit
trical flow FFF channel, sample relaxation and separatiorilow are mixed at the relaxation segment and simulta-
are continuously achieved right after the sample injectionneously, part of these flows are lost through the accumula-
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Figure 3. Schematic illustration of channel assembly of the frit-inlet asymmetrical flow FFF (FI-AFIFFF) channel. Trapezoidal geometry
of channel is enlarged with the two inlet flows (sample and frit flow) and the two outlet flows (crossflow and outflow).

tion wall by crossflow. Therefore, calculation of void time in Y NI NS \]
FI-AFIFFF channel is considered with the variable flow [Vj(2) :VS+(Vf/\\ﬁIbV°Z/A°)A'(Z) (5)
velocities along the channel axigs® (2)

o_ ¢ _dz_ _ VetV =V A (Al(Ly)+A, (2))

t —E D/HZ) (4) |:\/DI(Z) - Wb”(Z) (6)

Since the channel flow rate varies along the channel axis, YN\
z, in frit-inlet asymmetrical channel, mean flow velocity var- [V}, (z) = Vetu VC(S A (D)4 (7
ies together. When the channel breadth varies as in trapezoi- Wb (2)
dal channel such as those shown in Figure 3, the variation of Y NT_\]
L . TE Vst V=V (At+A, (Li—Ly)+A /

mean flow velocity is separately considered within the four [VG,(2) = VAt Au(Lu—La) *Av(2)/A, (8)

successful channel segmeritdV, and it can be expressed whi(2)

as follows!® where the subscrig, f, ¢, andout for the volumetric flow
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Table 1. The variable breadth and area of the four channel segments along the charméh driisinlet asymmetrical flow FFF channel

segment b(2) A2 limits
b, L
I le 2le (0=sz= L)
_ —L.)?
[ b,(z-L,)- bi~b, (z-L,) (L <2< z)
—b, L.—L,-L, 2
b: Ltt_Ll_LZ(Z_Ll) b.—b D( L)’ ( L,)?0
1~ Dy Z—L, Z;—Ly
—1 V- <z< L,—

1] bl(z Ll) L" Ll L2 D 2 2 D (Zl— Zs L(t L2)

b b
v _Z(Ln_z) _2{ Lg_(l—n_z)z} (LysLy=sz-Ly)

L2 2L2

rate term a®/s Vi V. ,and,.: represent the sample flowalid when Vi/A; > V./A. . Equation 12 is now expressed
frit flow, crossflow, and outflow, respectively and the  with experimental flow rates, the geometrical area of the
length of triangular endpiece of inlek for the outlet, andly inlet frit, and the accumulation wall as expressed in Table 1.
for the tip-to-tip channel length. The variable area withinlt is applicable to both rectangular and trapezoidal channel
each segmentA(2~Av(2, and the variable channel geometries. From equation 12, we can calculate the effective
breadthsp,(2)~b(2) are listed in Table 14 andA. are the  channel flow rate of FI-AFIFFF, which is the channel flow
area of the inlet frit element and of the accumulation wallrate equivalent to a symmetrical flow FFF channel, as
respectively, and are expressetf as

_ 0O AJA |—}\/S+Vf VCAf/ACD+1
bil, bib, (z-Ly)’ V= vy "0 v, Oy
A, = —+b,(z,— - 9 chy s c
f — 2 1( 1 1) L"_Ll_Lz 2 ()
1 D\1+V VALA, D
A, = 5{by(Li~Ly)+by(LyLy)} (10) V. oo (13)
out

wherez is the length of inlet frit elemeniy; andb,are the  When the hydrodynamic relaxation of sample components is
breadths of the inlet and the outlet, respectively. Once thachieved quickly under a high speed frit flow (normally 20
channel flow rate conditions are determined, then channdimes faster than the sample flow), the amount of time
flow velocity expressions in Equations 5-8 can be calculatedlevoted to relaxation out of the total retention time is
experimentally using the known channel dimension. Theassumed to be very small and the retention time in Fl-
equations 5-10 are valid for both rectangular (same breadtAFIFFF channel can be approximated by substituting equa-
throughout the channel) and trapezoidal (decreasing channibn 12 into equation 3 as

breadth as shown in Figure 3) channels. .

The void time throughout the frit-inlet asymmetrical chan- RCUIRY
nel is the summation of passage time within each segment  t, = WZE 1 |_V5+Vf VCAf/ACDH

: . . ) ng :
that is calculated by integrating the inverse of mean flow 6D EDVf/_A Vs
velocity as v, S A D
D\1+Vf VALA D
= L2 f D 14
I R rTo R e Veu 05 4
JJ‘tt dz (11) D
Ll [VOL(2) Equation 14 shows that retention time in FI-AFIFFF is

inversely proportional to the diffusion coefficient or it is pro-
portional to a hydrodynamic diameter of sample compo-
nents. Practically, equation 14 can be used to calculate the
o VPAJA, Vot ViV A/ ACD+VO diffusion cqefficient or the diameter o_f a s_ample component
= VAR 0 v 0"y from expgnme_:ntr_;tlly _observed retention time ar_wd to obtain
e e S ¢ particle size distribution of a polydispersed particulate sam-

and the total void time is found by substituting equations 5-
10 into equation 11 as

[M +Vi—V A/ Acm 12 ple from an experimental fractogram. Equation 14 applies to
Vout (12) the calculation of a strongly retatined sample component.

However in case of moderate retention, full equations as
whereVC is the void volume of the channel. Equation 12 isexpressed in the right hand side of equation 1 must be used
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for the calculation of retention time (equation 3) instead of
using the approximated form of retention ratik=§A) as
used in equation 14.

Field Programming in FI-AFIFFF. In field-flow frac-  whereV(t) is the crossflow rate at tirhe; is the initial
tionation, programming techniques are often used to hasteime delayy, is the transient time for programmingeo is
the elution of highly retained sample components (largethe initial crossflow rate, andV. is the decrease in cross-
particles) by decaying the field strength during separétion. flow rates during the programming. Rot t;, V.(t) is fixed
%6 Field decay is the most common programming techniquet the initial flow rate oV, , and far>t; +t,, Vc(t) is
used in sedimentation FFF and thermal BEE2In addi-  equal toV,—AV. . Field strength in power programming is
tion to the decrease in separation time, an increase in theeld constant for a period of initial deldy, and then pro-
detectability of strongly retained components is an advangrammed according to the equation
tage of using field programmirtg>° Field programming in .

Flow FFF can also be achieved by varying the crossflow rate V(t) = \'/coal_—taD (16)
during its operation but it has not been widely employed a

except in a few attempissince it is difficult to maintain wheret, is a time parametet.£—pt;) andp is a power
consistent channel flow velocity during field (crossflow) equivalent to 2 which is known to provide a uniform frac-
programming in a channel having two different flow exits tionating power in flow FFF.

(channel out and crossflow out). Programming in FI-AFIFFF can also be integrated to a

Field programming has been recently applied to an Fldual mode by adding the ramping of migration flow while
AFIFFF system and shown to be powerful in separating ahe field strength is decaying. By utilizing dual field and
wide MW range of water soluble polyméfsit can be flow programming, separation of a broad MW range of
achieved by connecting the crossflow out to the pump inlepolymeric materials can be fastened more efficiently and the
for the frit flow and then varying the rate of circulating flow. sample recovery of such highly retaining materials can also
When the flow circulation is employed in FI-AFIFFF chan- be improved.
nel, flow rate of cross out is the same as the frit flow rate
during programming. The operation of the system becomes Experimental Methods
more versatile when the programming technique is applied
to the FI-AFIFFF channel system since sample injection, The frit-inlet asymmetrical flow FFF channel system is
relaxation, and separation are in continuous operation and dwiilt in-house with two plexi-glass blocks (5-cm thick) as
not interrupt the migration flow. illustrated Figure 3. The frit elements used for FI-AFIFFF

Field programming can be used with linear, exponentialchannel are porous ceramic made of alumina and they are
power decay®3?While the linear decay is the simplest form obtained from FFFractionation, LLC (Salt Lake City, UT,
of decay pattern, the latter is widely used in FFF technoloUSA). The channel spacer is a Mylar sheet and is cut in a
gies since it provides a uniform fractionating power overribbonlike shape as shown in Figure 3. The channel is 27.2
wide ranges of patrticle diameter during field programming.cm long for tip-to-tip. Three different channels are employed
The decay patterns are operated while holding the initiafor this work and they are different in thicknesss (127, 178,
field strength constant for a period of tintg,and then the and 254um for channels I~lll, respectively). Channel | is
field decays following the different patterns illustrated in rectangular having a constant breadth of 2.0 cm and the
Figure 4. The linear field decay is expressed as foffows other two are trapezoidal with the initial breadth of 2.0 cm

and a final breadth of 1.0 cm at the tapered end. The length

of the frit inlet element is 3.1 cm from the channel inlet. The

membrane used for the accumulation wall is regenerated
£ :initial delay tp:transient period cellulose having MW cut-off of 10,000 from Millipore Corp.
(Bedford, MA, USA).

Particle samples are polystyrene latex standards having
nominal diameters of 20, 50, 93, 135, and 222 nm from
Duke Scientific Co. (Palo Alto, CA, USA) and a fumed sili-
ca from Sigma (St. Louis, MO, USA). Proteins are cyto-
chrome-C (12.4 K), carbonic anhydrase (29 K), BSA (66 K),
alcohol dehydrogenase (150 K), apoferritin (444 K), and
thyroglobulin (669 K) from Sigma. Water soluble polymers
used are polystyrene sulfonate standards having MW's of 4
K, 30 K, 166 K, 350 K, and 1,000 K, from American Poly-
mer Standards Corp. (Mentor, OH, USA) and pullulan stan-

TIME dards of P20 (Mw =22.8 K), P100 (Mw=112 K), and P800
Figure 4. Linear decay (broken line) and power decay (solid line) (MW=788 K) (Shodex Standards, Showa Denko, Tokyo,
in field programmingty: initial delay timet,: transient time. Japan).

Vi(t) = \'/Co—A\'/CE};—:lE (Lstst+t)  (15)

V(1)

CROSS
FLOW
RATE

Power decay
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All carrier solutions are prepared with deionized water z=L z L-L,
(>18 MQ). For the separation of polystyrene latex beads ani L L-L L
fumed silica, 0.05% FL-70 is added to maintain particle dis- o T
persion with 0.02% NafNas a bactericide. When proteins
and water soluble polymers are separated, 0.1 M Tris-HC s
buffer solution (pH=7.8) is used throughout. In every case < i
the carrier solutions are filtered through a membrane filtel o
(0.45um pore size) prior to use. 4

For the delivery of carrier solutions to FI-AFIFFF channel,
two programmable HPLC pumps are utilized: a Dynamax
model SD-200 from Rainin Instrument Co. Inc. (Woburn, ;
MA, USA) and a M930 HPLC pump from Young-Lin Co. 1+ trapezoidal channel
(Seoul, Korea). Injections were made with a model 712¢ 1
loop injector from Rheodyne (Cotati, CA, USA) having a 20
uL loop. The sample amounts for injection are aboutLiy2
for PS standards, about 4@ for the fumed silica, 2-8g for
each type of protein, 4g for each PSS standard, and 2-9
ug for each pullulan. Eluted sample materials are monitore:
by an M720 UV detector from Young-Lin for particles by a
model 410 Differential Refractometer from Waters (Milford,
MA, USA) for polystyrene sulfonates and pullulans. The
detection of particles and proteins are made at 254 and 2¢ Z/L,
nm, respectively. Experimental fractograms are saved by Figure 5. Comparison of linear flow velocities in trapezoidal and
pc with AutochroWin data acquisition program from Young-Lin. rectangular channels. Flow rate conditions\&e = 0/15, = 2.4,

Ve= 1.69, andVou: = 0.86 mL/min. The channel dimensions used
Results and Discussion for calculation: Trapezoiddl, = 2.0,L,=1.0,b1=2.0,b,=1.0,z1=

3.1,Ly=27.2 cm, anav = 78.3 mm; Rectangulér =L, =2.0 cm

andby = b, = 2.0 cm with all other dimensions as for trapezoidal

In the frit-inlet asymmetrical flow FFF channel, linear channel. [Reprinted with permission franal. Chem1997 69(7)
channel flow velocities vary along channel axis as shown i11438. Copyright 1997 American Chemical Society]

equations 5-8 due to the loss of flow through the accumula

tion wall. For a typical asymmetrical channel with a rectan-ment), the linear flow velocities start decreasing due to the
gular geometry having a fixed channel breadth, mean flowoss of flow through the accumulation wall of a channel and
velocity will continuously decrease from the inlet toward thethe variation in the velocities along the rectangular channel
end of the channel. When the channel breadth decreases withe lower curve) is shown to be more severe than that in the
z (channel axis) as in a trapezoidal design, the decrease wépezoidal channel (the upper curve). Finally, the steep
flow velocity along the channel axis is compensated to somicrease of velocity is begun at the endpiece of both chan-
degree by the reduction of the channel breadth. In an FRels toward the channel outlets. In the case of the trapezoidal
AFIFFF channel, flow velocity variations within the relax- channel, the significant decrease of migration flow velocity
ation segment are complicated due to the influx of frit flowcan be reduced by the decrease of channel breadth and this
but those within the separation segment are similar to thawill reduce the retention time of strongly retained materials
observed in a conventional asymmetrical channel. Figure @ith a substantial reduction of peak broadening.

shows the calculated patterns for flow velocities by using In a frit-inlet asymmetrical flow FFF channel, the hydro-
equations 5-8 as for the two channel geometries of typicadlynamic relaxation of sample components must be success-
channel dimensions: rectangularb,=2.0 cm,L;=L,=2.0  fully accomplished before the separation process begins.
cm, Ly =27.2 cm, andv=78.3 um; trapezoidab;=2.0 cm,  During the hydrodynamic relaxation, sample components
b,=1.0 cm,L;=2.0 cm,L,=1.0 cm with all the others the are driven under the inlet splitting plane by frit flow and they
same with rectangular channel. Flow rate conditions used fawill reach their equilibrium positions by the balance of the
the calculations in Figure 5 are based GV =0.15/2.4wo opposing forces (field strength toward the wall and dif-
mL/min. andV,./V. =0.86/1.69 mL/min. The flow velocity fusive transports against the wall). For a hydrodynamic
at the inlet end of both channels starts with a steep decreasdaxation to be successfully achieved within the short dis-
for a very short distance and then increases towards the etmhce of migration from the channel inlet, frit flow rate must
of the frit inlet segment due to the influx of frit flow. Since be very high compared to the sample feed rate. In addition,
the variation in channel breadth of a trapezoidal channethe initial width of a sample band must be minimized since it
within the frit-inlet segment is not significantly different plays an important role in determining the efficiency of sepa-
from that of the rectangular channel in Figure 5, flow veloci-ration in FFF systems as well as in any chromatographic
ties for the two channel geometries appear to be nearly thgystem. The initial band width during hydrodynamic relaxa-
same. However after the poirtz (end of frit-inlet seg- tion in FI-AFIFFF channel is proportional to the ratio of

trapezoidal channel

rectangular channel

rectangular chaonnel

<V> (cm/s)

0 T T T T T T T —
0.0 0.2 0.4 0.6 0.8 1.0
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dynamic relaxation. It is noteworthy that fractogram 4 appears
without a void peak which is commonly found in conven-
tional channel systems in FFF. The conventional systems
(symmetrical and asymmetrical channel) mostly generate a
void peak which is caused by the following reasons related
to the static relaxation process: an abrupt change in system
pressure caused when flow directions are altered by valve
operations or an unwanted sweep of perturbed sample parti-
cles when migration flow is suddenly resumed. Since there
is no abrupt change in system pressure or in flow direction
during hydrodynamic relaxation, removal or a significant
decrease of void peak is one of the advantages of running an
FI-AFIFFF channel.
A multi-component separation using an FI-AFIFFF chan-
nel is demonstrated with five different polystyrene latex
r T ; . . standards and the separation fractogram as shown in Figure
0 5 10 15 20 25 7 is obtained a¥s/V; =0.1/2.5 mL/min. aM,/V. =0.40/
Time (min.) 2.20 mL/min by using channel I. Figure 7 shows the capabi-
Figure 6. Effect of defferent levels of hydrodynamic relaxation lity of the FI-AFIFFF channel system in providing a high
on elution profiles of 0.222 mm latex beads obtained by frit-inletresolution separation of nano-particles ranging from 20 nm
asymmetrical flow FFF channel. Th&/V; ratios of each profileto 222 nm within 25 minutes. It is clearly shown that parti-
corresponds to (1) 100/0, (2) 50/50, (3) 30/70, and (4) 6/94, witlles whose sizes differ about 40 nm from each other are well

total inlet flow rate ¥s+V; ) of 1.64 mL/min. All runs are made at : . .
V.= 1.09, andVeu: = 0.55 mL/min. [Reprinted with permission separated at the baseline resolution. The present run condi

from Anal. Chem1999 71(14) 2661. Copyright 1999 American tion is applied for the separation of a polydispersed nano-

Polystyrene
0.222um

Detector Response

Chemical Society] particle sample. A fumed silica sample purchased from
Sigma is tested for the characterization of size and particle
sample stream flow rate to the frit flow raté/V; . The size distribution with the current FI-AFIFFF channel system.

dependence of the ratdd/V;  on the sample relaxation cafihe fumed silica sample is injected with a diluted suspen-
be demonstrated with the examination of elution profiles ofsion and the detector signal for the polydispersed fumed
standard latex spheres as shown in Figure 6. A polystyrersilica is plotted in Figure 8 along with the micrograph of the
latex standard of 0.222n in diameter is injected at four dif- original sample obtained by field emission SEM. Since the
ferent levels of the hydrodynamic relaxation by varying theseparation of the fumed silica sample is obtained at the same
ratio Vs/V; as 1) 100/0, 2) 50/50, 3) 30/70, and 4) 6/94. Allflow rate condition used for obtaining Figure 7, the elution
runs are made using the same channel outflow rate girofile of the fumed silica sample can be directly compared
Vout=0.55 mL/min. and the crossflow rate 6 =1.09 mL/ for the diameter confirmation. The diameter values corre-
min. The sum of the two outgoing flow ratéé,(+V. ) is spond to each time scale can be simply calculated by using
identical to the total inlet flow rate through both the channelequation 14 and its scale is marked at the upper axis of the
inlet and frit inlet ¥s+V; ). When there is no frit flow input
as shown in run 1\Ms/V; =100/0), hydrodynamic relaxation
will not occur and the result shown in the fractogram 1 in Polystryrene Latex
Figure 6 appears to be a broad peak that could be observ 135

in a stopless injection at an FFF system. Fractogram 1 is
typical output of a sample injection when a proper relaxatior
is not provided. When the ratio is decreased to 50/50, th 50
sharp void peak, which is expected to sweep the polystyrer
particles right after the beginning of the separation, become
small. It is further reduced at the ratio 30/70 with the pre-
sence of an isolated peak in run 3. The fronting in peak :
means that part of the latex particles are not completel
relaxed during hydrodynamic relaxation due to the weal
compression of frit flow. The observed broadening and
asymmetry in eluted peak are removed when a much strot

ger compression of frit flow is used with the ratio 6/94 (0.10/ 0 0 20 30

1.54 mL/min. in real flow rates) in run 4. In Figure 6, it is Time (min.)

clearly shown that the band broadening caused by thFigure 7. Separation of polystyrene latex standards by FI-AFIFFF

relaxational process can be substantially reduced if ising hydrodynamic relaxation obtained & = 0.Y9, = 2.5,
sufficiently small rate ofV/V; is provided during hyro- V.=2.2, andVou = 0.40 mL/min.

222nm

Detector Response
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Diameter (nm) after relaxation. However, the relaxation efficiency of the
o 1 200 300 focusing/relaxation technique for a conventional asymmetri-
T y T y ' cal channel will be higher than the hydrodynamic relaxation
Fumsed Silics technique since the focusing process compresses the injected
sample band into a narrow one which results in the reduction
of band broadening of an eluted peak. Retention and effi-
ciency for both relaxation techniques are compared in Figure
9. For the two runs, the same channel system Il is used
except that the channel depletion wall for a conventional
asymmetrical channel is used with a glass plate as found in
earlier reportd’*®* The outflow conditions for the two chan-
nels are the same a&./V. =0.20/7.0 mL/min. For the
asymmetrical system (run a), channel inlet flow rate is
Vin =7.1 mL/min with an injection flow of 0.1 mL/min. For
- the frit-inlet asymmetrical system (run b), the rate of injec-
; - T - tion to frit flow rate isVy/V; =0.20/7.0 mL/min. Since the
L] L1} ] 1] . . . . . . .
injection of protein mixtures in the conventional asymmetri-
cal channel is made at 3.0 cm from the channel inlet end,
focusing/relaxation is adjusted to take place below the injec-
tion point and the protein samples begins to migrate from
this point. The reduced migration distance for the asymmet-
rical channel results in the decrease of retention time for
each sample component compared to the other run. In the
case of hydrodynamic relaxation using an FI-AFIFFF chan-
nel, the elution of each component appears with a substantial
increase in retention time. Both systems show an excellence
in resolving a broad MW range of proteins, but it is noted
that the focusing/relaxation system exhibits a greater effi-
ciency in relaxation with a reduction of peak broadening of

Detector Kesponse

1} nm a. focusing/relaxation

. . . alcohol . ical ch I
Figure 8. Separation of fumed silica sample by FI-AFIFFF along dehydrogennse (asymmetrical channel)
with the SEM micrograph of the original sample. Run condition is BsA ‘5"{‘

the same as used in Figure 7. carbonic g

anhydrase
29K

Apoferritin
444K

Thyrogiobulin

cytochrome-C 669K

plot in Figure 8 instead of providing a separate plot for parti- 14
cle size distribution. As seen from the figure, the elution pro:
file of the fumed silica sample is very broad and most
particles appear to elute within 10 minutes. The corresponc
ing diameter at this time scale is about 100 nm. The micra
scopic observation of the sample particles shows that

majority of fumed silica particles are smaller than about 6C
nm as a primary particle size and a few are nearly 80 nm.

also shows a possibility of containing aggregated particles ¢
fused ones. Since aggregated particles during flow FFF rur
are expected to behave as larger particles having an equivale
hydrodynamic volume, they will elute at a longer retention

b. hydrodynamic relaxation
(frit-inlet asymmetrical channel)

Detector Response

time and the long tailing of peak above 10 min. is expectel T — T )
to be the retention of such aggregated particles or a few larg 0 eon 30 40
particles. Figure 8 demonstrates the great potential of an F Time (min.)

AFIFFF system that can be applied powerfully for the sepaFigure 9. Comparison of separation resolution for protein mix-
ration and size characterization of nanosized materials. ]EU_r?SIObta'”ed by (a) 2 (;]onvel?tl%]atlﬂasymme;_n_cal Cha””]f’l "’:j”d (b)

f . f o . _ r_|t-|n et asymmetrical channel. Outflow conditions are fixed as
ITydrod_):jnamlc relaxa_tlon in frit-inlet a;ymmetrlcal cgan Vout= 0.20 andV, = 7.0 for both runs. Injection flow rate and the
nels provides an ease in system operations compared 10 tiyjet fiow rate (i, ) for run a are 0.10 and = 7.10 mL/min,
conventional focusing/relaxation technique since there is NEocusing point is 3.0 cm from the channel inlet. For ruvd, =

need for valve operations for the flow conversion before an.20,V; = 7.0 mL/min.
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4.0
Pullulans constant field Polystyrene Sulfonates
P20 Linear Decay
Pwo0 e dme D N 1,000K
2
3
S -2.0
3
a2 .
5 Ve
field decay § I (mL/min.)
ot
a

e Programmed field
-0.0

Detector Response

T T T M T T T B T

0 10 20 30 40 50 60

Time (min.)

T y T ! Figure 11. Separation of PSS standards with field programming
(tz = 30 min,t;= 15 min, Vo = 3.0 mL/minAVe = 2.9 mL/min)
Time (min.) obtained atVs ¥,y = 0.10 mL/min. The run is madeVat V. =
Figure 10. Separation of pullulan standards with constant field during programming. System Il with YM-10 membrane is used.
operation and with linear field programming by FI-AFIFFF
obtained aVs ¥out = 0.10 mL/min. Outflow rate for both runs are yyn, js made with channel Il with the initial crossflow rate of
the same a¥oy = 0.10 mL/min. For the constant field n, - iS3 5 )| /min. andV, %, =0.1 mL/min. The crossflow rate
maintained at 1.20 mL/min. For the programmed tim10 min, . . o .
t,= 10 min, Veo =1.20 mL/minAVe = 1.10 mL/min. starts dec_reasmg after 30 mlnutes.of |n|t|a_I delay perlod to
0.1 mL/min after a 15 minute transient period. In Figure 11
separation is made for the very high MW materials together
long retained components such as apoferritin and thyroflowith low MW materials in the same run. When a constant
bulin. However, it is shown that a stopless flow operation infield condition is used with the crossflow rate of 3.0 mL/
an asymmetrical channel by using a frit inlet can be appliednin., PSS 1,000 KDa was not seen to elute at all with a rela-
to the separation of proteins. tively broad recovery for PSS 350 KDa and this was not
An FI-AFIFFF system is used to separate water solubleshown in this report. Figure 10 shows the great capability of
polymers, such as pullulan in Figure 10. Separation of pullufield programming in an FI-AFIFFF system to separate a
lan standards is carried out with or without the application ofvide MW range of water soluble polymers in a single run.
field programming. Figure 10 compares the difference in
peak recovery of pullulan samples before and after the use of Summary
field programming. The upper run is made with a constant
field condition in which field strength is constantly main-  This artice demonstrates that FI-AFIFFF system can be
tained and the run conditions ax/V:  =0.1/1.2 mL/min.applied for the separation of nanoparticles and macromole-
andVou/Ve =0.10/1.2 mL/min. When an isocratic run condi-cules without a static relaxation process, such as focusing/
tion is used, P20 (Mw=22.8 K) and P100 (Mw=112 K) arerelaxation, which is an essential part of the operation in a
resolved well each other but P800 (Mw=788 K) is not reco-conventional asymmetrical flow FFF channel. By using a
vered at all. Since pullulans are linear polysaccharides, thegmall inlet frit near the channel inlet of an asymmetrical
exhibit less compact conformation than proteins that arghannel, sample materials can be directly injected into the
rather globular in shape and they tend to diffuse from thdlowing streamline for hydrodynamic relaxation and the se-
channel wall less actively than proteins of the same MWparation process begins smoothly without halting the migra-
Therefore, linear polymers require relatively mild field tion flow. For a successful hydrodynamic relaxation in an
strength for elution. The current field strength condition isFI-AFIFFF system, the ratio of sample flow to frit flow must
too high for P800 to be separated from the other two sanmbe as small as about 0.05. Since the FI-AFIFFF system
ples. When field strength is decayed linearly, reduction obperates without stopping the migration flow, the system is
retention time is clearly shown with an improved peakmuch more easily operated compared to the conventional
recovery in the lower fractogram. For field programming, flow FFF systems. The detector signal is relatively stable
crossflow rateV. is set so that it equals to the frit flow rateand the possible sample adsorption onto the channel wall
Vi, by circulation. An initial delay timet, of 10 minutes is  (the membrane) can be reduced to some degree. So far, the
used with the transient timig, of 10 minutes. The crossflow complicated flow patterns in an FI-AFIFFF system has been
rate decreases from 1.2 to 0.1 mL/min over the transientlearly understood and the retention phenomena in the
time period. developed system is clearly understood theoretically. The
In Figure 11, separation of polystyrene sulfonate (PSSjheoretical and experimental evaluations on the FI-AFIFFF
standards of a broad MW range (4 K~1,000 K) are successystem show a great potential in the application of the develop-
fully demonstrated with the aid of field programming. The ed system for the calculation of particle size distribution of
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polydisperse particulate materials. In addition, the availabili-

ty of field programming in FI-AFIFFF system provides a 12.
great flexibility for the separation of a broad MW range of 13.
polymers and biological macromolecules. Dual field and14:

flow programming can be a good alternative when resolvin
ultrahigh MW polymers. Further studies are needed for th
optimization of the length of the inlet frit for an efficient
hydrodynamic relaxation and for a detailed study on the ;
sample recovery for an FI-AFIFFF system.
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