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Abstract

The capability of field-programmed separation in frit inlet asymmetrical flow field-flow fractionation (FI-AFlFFF) has been examined for
separating a high molecular weight sodium hyaluronate (NaHA) by varying the field programming parameters. Experiments were performed
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ith on-line coupling of the field programming FI-AFlFFF and multiangle light scattering (MALS) detection. Sample relaxation, a pre-
tep to establish equilibrium states of sample materials prior to the beginning of separation in most forms of FFF techniques, is o
ydrodynamically in FI-AFlFFF without stopping the migration flow. Thus, the procedures of sample injection – hydrodynamic re
separation in FI-AFlFFF are continuously achieved without halting the sample migration. In this study, field programming in FI
as investigated for the separation of NaHA, water-soluble polysaccharides, by examining the influence of field decay pattern,
trength condition, and ionic strength of carrier solution on the successful separation of a degraded NaHA sample. Results were co
olecular weight calculations of eluting materials among different field programming conditions from multiangle light scattering

ignals. It was found that when the field programming was utilized in FI-AFlFFF, a proper selection of initial cross-flow rate, the fie
attern, and an appropriate control of final field strength needed to be carefully selected in achieving a successful separation
olecular weight water-soluble polymer sample.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Flow field-flow fractionation (FlFFF) is an elution-based
echnique that is capable of separating and characterizing
olloidal particles, proteins, and macromolecules according
o the differences in hydrodynamic size of sample compo-
ents[1]. In FlFFF, separation is carried out in a thin, empty
hannel with the use of migration flow, while cross-flow, a
riving force to retain sample components within the channel,

s simultaneously applied to the direction perpendicular to the
xial migration flow (or channel flow)[2–5]. Before sample
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components begin migration, they are required to ach
equilibrium states in advance at certain distances away
the channel accumulation wall. At the equilibrium positio
the field force (from cross-flow movement) exerted to s
ple materials and the diffusion of sample components
counterbalanced. This process is referred as the relax
process, which is essential in most FFF techniques a
is achieved by applying cross-flow only with the tempor
halt of the migration flow. When sample components ach
equilibrium states, they are differentially distributed aga
the accumulation wall according to sizes and therefore,
will migrate at different velocities when axial flow is th
applied. Polymers with lower molecular weight (or sma
hydrodynamic diameter) have larger diffusion coefficient
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Fig. 1. Schematic diagram of frit inlet asymmetrical flow field-flow fraction-
ation/multiangle light scattering/refractive index (FI-AFlFFF/MALS/RI)
with the cross-flow circulation for programmed field operation.

ues and migrate faster at equilibrium positions that are higher
than those reached by the larger ones. This is due to the differ-
ences in the flow velocities within the parabolic flow profile
of the mobile phase that moves through a thin empty channel.
Thus, separation in FlFFF is achieved in the order of increas-
ing diameter or molecular weight of sample components.

Frit inlet asymmetrical flow field-flow fractionation (FI-
AFlFFF) utilizes a modified channel that was designed to
bypass the stop-flow relaxation procedure[5–8]. In FI-
AFlFFF, sample materials are introduced through the channel
inlet while a relatively high flow rate is applied through the
inlet frit, as it is schematically represented inFig. 1. Due
to the compression role of the frit flow, sample materials
injected at low injection flow rate (usually ca. 20 times lower
than the frit flow rate) are quickly pushed toward the accu-
mulation wall by incoming frit flow, and then they achieve
hydrodynamic relaxation. Thus, sample relaxation and sep-
aration processes are continuously achieved without halting
the sample migration that is normally required for the conven-
tional FlFFF methods. While earlier studies on FI-AFlFFF
channel showed that hydrodynamic relaxation can be suc-
cessfully utilized to separate particles or macromolecules
with a stopless flow operation, it always required the use of
a high speed frit flow relative to the sample flow in order to
assure sample relaxation. It might however reduce the flexi-
bility of selecting separation conditions for highly retaining
m . The
l ro-
g th
o flow
r ssful
h ually
t not
a enta-
t ting
p dies
[ ry
e ow
a hly

retaining components (large molecular weight) at a constant
field strength condition may not elute properly when separat-
ing a broad molecular weight sample in FI-AFlFFF, a subse-
quent decrease in field strength during elution will be useful
to elevate sample components from the vicinity of channel
wall toward the fast flow streamline during run. This makes
sample components eluting in a reduced time. In a previous
study, it was demonstrated that programmed FI-AFlFFF can
successfully expand the dynamic separation range of molec-
ular weight utilizing polystyrene sulfonate standards in the
molecular weight range of 4–1000 KDa[5].

In this study, field programming in FI-AFlFFF was applied
for the separation of sodium hyaluronate, a sodium salt of
hyaluronic acid, which is a natural and very high molec-
ular weight linear polysaccharide composed of a disac-
charide repeating unit (d-gluconic acid andN-acetyl-d-
gluconsamine). NaHA has been found in various body tissues
and fluids such as vitreous humour or umbilical cord, and
utilized pharmaceutically for hydrogel formation or as a sub-
stitute for vitreous humor after opthalmic surgery[13–16].
The molecular weight of NaHA has been known as a few
millions in Daltons, and the size characterization of NaHA in
aqueous solution is important for certain desired applications.
The analysis of NaHA molecules has been carried out mostly
using size exclusion chromatography (SEC)[13,17]. How-
ever, when using SEC, a traditional size separation technique
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aterials, such as very high molecular weight materials
ack of flexibility can be overcome by applying field p
ramming to FI-AFlFFF in which an initial field streng
r cross-flow rate (normally set to be the same as frit
ate) is applied sufficiently high enough to assure a succe
ydrodynamic relaxation and then it is decreased grad

o fasten the elution. Field programming in FlFFF was
s popular as in other FFF techniques such as sedim

ion FFF and thermal FFF but the potential of incorpora
rogramming was already demonstrated in a few stu

4,5,9–12]. Field programming in FI-AFlFFF can be ve
asily employed by circulating the cross-flow to the frit fl
nd reducing the circulation flow rate with time. Since hig
or polymers, difficulties in obtaining an accurate molec
eight arise from the followings such as a lack of suita
alibration standards for NaHA, a loss of resolution abov
xclusion limit due to the nature of the ultra-high molec
eight of NaHA, a possible polymeric chain degradation

o the shear, and a possible sample adsorption at the surf
acking materials. Recently, a study was reported on the
haracterization of NaHA by FlFFF-MALS but it was c
ied out with a conventional asymmetrical flow FFF chan
18]. Since the sample relaxation in the conventional as
etrical FlFFF channel is achieved by focusing the two fl

rom both the channel inlet and outlet for a certain perio
ime, sample migration during the focusing procedure is
orarily stopped and then after the completion the separ
egins by inverting the flow direction to the channel ou

n the current work, FI-AFlFFF has been employed for
eparation of high molecular weight NaHA with the use
eld programming. This study focused on the evaluatio
he programming conditions such as the initial field stre
nd field decay patterns on NaHA separation. It was
xamined with the effect of ionic strength of carrier solu
nd injection amount on the retention of sodium hyaluro
y field programmed FI-AFlFFF. For the evaluation of s
ration effectiveness, on-line coupling of multiangle li
cattering (MALS) detection along with refractometer
etector) was utilized for FI-AFlFFF and the resulting ca

ation in the molecular weight values or root-mean-sq
RMS) radius of eluting NaHA materials were compa
hen varying FI-AFlFFF run conditions. By applying t
eld programming technique to FI-AFlFFF and on-line c
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pling of MALS, it was demonstrated that polymers of a broad
molecular weight can be well fractionated.

2. Theory

2.1. Programmed separation in FI-AFlFFF

Separation in an FI-AFlFFF channel is carried out with
a stopless operation of both injection and separation pro-
cedure using hydrodynamic relaxation[6,7,19]. Once the
hydrodynamic relaxation of sample components is success-
fully provided, sample retention in an FI-AFlFFF channel
follows the basic principle of FFF found elsewhere[6].

In an FI-AFlFFF channel, the total flow rates introduced
to the channel have a mass balance with the total outgoing
flow rates as:

V̇s + V̇f = V̇out + V̇c (1)

whereV̇ is the volumetric flow rate (mL/min) specified with
subscriptss, f, out, andc, which represent sample flow, frit
flow, outflow leading to detector, and cross-flow, respectively.
When field programming is applied to an FI-AFlFFF channel,
the frit flow rate is set to be the same as cross-flow rate so
that cross-flow is circulated to the frit flow and decreased with
t -flow
r p

V

w
c d
i
a to
2 er
i be
e

V

w
d
V

t
V

2

op-
u nd
f cular
w F)
[ ased
s ian-
g btain

Rayleigh ratioRθ at the scattering angle (θ) in each small
fraction eluting from FlFFF. The scattered light has a rela-
tionship with molecular weight according to the following
equation[24]:

Kc

Rθ

= 1

P(θ)

[
1

Mw

+ 2A2c

]
(4)

whereMw is the molecular weight,A2 is the second virial
coefficient, andK is a scattering constant containing the
refractive index of solvent, and dn/dc (refractive index incre-
ment with concentration). The form factorP(θ) is to compen-
sate for the phase difference caused by the scattering of light
in different parts of macromolecules as:

P(θ) = 1 + 16π2〈r2
G〉

3λ2
0

sin2
(

θ

2

)
(5)

where〈r2
G〉1/2

is the root-mean-square radius (RMS radius).
From the above equations, signals from MALS can provide
calculations of molecular weight and RMS radius of each
slice (volume slice) based on the consequent measurement
of concentration by a refractive index detector connected
in-line. This allows one to measure both molecular weight
distribution and the conformational information of polymer
sample by examining the molecular weight dependence of
the RMS radius.
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˙
c(t) = V̇c0

(
t1 − ta

t − ta

)p

(2)

hereV̇c(t) is the cross-flow-rate at timet, V̇c0 is the initial
ross-flow-rate,t1 is the initial time delay which is the perio

n which constant flow-rate is maintained before decay,ta is
time parameter (ta=−pt1), andp is a power value set

, which is known to provide a uniform fractionating pow
n flow FFF[19]. The linear field (cross-flow) decay can
xpressed in the following form[5]:

˙
c(t) = V̇c0 − ∆V̇c

(
t − t1

tp

)
(3)

heretp is the transient time for programming and∆V̇c is the
ecrease in cross-flow rate during the program (that is,∆V̇c =

˙
c0 − V̇c(t1 + tp)). Eq. (3) is valid for t1 ≤ t ≤ t1 + tp. For
< t1, V̇c(t) is fixed at initial flow rateV̇c0, and fort > t1 + tp,
˙
c(t) is equal toV̇c0 − ∆V̇c.

.2. Multiangle light scattering

On-line coupling of FFF and MALS has become p
lar for the fractionation of water-soluble polymers a

or the simultaneous measurement of absolute mole
eight, especially with asymmetrical FlFFF (or AFlFF

9,11,20–23]. Since the FlFFF provides size and shape b
eparation of macromolecules, coupling of FlFFF to mult
le light scattering measurement makes it possible to o
. Experimental

.1. Reagents

A thermally degraded NaHA sample was obtained f
G Life Sciences (Daejon, Korea). The sample was disso

n 0.1 M NaNO3 solution at a concentration of 1.6 mg/mL a
0�L of the sample solution was injected for each in

ion during the all runs except the study of the influe
f injection amount on separation. For the examinatio

njection amount, sample concentration was varied to
.6 and 3.2 mg/mL with an injection volume fixed at 20�L.
or the study of ionic influence of carrier solution on s
ration, the NaHA sample was dissolved at a concentr
f 1.6 mg/mL in each different NaNO3 solution (0.01, 0.05
nd 0.1 M). When tested with samples dissolved in di
nt ionic strength solutions, each corresponding solution
sed as carrier solution for FI-AFlFFF separation. All car
olutions were prepared from deionized water (>18 M�) con-
aining 0.02% NaN3 (I = 3.0 mM) as a bactericide and filter
rior to use.

.2. FI-AFlFFF/MALS/RI

The FI-AFlFFF channel was built in-house as describe
he literature[6,7]. The small inlet frit installed at the begi
ing end of the depletion wall has a length of 3.0 cm.
hannel has a tip-to-tip length of 27.2 cm and a thickne
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178�m, the thickness of a Mylar spacer. The channel was cut
into a trapezoidal shape, which has an initial breadth of 2.0 cm
and a final breadth of 1.0 cm. A regenerated cellulose mem-
brane, PLCGC from Millipore Corp. (Billerica, MA, USA)
having a molecular weight cutoff of 10 kDa, was layered at
the accumulation wall.

Sample injection was made with a model 7125 loop injec-
tor from Rheodyne (Cotati, CA, USA). The sample solution
was delivered to FI-AFlFFF channel by a model 305 HPLC
pump from Gilson (Villers Le Bell, France) and the frit flow
was delivered by a model M930 HPLC pump from Young-
Lin Co. (Seoul, Korea). As shown inFig. 1, cross-flow exiting
from the channel accumulation wall was circulated to the
frit flow with the use of a fluid reservoir to minimize pump
pulse in between. For field programming, the frit flow rate
(or cross-flow rate) was decreased during run according to
field decay patterns. Eluted sample was sequentially moni-
tored by DAWN-DSP mulitangle light scattering detector at a
wavelength of 632.8 nm and an Optilab DSP interferometric
refractometer (690 nm) from Wyatt Technology (Santa Bar-
bara, CA, USA) as shown inFig. 1. For the calibration of
scattering intensity of MALS, filtered toluene was used. For
the normalization of the MALS instrument, albumin (BSA)
was used to detect the scattered light at 90 degree at a flow
rate of 0.10 mL/min using a model KDS 100 syringe pump
from KD scientific (New Hope, PA, USA). The value of
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Fig. 2. Fractograms (LS-90◦ and RI signals) of field programmed separation
of sodium hyaluronate by FI-AFlFFF at different programming parameters:
(a) a linear decay (the program-I listed inTable 1); (b) a power program
(the program-II); and (c) a mixed decay pattern using linear and power pro-
gram (the program-III).̇Vout = V̇s = 0.05 mL/min. All runs were obtained
at V̇f = V̇c. The final field strength (or cross-flow rate) of the program-III
was fixed at 0.02 mL/min from 42 min.
n/dc of the NaHA sample used in this study was 0
sing the DNDC5 software from Wyatt Technology fr

he RI signals that were measured from the direct injec
f NaHA molecules by varying the concentration of Na
nder the carrier solution used in FI-AFlFFF. Data col

ion and molecular weight calculation were carried out w
STRA software from Wyatt Technology. For the calculat
f molecular weight and the RMS radius, the light sca

ng signals obtained at various angles were processed
third-order polynomial fitting by using the Berry meth

f the Debye plot and the signals from the detector num
–10th were used.

. Results and discussion

.1. Effect of programming on FI-AFlFFF separation of
aHA

The effect of field programming on the fractionation
aHA molecules by FI-AFlFFF was examined by vary
eld decay pattern and the initial field strength (or cross-
ate).Fig. 2 shows the fractograms of the degraded Na
ample obtained at the three different field programs by v
ng the decay pattern and the initial delay time.Fig. 2a shows
he RI signal (solid line) superimposed with the LS sig
ecorded at 90◦ (represented with filled circles) for the NaH
ample by FI-AFlFFF. The dotted line represents the d
attern of cross-flow rate,̇Vc, using a linear program (th
rogram-I as listed inTable 1) with an initial delay period
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Table 1
Flow rate conditions, programming parameters, and the type of field programming used in this study

Program no. Field decay pattern t1 pre-decay
time (min)

V̇c0 intial cross-flow
rate (mL/min)

V̇cf final cross-flow
rate (mL/min)

V̇out = V̇s (mL/min)

I Linear 5 1.0 0.1 0.05
II Power 3 1.0 –a 0.05
III Power + linear 3 1.0 0.02 0.05
IV Power 3 2.0 –a 0.1
V Linear 3 2.0 0.02 0.1

a Not fixed.

of 5 min. The initial cross-flow rate began with 1.0 mL/min
and it decreased to 0.2 mL/min during 15 min, to 0.1 mL/min
for 10 min and then it was fixed until the end of the run.
Since the field programming in FI-AFlFFF was achieved
by circulating the cross-flow to the inlet of the frit flow as
shown inFig. 1, the frit flow rate and cross-flow rate were
adjusted to be the same and therefore the outflow rate was
the same as sample flow rate,V̇s. The injection flow rate used
in Fig. 2a was maintained at 0.05 mL/min throughout the run
according to the earlier studies which suggested the use of an
optimum ratio (1/20) of the sample flow rate to the frit flow
rate for a successful hydrodynamic relaxation in FI-AFlFFF.
During the field-programmed run, RI baseline drifts were
observed. In order to compensate the baseline drifts, the cur-
rent fractogram was corrected by subtracting each blank run
signal measured after each corresponding sample run using
the Corona software (v.1.40) from Wyatt Technology. While
the RI signals of eluted NaHA inFig. 2a showed a broad dis-
tribution with a small shoulder at around 75 min of retention,
the LS signal showed a distinct bimodal distribution. The
difference in the signal intensities between RI and MALS
originates from the fact that the light scattering detection is
more sensitive for large molecular weight components than
a concentration detector such as RI. Molecular weight val-
ues were calculated at each volume slice of the fractogram by
extrapolating the LS signals at different angles using ASTRA
s es in
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ported that the size fractionation of NaHA molecules at the
peak maximum was not properly made. However, the fast and
continuous decrease of field strength was found to be useful
to shorten retention. The molecular weight values plotted in
Fig. 2b showed that there was a fluctuation in the calculated
values. It supported that there was a serious loss of resolu-
tion after the peak maximum point due to the sudden loss of
field strength. When it was used with a longer initial delay
time (5 min), field decay pattern was relatively shallow and
elution peak was extended with a broader distribution (the
result was not shown here) as it was observed inFig. 2a.
From the variation of decaying pattern, a modified field pro-
gram using the combination of power decay and linear decay
patterns was selected with the minimum field strength fixed
at a certain level of flow rate as shown inFig. 2c. The decay
pattern used inFig. 2c began with the power program as
used inFig. 2b until 20 min (0.1 mL/min up to this time),
and it decreased linearly to 0.02 mL/min for 25 min, and then
it was maintained at 0.02 mL/min until the end of run. The
incorporation of the fixed final cross-flow rate was helpful
to keep sample components from being swept abruptly when
field strength reached to nearly zero. The lower limit used
in Fig. 2c was selected from the variation of different min-
imum flow rates.Fig. 2c showed a continuous increase in
molecular weight values according to the increase of reten-
tion time. FromFig. 2c, it can be thought that the apparent
b e
d olec-
u d
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s run
o ude
h

te
i dif-
f nce
a lso
i ara-
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oftware and they were superimposed as open circl
ig. 2a. As retention time increases, it appeared that m
lar weight value increases continuously but there app
ith a slow increase in the middle of apparent bimodal p

f there is a distinct bimodality in the distribution, the incre
f molecular weight values should be constistent. Howe

t was not clear to determine with this data alone whe
he real distribution of the NaHA sample used in this st
as bimodal or it was induced by an inadequate selecti
eld decay pattern. The same sample was examined w
ower program (the program-II) given in Eq.(2)and the frac

ogram was shown inFig. 2b obtained at the same intialV̇c

ut at a reduced initial delay time (t1 = 3 min). Sample flow
nd outflow rate were kept the same as used inFig. 2a. Due to

he relatively fast decay of field strength in power progr
ing caused by a shorter initial delay period, it appe

hat late eluting components of the NaHA sample sh
o the shorter time scale but the LS signals were scat
t the peak maximum. Fluctuations in the LS signals
imodal distribution observed atFig. 2a was induced from th
ifference in field decay patterns. The weight average m
lar weight values were 0.79× 106 for the program-I an
.15× 106 obtained for the program-III. Due to the sev
cattering in the calculation, the average value for the
btained from the program-II was not meaningful to incl
ere.

In Fig. 3, a higher cross-flow rate (equal to frit flow ra
n programmed FI-AFlFFF) was employed to check any
erence in FI-AFlFFF retention of the NaHA sample. Si
n increase of frit flow rate in an FI-AFlFFF channel a

ncreases the movement of effective migration flow, sep
ion can be achieved without incurring a significant incre
n retention time even though the cross-flow rate was si
aneously raisd. In addition, using a higher frit flow rate
llow one to use an increased sample injection flow ra
ell as outflow rate.Fig. 3showed the comparison of eluti
rofiles of the NaHA sample between the two program
ecay patterns; a power decay for the program-IV (expre
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Fig. 3. Superimposed fractograms of NaHA obtained at two different
decay patterns (the program-IV (power decay) and -V (linear decay)) by
FI-AFlFFF. The initial cross-flow rate,̇Vc0, was 2.0 mL/min andV̇out =
V̇s = 0.1 mL/min. The final field strength of the program-V was fixed at
0.02 mL/min from 25 min.

as dotted line) and a linear decay for V (dashed line). Both
runs used the same initial cross-flow rate at 2.0 mL/min and
the initial delay period of 3 min. In order to meet the require-
ment of the ratio (1/20) of the injection flow rate to the
frit flow rate in FI-AFlFFF, sample injection inFig. 3 was
made at 0.1 mL/min along with the simultaneous increase
of the outflow rate which was doubled from the value used
in Fig. 2. Peaks obtained from both runs were represented
with RI signals and LS signals simultaneously. By utilizing
a higher frit flow rate and outflow rate, separation speed was
greatly improved. However, when the program-IV was uti-
lized, retention of the NaHA sample appeared with a bimodal
distribution in LS signal as it was observed with the program-
I while the RI signal showed a broad but nearly unimodal
distribution. A serious splitting of distribution disappeared
when the program-V was employed. The decay pattern of
the program-V followed the three stages of linear decrease
in cross-flow rate (listed inTable 1) and it was fixed at the
same lower limit of final cross-flow rate, 0.02 mL/min, from
25 min. Except a small shoulder in the LS signal obtained by
the program-V, separation appeared to be made without being
splitted throughout the run. It was noted that light scattering
detection of the high molecular weight NaHA sample was
sensitive to the slight difference in the field decay patterns.

In order to evaluate the efficiency of size fractionation
of the NaHA sample between the two field decaying pro-
g ues
w
F
B e of
e This
o pro-
g th an
i ring
s ight

Fig. 4. (a) Comparison of the LS signals obtained at two different flow rate
conditions (the program-III and -V) along with the calculated molecular
weight values at each retention time slice and (b) the cumulative molecular
weight distribution curves for NaHA obtained at two different run conditions.

values at the upper limit, and the weight average molecular
weight value was calculated as 1.15× 106 obtained for the
program-III and 1.04× 106 for the program-V. The polydis-
persity values for both runs were 2.09 and 1.42, respectively.
Both run conditions appeared to provide similar average MW
values, but an advantage of using the higher initial frit flow
rate and higher outflow rate condition yielded with a faster
separation of the NaHA sample as well as with an efficient
fractionation according to the MWD curve shown inFig. 4b.
The recovery values were found to be 83.3± 13.1% (n= 3)
and 87.1± 13.1% (n= 4) for the runs from the program-III
and -V, respectively. The recovery value was based on the
comparison of the LS signal area between runs obtained with
and without applying the field strength. The recovery val-
ues were similar to those reported for FI AFlFFF system
[25]. From the above experiments, it was found that the field
programming technique in FI-AFlFFF channel demonstrated
the capability of separating a broad molecular weight range
about 2 orders of magnitude. In case of using a constant field
strength in a typical flow FFF run, it often encountered with
a certain limitation in molecular weight range of separation.
rams (III and V), the calculated molecular weight val
ere plotted against elution time along with LS-90◦ signals in
ig. 4a and they were compared in cumulative scale inFig. 4b.
oth calculations showed that molecular weight valu
ach slice increased with the increase of retention time.
bservation supported that the fractionation of NaHA by
rammed separation of FI-AFlFFF was accomplished wi

ncreasing order of molecular weight value. When compa
ize calculations, both runs showed similar molecular we
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Fig. 5. The effect of ionic sterngths of the carrier solution (NaNO3 with
0.02% NaN3) on FI-AFlFFF separation of the degraded NaHA and on the
calculated values of RMS radius at each slice. The ionic strength of car-
rier solution was varied by changing concentration of NaNO3 from 0.01 to
0.1 M). The run condition used was the program-V.

However, the results inFig. 4 provided that the molecular
weight calculations were consistently made without being
affected from the difference in separation conditions once
they were fractionated properly in FI-AFlFFF.

4.2. Effect of ionic strength

The behavior of macromolecules in solution is compli-
cated due to the molecular interaction caused by electrostatic
forces, and it is related with a proper selection of salt con-
centration of polymer solution that determines an accurate
size and conformation information of aqueous polymers.
Ionic strength of carrier solution used in FlFFF separation is
an important parameter when separating aqueous polymers
since it will influence the electrostatic interactions among
NaHA molecules or the interaction between HA molecules
and the channel wall. The intramolecular electrostatic
repulsion may also change the hydrodynamic size of HA
molecules in solution. This will eventually result in the
change of retention time in FlFFF. In order to study the effect
of ionic strength of carrier solution on the retention of NaHA,
field-programmed separation of NaHA was performed at
three different concentrations (0.01, 0.05, and 0.1 M) of
NaNO3 solution. The total ionic strength values of each
solution including NaN3 (=0.003 M) wereI = 0.013, 0.053,
and 0.103 M.. The sample solution was separately prepared
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a longer time scale. Since the electrical double layer formed
at the channel wall decreased as the ionic strength of carrier
solution increased, it can be thought that NaHA molecules
migrated closer to the channel wall at a carrier solution
of a higher ionic strength and thus, they retained longer.
In considering the hydrophobic interactions among NaHA
molecules caused by the difference in ionic strengths, it was
helpful to compare the RMS values calculated from MALS
data obtained at the different ionic strength conditions. When
comparing the calculated RMS values betweenI = 0.053 M
and I = 0.103 M, the NaHA sample began eluting at nearly
the same time (∼20 min), but the RMS values obtained from
the lower ionic strength condition (represented as filled star
symbols) appeared to be higher than those from the higher
ionic strength condition (open circles). This represented that
NaHA molecules migrated at more elevated positions away
from the channel wall at a lower ionic strength. The electrical
double layer at a lower ionic strength solution became more
diffuse at the channel wall and this can increase the equilib-
rium heights of sample migration, which in turn fasten the
elution. The current study was focused on the optimization of
NaHA separation in FI-AFlFFF, details on the structure and
the size of NaHA molecules was not thoroughly examined
in this article. However, the calculated RMS values did not
increase smoothly as retention time increased except the run
condition of I = 0.103 M. It supported that 0.1 M NaNO
s aHA
b
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y dissolving the NaHA sample at each correspon
arrier solution. Fractionation of the NaHA sample w
arried out by applying the program-V as utilized inFig. 4.
ig. 5 compared the different LS fractograms obtaine

he different ionic strengths along with the calculated R
adius values from the LS signals. The peaks showed
here was a significant difference in the retention time
he distribution of NaHA as ionic strength varies. Wh
he ionic strength of the carrier solution increased f
= 0.013 to 0.103 M, the retention of NaHA was extende
3
olution appeared to be suitable for the separation of N
y field programmed FI-AFlFFF.

.3. Effect of injection amount

Influence of injection amount on the retention of Na
olecules was examined by varying the sample concentr

ut at a fixed volume (20�L) of injection. The purpose o
sing a fixed injection volume was to keep from induc
ny band broadening caused by the difference in the inje
eriods. In case of using a very low sample flow rate in an
FlFFF channel, an additional band broadening may o
hen time period of injection differs by varying injecti
olume.Fig. 6 was obtained by injecting NaHA solutio
aried at three different sample concentrations: 0.8, 1.6
.2 mg/mL. The flow rate conditions were the same as

n Fig. 4with the program-V.Fig. 6showed a similar elutio
rofile that was observed without a distinct shift of reten

ime when injected amount of NaHA was doubled from 16�g
0.8 mg/mL) to 32�g. In case of 32�g injected, it was no
ignificantly different from the repeated run. However, w
4�g of NaHA was injected at a concentration of 3.2 mg/m

he NaHA peak maximum time and its distribution shif
oward a little longer time scale. In addition, the peak inten
id not increase correspondingly as it was expected. I
e explained with possibilities such as the aggregatio
aHA molecules or the poor solubility of NaHA molecu

n a more concentrated sample solution. The first one
esult in the shift of retention time and the second may
o an insufficient sampling by microsyringe. Experimenta
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Fig. 6. Influence of sample injection amount on retention of the NaHA sam-
ple by FI-AFlFFF. Injection volume was fixed at 20�L with the variation
of sample concentrations as 0.8, 1.6, and 3.2 mg/mL. The run condition was
the same as used inFig. 5at I = 0.103 M.

it was difficult to withdraw the highly concentrated sample
solution by microsyringe since the sample solution was too
viscous. The difficulty in sampling may cause an insufficient
injection of the sample molecules. From these evaluations,
the sample concentration higher than 1.6 mg/mL was found
to be inappropriate in sampling such a viscous solution and
for a reproducible work.

5. Conclusions

In this work, capabilities of field-programmed separation
in FI-AFlFFF were demonstrated with a sodium hyaluronate
sample by optimizing field programming parameters along
with other experimental considerations. It was found that
a proper selection of initial cross-flow rate and an appro-
priate selection of decay pattern with the control of final
field strength were all important in achieving a successful
separation of a broad molecular weight NaHA sample in FI-
AFlFFF. Moreover, other experimental parameters such as
ionic strength of carrier solution, injection amount, and sam-
ple concentration were critical in FI-AFlFFF separation of
NaHA. Since separation in FI-AFlFFF was carried out by
hydrodynamic relaxation without stopping sample migration
after injection, it can minimize a fear of dealing with some
polymeric materials that can easily adhere on channel wall
u road
m ltra-

high MW, a hydrodynamic relaxation technique with field
programming may be conducive to expand the dynamic sep-
aration range of MW and to retrieve long retaining sample
component.
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