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bstract

Molecular weight distribution (MWD) and structural deformation of ultrahigh molecular weight (MW) sodium hylaluronate (105–108 g/mol)
ere studied under different sample dissolution temperature conditions, using on-line flow field-flow fractionation (FlFFF) and multiangle light

cattering (MALS). Sodium hyaluronate (NaHA) materials from sarcoma fluid have been studied by dissolving them in water at three different
emperature conditions (5 ◦C, 50 ◦C, and 90 ◦C). Frit inlet asymmetrical flow field-flow fractionation (FI-AFlFFF), with field programming, was
tilized for the separation of NaHA by MW, and on-line observation of light scattering of fractionated NaHA by MALS was performed in order to
etermine the MWD and molecular conformation. In these experiments, NaHA molecules exhibited an extended structure from a formerly rather

ompact geometry when the dissolving temperature was raised to 90 ◦C. This study also showed a clear difference in the MWD of NaHA when a
reliminary filtration process was applied.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Sodium hyaluronate (NaHA), a sodium salt of hyaluronic
cid (HA), is a polysaccharide with a regularly alternating dis-
ccharide unit (d-glucronic acid and N-acetyl-d-glucosamine)
hat can be found in various body fluids or tissues in nature
1–3]. NaHA is a major component of the vitreous humor, where
t behaves as an optically transparent, low-refractive-index gel
n the eyeball, and also of synovial fluid [4,5]. It is also used
or various therapeutic, cosmetic, and pharmaceutical purposes
6–8]. The biological functions and applicability of NaHA are
ery much dependent on the molecular mass distribution, which
ay be as high as 107 g/mol [9]. Determination of the molecular
eight of NaHA has been achieved by size exclusion chromatog-
aphy (SEC), coupled with viscometric measurements [10] or
atrix-assisted laser desorption ionization mass spectrometry

MALDI-MS) [1]. However, it is difficult to successfully frac-
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ionate polydispersed NaHA material with a molecular weight
bove a few million g/mol due to the exclusion limit of the gel
atrix used in SEC. In addition, it may cause a shear induced

egradation of NaHA molecules during penetration through gels
r may encounter surface interaction with packing materials.
apillary electrophoresis was utilized as an alternative without
sing a packed column system [11], but this study relied on an
xternal calibration method using pullulan standards of which
hemical composition and structure were different from those
f NaHA. High performance anion-exchange chromatography
as also been utilized for the characterization of NaHA with
aHA standards [9] whose molecular weight values were mea-

ured by LALLS. However, this also is an indirect calculation
f MW using a calibration method and contains a risk of sample
nteraction with the packed column system.

Flow field-flow fractionation (FlFFF) is an alternative method
o separate high molecular weight polymers with the advan-

age of bypassing such potential problems explained above,
ince FlFFF is performed in a thin, empty channel. FlFFF has
een utilized for the separation and characterization of particles
nd macromolecules, such as water-soluble polymers, proteins,

mailto:mhmoon@yonsei.ac.kr
dx.doi.org/10.1016/j.chroma.2006.07.049
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ig. 1. Schematic diagram of the FI-AFlFFF channel with MALS/DRI detec-
ion.

NA, and cells [12–16]. On-line coupling of FlFFF with mul-
iangle light scattering (MALS) has gained increasing interest
or the characterization of polymers [17–23]. When MALS is
onnected to the FlFFF channel, the combined method allows
easurement of both molecular weight distribution (MWD)

nd the conformational information of the polymer sample
y examining scattered light signals at different angles during
he elution of fractionated molecules at each narrow volume
lice. Recently, the on-line use of MALS with FlFFF has been
pplied to the separation of NaHA molecules [8,24]. Most stud-
es on FlFFF/MALS have applied to the use of a conventional
symmetrical FlFFF (or AFlFFF) channel, which utilizes the
ocusing/relaxation process [23] requiring a stoppage of sam-
le migration before separation begins. The previous study [24]
emonstrated the successful use of the frit inlet asymmetrical
ow field-flow fractionation (FI-AFlFFF) for continuous flow
eparation of ultrahigh MW NaHA materials by employing a
eld programming technique and for size characterization with

he on-line connection to MALS. In the field programming, the
ross flow rate is gradually decreased during the run to enhance
he elution of long-retaining, high molecular weight polymers.
I-AFlFFF (shown in Fig. 1) is a variant of a flow field-flow
ractionation technique that has been developed to perform sam-
le relaxation without stopping the migration flow [25–28]. This
eature can minimize the chance of sample adhesion at the accu-
ulation wall since sample migration needs not be stopped for

elaxation, as normally required in conventional FlFFF systems.
specially for polymeric materials that easily form aggregates,

he hydrodynamic relaxation method can be helpful even though
t does not provide a complete relaxation of injected sample com-
onents.

In this study, the influence of sample dissolution temperature
n the MW and conformation of NaHA molecules is examined
y FI-AFlFFF/MALS. MWDs of NaHA samples with different
emperature preparations are compared to each other, and this
tudy focused on the possibility of degradation, disagglomera-

ion, and extension of complicated NaHA molecues according
o the temperature conditions during sample dissolution. The
dvantage of employing the FlFFF technique for the charac-
erization of ultrahigh MW polymers, without prior filtration
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i
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f the sample solution, a step not required in F1FFF, is also
emonstrated.

. Experimental

.1. Materials and reagents

Two NaHA samples were obtained from Shinpoong Pharm.
o. Ltd. (Ansan, Korea) which were extracted from fowl sar-
oma fluid. Each sample was dissolved at a concentration
f 1.0 mg/mL in FI-AFlFFF carrier solution: 0.1 M NaNO3
olution containing 0.02% NaN3 as bactericide. The car-
ier solution (total I = 0.103 M) was prepared from deionized
ater (>18 M �-cm) and filtered with a membrane filter (pore

ize = 0.1 �m) prior to use. Twenty microliters of each dissolved
ample solution was injected for each FI-AFlFFF/MALS run.
ach sample was dissolved by varying the temperature at 5 ◦C,
0 ◦C, and 90 ◦C without stirring in order to reduce any degrada-
ion of the NaHA molecules. Dissolution of NaHA at 5 ◦C was
chieved by keeping the sample vial in the refrigerator for at
east 24 h. When dissolving the samples at higher temperatures,

Reacti-Therm Heating/Stirring Module from Pierce (Rock-
ord, IL, USA) was utilized without stirring.

.2. FI-AFlFFF

The FI-AFlFFF channel was built in-house and was the same
tilized in an earlier study [24]. A schematic of the current exper-
mental setup is shown in Fig. 1. The channel dimensions are
7.2 cm of tip-to-tip length, with 2.0 cm of initial breadth and
.0 cm of final breadth in a trapezoidal shape. The channel spacer
s a Mylar sheet with a thickness of 178 �m. Both ends of the
hannel space were cut in a triangular shape with lengths of
.0 and 1.0 cm, respectively. The inlet frit was installed at the
eginning end of the depletion wall and the length of the inlet
rit was 3.0 cm from the sample inlet. A sheet membrane (model
LCGC) from Millipore Corp. (Billerica, MA, USA), regener-
ted cellulose with a molecular weight cutoff of 10 kDa, was
ayered above the accumulation wall.

Samples were injected with a Model 7125 loop injector from
heodyne (Cotati, CA, USA) through the FI-AFlFFF channel

nlet. Samples were delivered with a Model 305 HPLC pump
rom Gilson (Villers Le Bell, France) at 0.1 mL/min of sample
ow rate, V̇s. Simultaneously, frit flow was delivered through the

nlet frit by a Model M930 HPLC pump from Young-Lin Co.
Seoul, Korea). In the FI-AFlFFF channel, part of the flow (cross
ow rate, V̇c) exits through the channel accumulation wall and

s circulated to the frit flow (V̇f) with the connection of a fluid
eservoir to minimize the pump pulse in between, as shown in
ig. 1. By decreasing the cross flow rate and frit flow rate simul-

aneously, the field strength applied to sample molecules can
e gradually decreased according to the programming pattern
sed. Sample materials are eluted at the channel outlet (outflow

ate, V̇out) and are monitored by a DAWN-DSP mulitangle light
cattering detector and an Optilab DSP differential refractive
ndex (DRI) detector from Wyatt Technology (Santa Barbara,
A, USA) in sequence as shown in Fig. 1. Filtered toluene was



togr.

u
m
o
b
M
P
o
m
O
i
s
t
B
R
w
t

3

c
i
s
f
d
u
d

F
c
d
o
A
d
t
e

t
a
a
F
t
p
s
d
2
a
c
p
a
o
e
o
e
w
d
a
t
o
w

H. Lee et al. / J. Chroma

sed to calibrate the scattering intensity of the MALS instru-
ent. The albumin (BSA) sample was used for the normalization

f the MALS instrument and the measurement was made with
y pumping albumin solution to the MALS instrument using a
odel KDS 100 syringe pump from KD scientific (New Hope,

A, USA) at a flow rate of 0.10 mL/min. For the calculation
f dn/dc of NaHA samples used in this study, RI signals were
easured by directly injecting each NaHA solution through an
ptilab DSP interferometric refractometer with the variation of

ts concentration and the calculation was made using DNDC5
oftware from Wyatt Technology. Calculated values of dn/dc for
he two NaHA samples were 0.179 and 0.112 for samples A and
, respectively. For the calculation of molecular mass and the
MS radius, LS signals of the angles (4–10th) were processed
ith a third-order polynomial fitting using the Berry method of

he Debye plot using ASTRA software from Wyatt Technology.

. Results and discussion

Separation of the broad MW NaHA sample by the FI-AFlFFF
hannel has been carried out by a field programming technique
n which the cross flow rate decreases during separation. Fig. 2
hows the superimposed plots representing three FI-AFlFFF

ractograms, calculated molecular weight values from MALS
etection, and RMS radius values at each time slice (or vol-
me slice) obtained from NaHA sample A dissolved at three
ifferent temperatures (5 ◦C, 50 ◦C, and 90 ◦C). The three frac-

ig. 2. Superimposed plots showing LS-90◦ signals of FI-AFlFFF/MALS, cal-
ulated molecular weights, and RMS radius of NaHA sample A treated at
ifferent dissolution temperature conditions (5 ◦C, 50 ◦C, and 90 ◦C). Symbols
f open circles, filled circles with black color, and gray circles represent sample

treated at 5 ◦C, 50 ◦C, and 90 ◦C, respectively. On top of the figure, a linear
ecay pattern of field strength (cross flow rate) is plotted. Out flow rate is main-
ained at 0.1 mL/min throughout the runs. Details of the field decay pattern are
xplained in the text.
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ograms are represented with light scattering signals measured
t 90 degrees. Since the cross flow during the programmed sep-
ration in FI-AFlFFF is circulated to the frit flow (as shown in
ig. 1), both flow rates (cross flow and frit flow) are the same, and

herefore the channel outflow rate is always the same as the sam-
le flow rate. The linear field decay pattern used for FI-AFlFFF
eparation is represented at the top of Fig. 2 and the detailed con-
ition is as follows. The frit flow rate (=cross flow rate) begins at
.0 mL/min for 3 min of an initial delay period in order to provide
sufficient hydrodynamic relaxation of the incoming sample

omponents by applying a high field strength. After a short
eriod of time (3 min), it linearly decreases to 0.5 mL/min over
period of 5 min, to 0.1 mL/min over 11 min, to 0.02 mL/min

ver 5 min, and it is then fixed at 0.02 mL/min until the end of
lution. The optimization of this field decay pattern is based
n the previous study [24]. The three samples treated at differ-
nt temperature conditions appear to begin eluting after 10 min
hen the cross flow rate decreases to nearly 0.1 mL/min. As the
issolution temperature increases, NaHA molecules elute with
broader distribution and the peak maxima clearly shifts toward

he longer elution time. If the degradation of NaHA molecules
ccurs significantly as the temperature increases, it will appear
ith an increase of scattering intensity at or around the begin-
ing of elution (∼20 min). This may not be visualized since light
cattering intensity for larger MW components is stronger than
hat of smaller ones. However, the shift of the peak maxima
o a longer retention time scale exhibits a possibility of struc-
ural variation or change in the molecular weight distribution
f NaHA molecules by thermal stress unless aggregation of the
olecules occurs. These will be explained by comparing MW

r RMS radius values of the samples before and after treatment.
The molecular weight value of each time slice is calculated

sing the ASTRA software for the LS signals along with the
oncentration detector signals (DRI). The calculated MW val-
es of the three sample A’s are plotted above the fractograms in
ig. 2 and the MW scales are represented on the left axis. MW
alues for the sample dissolved at 5 ◦C (open circles) appear to
ncrease smoothly as retention time increases. This represents
he elution of NaHA molecules at an increasing order of MW
uring the run. (Hereafter, the samples are named with the fol-
owing convention: sample A5 represents the sample A treated
ith the dissolution temperature 5 ◦C.) It is noted that MW val-
es increase steadily until 40 min but then increase rapidly. This
s due to the difference in the slopes of field decay during pro-
ramming. However, the MW values appear to increase with the
ncrease of retention time without a serious fluctuation, and this
upports that size fractionation of sample A5 is carried out suc-
essfully with the programmed FI-AFlFFF throughout the run.

hile the MW distribution of sample A5 ranges from 106 g/mol
o 108 g/mol, sample A50 (filled circles) shows a similar pat-
ern but calculated MW values throughout the run are slightly
maller than those of sample A5. The calculated MW values at
he beginning of the elution of sample A5 (until 16 min) are fluc-

uating so they are not included in Fig. 2. These fluctuations are
ften observed at both ends of the eluting peak in FlFFF–MALS
xperiments where concentrations of detected molecules are not
igh enough to collect sufficient LS signals at all angles. From
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Fig. 3. (a) RMS radius vs. MW and (b) normalized MWD curves of sample
A treated at the three different temperature conditions. Symbol representation
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hese observations, it is found that the current field programming
ondition of FI-AFlFFF can provide successful size fractiona-
ion of broad and ultrahigh MW NaHA molecules of the third
rder of magnitude (105–108 g/mol).

While MW distribution profiles of samples A5 and A50 are
imilar to each other, MW values of sample A90 are significantly
ifferent. Calculated MW values at each time slice become
urther reduced and large MW components (after 30 min) are
etained longer than is expected. Moreover, the upper limit of

W for sample A90 appears to be reduced to ∼2 × 107 g/mol
nd MW values in the time slices 30–40 min do not increase, but
lightly decrease. These observations may be explained as fol-
ows. The decrease of the calculated MW at time slices between
0 and 40 min can be thought of as a result from an elongated
etention of extended NaHA species that is caused by high tem-
erature dissolution. According to literature [5], the common
orms of NaHA in the solid state are known to be a fully extended
elix, a three-fold helix, and a compressed four-fold helix which
re stabilized by hydrogen bonds between glycosidic linked
onomers according to temperature and humidity. If the mul-

iple helical structures can be loosened or dissociated, highly
ntangled NaHA species may undergo extension from a rather
ompact conformation or may disagglomerate into a less entan-
led structure. This change, if it occurs, results in the elongation
f retention time, because polymers of a linear shape are retained
n the flow FFF channel longer than those of a relatively compact
r spherical shape. When RMS radius values of the three sample
reparations are compared, they overlap until ∼35 min as shown
n the plot above the MW plots in Fig. 2. The reduction of the
pper limit of MW for sample A90 may result from a possible
hain disagglomeration. However, the reason for stagnation of
he increasing trend of MW at the time interval of 30–40 min
s not clear. It can be premised that eluting components during
his time period (corresponding to 2–4 × 106 g/mol) contain a

ixture of some unfolded and folded NaHA species of which
he MW of the latter is larger. It could be expected that confor-

ation of very high MW NaHA molecules (> ∼5 × 106 g/mol)
s different from that of relatively smaller MW ones. However,
ith this result alone, it is not yet clear and will be explained

ater with more evidence on the MW dependence of RMS radius.
Fig. 3(a) is the superimposed plots of RMS radius versus MW

or the three sample preparations. Apparently, NaHA molecules
maller than ∼4 × 106 g/mol (the dotted vertical line in Fig. 3(a)
how larger RMS radius values when the dissolution tempera-
ure increases. This supports the premise that NaHA molecules
t higher temperature conditions are extended to some degree.
hen RMS radius values are examined against MW, the slope of

he plot represents conformational information of the molecules
resent in the solution. The overall slope calculated for each
ample is shown in Fig. 3(a). The overall slope does not change
uch as the dissolution temperature increases from 5 ◦C to

0 ◦C. However, it significantly changes from 0.38 to 0.65 as the
emperature increases from 50 ◦C to 90 ◦C. Based on the calcu-

ated slope values alone, it is likely that the molecular structure
ecomes more extended with temperature. Each regression line
n Fig. 3(a) seems to represent only a certain MW interval but
ach slope value is calculated from all the data points that belong

T
l
v
i

ollows the rule used in Fig. 2. Slope values in plot (a) are obtained from a linear
egression over all data points of each temperature condition.

o each sample. Since the slope value depends on the interval
elected, the structural determination can be different for differ-
nt MW regimes. In the case of sample A50, the slope value
0.38) is calculated to be slightly larger than that of the sam-
le A5 (0.34) while the apparent slope from the data points is
maller. The increase in the calculated slope value results from
he regression over all the data points. However, most data points
bove ∼4 × 106 g/mol in sample A50 overlapped with those of
ample A5. This shows that there is no large difference in molec-
lar structure between the two samples (A5 and A50).

The slope of the data points in Fig. 3(a) can be divided into two
egimes if examined closely. For instance, data points smaller
han approximately 4 × 106 g/mol for samples A50 and A90
ppear to have larger slopes but the others show smaller val-
es. This represents that NaHA molecules may have at least two
ifferent structures depending on the range of molecular weight.
he slope values for the two different MW regimes (smaller or
arger than 4 × 106) are calculated individually. While the slope
alues for the smaller MW interval (1.5 × 106–4 × 106) are sim-
lar each other as 0.59, 0.57, and 0.55 for 5 ◦C, 50 ◦C, and 55 ◦C,
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Table 1
Molecular weight and RMS radius values of the two NaHA samples with RSD (n = 3) at different dissolving temperatures from FI-AFlFFF/MALS/DRI

Temperature 5 ◦C 50 ◦C 90 ◦C

(a) Sample A
Mw (g/mol) (6.23 ± 0.22) × 106 (5.05 ± 0.09) × 106 (2.67 ± 0.10) × 106

Mn (g/mol) (4.35 ± 0.27) × 106 (3.29 ± 0.18) × 106 (2.25 ± 0.13) × 106

Mw/Mn 1.45 ± 0.11 1.60 ± 0.09 1.26 ± 0.07
RMS radius (nm) 156.1 ± 11.9 142.7 ± 7.3 130.0 ± 8.2

Temperature 5 ◦C 50 ◦C 90 ◦C

(b) Sample B
Mw (g/mol) (8.01 ± 0.49) × 106 (6.78 ± 0.18) × 106 (3.58 ± 0.03) × 106

Mn (g/mol) (4.82 ± 0.37) × 106 (4.55 ± 0.15) × 106 (3.08 ± 0.13) × 106
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obtained from sample A5 with or without membrane filtration
at the same flow rate condition used in Fig. 2. The LS signal
intensities are significantly reduced when sample A5 is filtered
Mw/Mn 1.89 ± 0.16
RMS radius (nm) 193.6 ± 14.0

espectively, those for the MW regime larger than 4 × 106 are
.27, 0.24, and 0.39 in the order of increasing temperature. The
olecules are likely to have a rather linear structure for NaHA
W smaller than ∼4 × 106, but an entangled or rather compact

tructure for the larger MWs. In the case of sample A90, most
aHA molecules appear to be smaller than this limiting MW

nd thus become linear in solution under high temperature. If an
solation of these molecules below a certain MW regime can be
roperly achieved by some means, it will be helpful to elucidate
he difference in molecular structure. This is not in the scope
f the current study and will be attempted soon. The molec-
lar weight distributions of the thermally treated samples are
ompared in Fig. 3(b). This shows that the MWD of the NaHA
ample A is significantly transformed into a narrow distribution
ith the reduction of average MW to 2.67 (±0.10) × 106 g/mol

90 ◦C) from 6.23 (±0.22) × 106 (5 ◦C). The calculated MW val-
es are listed in Table 1 along with polydispersity (Mw/Mn) and
MS radii. Three measurements were taken for all experiments.

The same experiments were carried out with sample B pro-
uced by a different batch (purification) from the manufacturer.
n Fig. 4, the three LS-90◦ signals of FI-AFlFFF fractograms,
alculated MW, and RMS radius values are plotted. In the case
f sample B, the three fractograms from samples B5, B50, and
90 show similar retention profiles. While the NaHA sample
5 which was dissolved at 5 ◦C appears to have a similar MW
istribution compared to that of sample A5, the MW value of
he peak maxima for the treated sample B5 in Fig. 4 is approx-
mately ∼1 × 107 g/mol which is larger than that of sample A5
6–7 × 106) in Fig. 2. However, the rate of MW increase within
0–40 min for sample B90 is somewhat slow, and the calcu-
ated MW and RMS radius values of higher MW components
f the sample B are significantly reduced when the dissolution
emperature increases. This shows that high MW components
>107 g/mol) of sample B are more influenced by the thermal
tress. The plots in Fig. 5(a) show the rate of increase of RMS
adius with respect to the increase of MW represent that the
lope increases from 0.42 (open circles) to 0.60 (grey circles)

hen the dissolution temperature increases from 5 ◦C to 90 ◦C,

espectively. When we look closely at the MW distribution of
ample B90 in Fig. 4, it is found that the majority of NaHA
olecules eluted by the FI-AFlFFF run corresponds to the MW

F
c
d
r

1.50 ± 0.05 1.14 ± 0.05
160.7 ± 8.8 112.9 ± 4.2

ange between ∼2 × 106 and ∼6 × 106 g/mol. Though the data
oints (grey circles) of sample B90 shown in Fig. 5(a) appear to
e scattered throughout the entire MW range, they are mostly
istributed within the short MW interval and this results in the
alculation of the slope as 0.60. This result supports that the
onformation of NaHA molecules becomes extended with the
ncrease of dissolution temperature as observed for sample A.
he differential MW distribution curves of sample B at different

emperature conditions are plotted in Fig. 5(b) and the results
re similar to that observed for sample A. Calculated molecular
eights along with RMS radius values are listed in Table 1.
In Fig. 6, the effect of membrane filtration on the MW dis-

ribution is examined with FI-AFlFFF/MALS. Sample A5 is
ltered by membranes with pore sizes of 0.45 �m and 0.2 �m
eparately. Fig. 6(a) shows the superimposed LS-90◦ signals
ig. 4. Superimposed plots showing LS-90◦ signals of FI-AFlFFF/MALS, cal-
ulated molecular weights, and RMS radius of NaHA sample B treated at
ifferent dissolution temperature conditions (5 ◦C, 50 ◦C, and 90 ◦C). Symbol
epresentation follows the rule used in Fig. 2.
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Table 2
Effect of filtration on molecular weight and RMS radius values of the NaHA sample A with RSD (n = 3)

Temperature Without filtration Filtration at 0.45 �m Filtration at 0.2 �m

Mw (g/mol) (6.23 ± 0.22) × 106 (3.55 ± 0.20) × 106 (3.10 ± 0.192) × 106

M 6 (2.57 ± 0.13) × 106 (2.31 ± 0.13) × 106

M 1.39 ± 0.06 1.24 ± 0.05
R 144.6 ± 7.7 141.7 ± 4.2

b
s
s
c
F

F
t

n (g/mol) (4.35 ± 0.27) × 10
w/Mn 1.45 ± 0.11
MS radius (nm) 156.1 ± 11.9

y a membrane with a 0.45 �m pore size, and those of the

ample treated with 0.2 �m are further reduced. While the LS
ignal intensities are significantly reduced with the filtration pro-
ess, the MW values calculated for each sample preparation in
ig. 6(a) show good overlap among the three samples and this

ig. 5. (a) RMS radius vs. MW and (b) normalized MWD curves of sample B
reated at the three different temperature conditions.

Fig. 6. Effect of sample filtration on MWD of sample A dissolved at 5 ◦C.
Filtration is achieved by membrane filters with pore sizes of 0.2 �m and 0.45 �m.
(a) Comparison of FI-AFlFFF fractograms (plotted with LS-90◦ signals) and
c
t
fi

m
i
M
l
n
c
a
a
0
f
t
t
w

alculated MW values along with field decay patterns. The run condition is
he same used in Fig. 3. (b) Normalized MWD of sample A before and after
ltration.

ay represent a low possibility of structural deformation dur-
ng the filtration process. However, there is a large difference in

WDs with filtration as shown in Fig. 6(b). It is found that a
arge amount is lost during filtration and the MWD becomes
arrow with a change in average molecular weight. Table 2
ompares the average MW values of sample A5 before and
fter filtration. It shows a clear decrease in the weight aver-
ge and number average values of MW when filtration with
.45 �m is applied. In addition, polydispersity values decrease

rom 1.45 ± 0.11 to 1.39 ± 0.06 and 1.24 ± 0.15. Sample filtra-
ion is commonly utilized in SEC analysis, and FlFFF provides
he advantage of analyzing ultrahigh molecular weight polymers
ithout losing information caused by the filtration process.
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