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Flow field-flow fractionation and multiangle
light scattering for ultrahigh molecular
weight sodium hyaluronate characterization

This review describes the utility of flow field-flow fractionation coupled with multiangle
light scattering and differential refractive index (FIFFF-MALS-DRI) detection methods for
the separation of ultrahigh molecular weight sodium hyaluronate (NaHA) materials and
for the characterization of molecular weight distribution as well as structural determi-
nation. The sodium salt of hyaluronic acid (HA), NaHA, is a water-soluble polysaccharide
with a broad range of molecular weights (10°~10%) found in various naturally occurring
fluids and tissues. Basic principles of FIFFF-MALS using field programming for the
separation of the degraded products of NaHA prepared by treating raw materials with
depolymerization or degradation processes such as membrane filtration, enzymatic
degradation, ultrasonic degradation, alkaline reaction, irradiation by y-rays, and thermal
treatment for the development of pharmaceutical applications are introduced. Changes in
molecular weight distribution and conformation of NaHA materials due to external
stimuli are also discussed.
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1 Introduction

Sodium hyaluronate (NaHA), a sodium salt of hyaluronic
acid (HA) or hyaluronan, is an ultrahigh molecular weight
(MW) (10°-10® in Da) water-soluble polysaccharide
composed of repeating disaccharide units, p-glucuronic acid
and N-acetyl-D-glucosamine, linked by [(1-4)-glycosidic
bonds [1-3]. Hyaluronic acid is found naturally in various
body fluids and tissues such as skin, synovial fluid,
umbilical cord, vitreous humor, human cartilage, and
rooster comb, and it plays important roles in both
mechanical and transport systems in the body including
lubrication of joints, regulation of molecular permeation
into tissues, wound healing, control of inflammation, and
other functions [1-4]. Owing to its biological safety and
rheological characteristics, solutions of intact or degraded
forms of NaHA have versatile uses in ophthalmic surgery as
a substitute for vitreous humor, in arthritis treatment using
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relatively high MW molecules (>1 x 10°), and in wound
repair and cosmetological applications with lower MW
species (<1 x 10°%) [2, 5-9]. In addition, since NaHA can
absorb large amounts of water, it can be utilized as a skin
moisturizer and in hydrogel formation [5-8]. Furthermore,
it also aids in the spatial arrangement of tissue due to its
visco-elastic properties [8]. Since the biological or pharma-
ceutical applications of NaHA are related to the molecular
size and structure in aqueous solution, raw NaHA materials
need to be processed; NaHA chains can be readily converted
into smaller MW species via physical or chemical methods.

The molecular structure of NaHA has been reported to
form a worm-like coil in dilute solution [1, 10] and a
multiple helical structure stabilized by intra-chain hydrogen
bonds both in the solid state [11] and in sodium chloride
solution [4], according to low-angle X-ray and viscometric
analysis mostly with small NaHA molecules. The molecular
size of NaHA is not easy to measure by currently available
methods since naturally occurring NaHA materials have a
broad MWD in the ultrahigh MW regime. Analysis of the
MW of NaHA materials has been studied using size exclu-
sion chromatography (SEC) coupled with viscometric
measurements [4, 12, 13], low-angle light scattering (LALS)
[14], and MALDI-MS [2]. However, it is difficult to frac-
tionate polydispersed NaHA material with an MW above a
few million Daltons due to the exclusion limit of the gel
matrix used in SEC. Moreover, migration of such large
molecules through gels may cause shear-induced deforma-
tion of NaHA molecules or sample adsorption at the surface
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of the packing material. Lack of appropriate calibration
standards is another difficulty.

In this review, the use of on-line flow field-flow frac-
tionation (FIFFF) coupled with multiangle light scattering
(MALS) and differential refractive index (DRI) methods
(FIFFF-MALS-DRI) for the size separation and simulta-
neous determination of MWD, radius of gyration, and
structural information is described. FIFFF is an elution
method that fractionates macromolecules according to their
hydrodynamic diameters and is utilized for the size deter-
mination or semi-preparative isolation of macromolecular
species such as particles, proteins, cells, and water-soluble
natural or synthetic polymers [15-20]. Since FIFFF is
performed in a thin, unobstructed channel space, it is a
powerful, alternative separation technique for high mole-
cular weight polymers, especially ultrahigh MW NaHA
materials, which circumvents the above-mentioned poten-
tial problems associated with SEC. On-line coupling of
FIFFF with MALS has become popular for the fractionation
and characterization of water-soluble polymers, especially
asymmetrical FIFFF (AFIFFF) [21-24], in which a focusing/
relaxation procedure is necessarily included. For the
separation of ultrahigh MW NaHA materials, a frit inlet
AFIFFF (FI-AFIFFF) channel system [25-27], which adopts a
hydrodynamic relaxation without focusing method, has
been utilized throughout these studies. This review discus-
ses the use of AFIFFF for the MW characterization and
structural determination of various NaHA materials
produced by treating raw materials with various physical or
chemical degradation processes such as membrane filtra-
tion, enzymatic treatment, ultrasonic degradation, irradia-
tion by y-rays, and thermal treatment for the development of
pharmaceutical applications.

2 Principles and methods
2.1 FI-AFIFFF

FIFFF separation is carried out in an unobstructed empty
channel space, which typically has a rectangular cross
section via the use of two orthogonal flow streams: a
migration flow that is directed along the channel axis toward
a detector and a crossflow which moves across the channel
cross section perpendicular to the migration flow. The
crossflow acts as an external force to drive sample
components toward one wall of the channel and, simulta-
neously, sample materials travel to equilibrium positions
above the channel wall due to the balance of the driving
force and the diffusion acting against the wall. Because
smaller components exhibit faster diffusion rates than do
larger components, they situate at positions further from
the channel wall and elute earlier when a migration flow
with a parabolic flow velocity profile is applied. Thus,
separation of macromolecules by FIFFF is accomplished in
the order of increasing hydrodynamic diameter (or mole-
cular weight in some cases). In practice, the retention of
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molecules in FIFFF is dependent on the ratio of the
crossflow and migration flow rates.

The FI-AFIFFF [25-27] channel utilized for the separa-
tion of NaHA materials is suitable for handling ultrahigh
MW polymers since sample materials are injected into the
channel while a relatively high-speed frit flow (usually ca. 20
times faster than the sample injection flow) is delivered to
the channel through the inlet frit located at the end of the
channel inlet (see Fig. 1). The role of the frit flow is to
compress incoming sample components toward the channel
wall so that hydrodynamic relaxation is achieved in dynamic
mode without stopping the migration flow, this latter
process being commonly required in conventional FIFFF.
Therefore, sample relaxation and migration are continu-
ously achieved in a facile process. FI-AFIFFF can adopt field
programming by gradually reducing the crossflow rate while
the crossflow circulates into the frit flow. Since the use of
field programming in FIFFF can be utilized to hasten the
elution of ultrahigh MW molecules with long retention
times, this method has added flexibility to the processing of
samples with a broad MW range. There are two different
flows (sample flow and frit flow) entering the FI-AFIFFF
channel and exiting as outflow and crossflow. Since field
programming is often carried out with a circulation of
crossflow and frit flow in FI-AFIFFF, the outflow rate is
adjusted during field programming to be the same as the
sample injection flow rate

Vo=V, and Vy = V., (1)
where V represents the volumetric flow rate and the
subscripts s, o, f, and ¢ stand for sample flow, outflow, frit

flow, and cross flow, respectively. For the programmed
decay of cross flow rate, the cross flow rate at time t, V(t),
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Figure 1. System configuration of FIFFF-MALS-DRI for
programmed field operation with crossflow circulation.
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can be simply expressed depending on the decay patterns
(linear or power decay) [19] as

t—t

Ve(t) = Voo — AVC( ) for a linear decay (2)

P
Ve(t) = Vo (tz __tta) for a power decay (3)
a

where the subscript 0 for the cross flow rate represents the
initial condition before decay, AV, is the decrease in cross
flow rate during the program, t, is the initial time delay, t, is
the transient time during decay, t, is a time parameter
(ta= —pt;), and p is a power value set to 2, known to provide
a uniform fractionating power in flow FFF.

The FI-AFIFFF channel used in this study was
constructed in our laboratory [25, 26] and has the channel
dimensions: 27.2cm (tip-to-tip  length) x 178 um
(thickness) x 2.0cm  for the initial breadth, linearly
decreasing to 1.0cm at the final breadth (trapezoidal
design). The carrier solution for FI-AFIFFF runs is 0.1 M
NaNOj;, with 0.02% NaN; added as a bactericide.

2.2 Multiangle light scattering

FIFFF is on-line coupled to multiangle light scattering, size
fractionation and the simultaneous determination of
molecular structure as well as molecular weight according
to the following relationship of light scattering intensity, R,
and solute concentration, ¢, with molecular weight, M, given
as [28]

Ke 1 4n?i2(dn/dc)?
—=_+2A K=—2"" 4
Ry M ( AN “

where A, is the second virial coefficient and K is a scattering
constant in which A is the wavelength of incident light, 7
is the refractive index of the solvent, dn/dc is the refractive
index increment with concentration, and N, is Avogadro’s
number. For the case of high molecular weight polymers,
Eq. (4) requires a special form factor at the observed angle,
P(0), to compensate for the phase difference caused by light
scattering from different parts of the particles or from large
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polymers such that the equation is modified to
Ke 1

Ry P(0)

X&HAZC} (p(epn%gﬁ@)) 5)

where (rZ) is the mean-square radius of a molecule in
solution. Equation (5) is utilized to calculate the molecular
weight and root-mean-square (RMS) radius from the
extrapolation and slope of the plot of light scattering
intensity versus sin®(0/2), respectively. Moreover, from the
RMS radius (root-mean-square radius or radius of gyration,
<ré>1/ 2) for each calculated molecular weight, the molecular
structures of polymers in solution can be estimated. The
slope from the plot of <ré>1/ “versus M is useful for
predicting the structure. The slope values are ~0.33 for
spheres, 0.5-0.6 for random coils, and ~0.7 for random coils
in a thermodynamically good solvent [28-30].

For monitoring light scattering, a DAWN-DSP MALS
instrument (A =632.8 nm) and an Optilab DSP interfero-
metric refractometer (A =690 nm) from Wyatt Technology
(Santa Barbara, CA, USA) are utilized. The dn/dc of the
polymer sample is also measured with the Optilab refract-
ometer. To calculate the molecular weight and RMS radius
values, a third-order polynomial fitting using the Berry
method of the Debye plot is used with the MALS detector
signals obtained from the detector angles 26, 35, 43, 52, 50,
69, and 80°.

3 Characterization of NaHA by FIFFF-
MALS-DRI

3.1 Effect of field programming

The efficiency of field programming on the separation of
NaHA using FI-AFIFFF channels can be demonstrated by
comparing the elution profiles of a degraded NaHA sample
extracted from Streptococcus (from LG Life Science, Daejon,
Korea) using two different decay patterns, as shown in Fig. 2
[31]. The two fractograms shown in Fig. 2A are the light
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Figure 2. (A) Comparison of the LS signals
obtained from two different flow rate
conditions (programs | and Il) along with
the calculated molecular weights at each
retention time slice and (B) the cumulative
molecular weight distribution curves for
NaHA at two different run conditions.
Permission from [31].
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scattering signals 90° from the MALS data obtained using
two decay patterns (program I for linear decay and program
IT for power decay, see Eqgs. 2 and 3). The initial crossflow
rates, Vo, are 2.0 mL/min for program I and 1.0 mL/min
for program II with an initial delay time fixed at 3 min for
both runs, and the final crossflow rate, V., is fixed at
0.02 mL/min from 45 min for program I and from 25 min
for program II. Incorporation of the fixed final cross flow
rate is necessary to assure that sample components are not
swept abruptly through the channel when the field strength
becomes zero. The sample injection flow rates, Vs, set to be
identical to the outflow rate, Vo, in the programming
mode are 0.1 and 0.05mL/min for programs I and II,
respectively. Adjustment of the injection flow rate is based
on the 1/20 rule in which the frit flow rate should be 20
times faster than the injection flow rate for efficient
hydrodynamic relaxation. Fig. 2A shows the different
elution fractograms along with the calculated MW values
from the MALS measurements. Each data point in an MW
value appears to increase as the retention time increases,
showing that the separation of NaHA materials is accom-
plished in an increasing order of size; however, these
increasing patterns differ due to differences in the decay
patterns. Comparing the cumulative size distribution curves
shown in Fig. 2B and the calculated average molecular
weight values, MW, 1.04 x 10° for run I and 1.15 x 10° for
run II, the results from both runs are similar. The dn/dc
value for the sample used in Fig. 2 is measured as
0.165 mL/g. However, an advantage of using a higher initial
frit flow rate and higher outflow rate conditions in program
I yields a faster separation of the broad MW NaHA sample
but with similar recovery values: 87.1+13.1% (n=4) for
run I and 83.3+13.1% (n=23) for run II, based on
comparison of the LS signal areas between runs obtained
with and without field strength.

3.2 Effect of experimental run conditions

Owing to the complicated molecular interactions of water-
soluble polymers in aqueous solution, a proper salt
concentration is necessary to avoid extraordinary intermole-
cular and intramolecular electrostatic repulsions among
NaHA molecules. In particular, intramolecular electrostatic
repulsions influence the hydrodynamic sizes of NaHA
molecules in solution. From a comparison of elution patterns
of the same NaHA sample in Fig. 2 along with MW
calculations at different ionic strengths (0.01, 0.05, and 0.1 M
NaNO; solutions with 0.003 M NaNj; added), retention of the
NaHA sample with 0.1 M NaNOj solution has been shown to
provide a satisfactory result, as shown in Fig. 2A, while the
two more dilute solutions provide much faster elution but
with poorer resolution in size fractionation, deduced from the
inconsistency in the radii of gyration (data not shown). This
effect can be explained by the NaHA molecules migrating
further from the channel wall due to the influence of the
increased electric double layer at lower ionic strengths [31].
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The injection amount and volume of NaHA material
introduced to the FI-AFIFFF channel need to be considered
since too high of a concentration of sample material may
induce unwanted aggregation. However, in FI-AFIFFF,
samples are introduced at a relatively low flow rate
(~0.1 mL/min), and injection of a large sample volume is
not suggested due to the possible initial band broadening
caused Dby a long injection time while the high-speed frit
flow continuously enters the channel. When this is tested by
varying the sample concentrations (0.8, 1.6, and 3.2 mg/mlL)
with a fixed injection volume (20 L), consistency in reten-
tion time without overloading is observed for concentration
levels up to 1.6 mg/mL (32 ug), as shown in Fig. 3 [31]. A
higher injection amount causes a slight shift to a longer
retention time, which may be caused by aggregation of
NaHA molecules.

3.3 Effect of membrane filtration

When a membrane filtration process is applied to NaHA
molecules, a significant change in size distribution is
observed. To study the filtration effect on molecular weight
distribution, an NaHA sample (dn/dc=0.179, Shinpoong
Pharmaceutical, Ansan, Korea) extracted from fowl sarcoma
fluid was filtered through 0.2 and 0.45um pore size
membranes [32, 33]. The FIFFF-MALS signals at 90° for
the NaHA sample before and after filtration are shown in
Fig. 4a (along with the calculated molecular weight value at
each time slice.) The outflow rate is maintained at 0.1
mL/min throughout the runs. Apparently, the LS signal is
reduced after filtration. However, the MW values of the
three samples at each time slice are in good agreement, as
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Figure 3. Influence of sample injection amount on retention of
the NaHA sample by FI-AFIFFF represented with 90° LS signals.
Signals of repeated measurements are overlayed. Injection
volume was fixed at 20 puL with a variation of sample concentra-
tions of 0.8, 1.6, and 3.2 mg/mL. The program | run condition
from Fig. 2 was used at /=0.103 M. Permission from [31].
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seen in Fig. 4A. This result implies that there is a simple
decrease in population due to filtration as is found in the
clear difference in MWD curves shown in Fig. 4B. The
calculated weight average molecular weight values decrease
from 6.2340.22 x 10° to 3.55+0.20 x 10° after filtration
with the 0.45 um pore membrane and to 3.10+0.19 x 10°
with the 0.2 pm membrane (n = 3, each).

3.4 Effect of y-radiation

v-Radiation is often utilized to degrade polymers since it is
known to be a reproducible method that induces a substantial
change in the MWD due to hydrolysis. When raw NaHA
material (different batch from sarcoma fluid, Shinpoong
Pharmaceuticals, dn/dc = 0.167) is treated with y-radiation of
varying exposure periods, it exhibits significant size variation.
Figure 5 shows the FIFFF fractograms (LS-90° signals and RI
signals) of the control sample and three y-radiation degraded
samples indicated with 3 h (2.4kGy), 8h (5.3kGy), and 10h
(7.4 kGy) periods of exposure [34]. The initial crossflow rate is
maintained at V¢ = 2.0 mL/min for 3 min and is decreased
to 0.5mL/min over 5 min, then to 0.1 mL/min over 7 min,
then to 0.02 mL/min over 5min, where it is maintained to
the end of the run. A fractogram of the control sample (20 g
injection) shows a broad but smooth peak (open circles)
between 20 and 50min, and the calculated MW values
plotted above the fractogram demonstrate that size fractiona-
tion in FIFFF is successfully achieved in the increasing order
of size, up to 10® Da. With a radiation dose of 2.4 kGy, the
radiated NaHA sample (marked as 2h in Fig. 5) shows a
significant shift to a shorter retention time, and the peak is
narrower than that of the control sample; this shift becomes
more evident with the 7.4 kGy sample. As the radiation dose
increases, the concentration of NaHA molecules around
10 min increases significantly, as shown by the DRI signals.
The MW values of the radiated samples calculated at each
time slice show a consistent overlap except at the lower and
upper MW limits. For the 2.4 kGy sample, a majority of the
NaHA molecules is smaller than ~3 x 10° g/mol, and the few
data points above this MW limit are thought to be from
erroneous calculation often found at the end of an elution as

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1'07 ) MW values along with field decay patterns.
(B) Normalized MWD before and after filtra-
tion. Permission from [33].
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Figure 5. FIFFF fractograms (DRI signals at the bottom and
MALS at 90°) of a raw NaHA sample superimposed with those of
samples degraded by exposure to gamma radiation. MW values
corresponding to each sample are plotted with different symbols
but the same symbol convention is used. Samples marked with
2.4, 5.3, and 7.4kGy represent doses of gamma radiation.
Permission from [34].

the concentration decreases. For the 7.4kGy sample, the
lower limit of MW extends below 1 x 10°g/mol, and the
upper limit decreases to ~1 x 10° g/mol. The MWD curves of
the four samples are compared in Fig. 6A, and the weight
average and number average molecular weight values along
with the average RMS radius values are listed in Table 1. The
molecular weight values for the three degraded samples are
less than those of the control sample, as shown in Fig. 5. The
shift of the MW data points indicates that the retention time
of species having identical molecular weights increases after
exposure to gamma radiation, which can be explained by the
conformation of degraded NaHA molecules having a more
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Table 1. Effect of radiation dose, resulting in degradation, on Mw, RMS radius, and RSD values (n = 4) of NaHA samples. Radiation listed

is the total amount. Permission from Ref. [34]

Control sample

Degraded NaHA upon radiation doses

2 kGy 5 kGy 7kGy
Mw (g/mol) (8.6+0.1) x 108 (1.5+0.02) x 108 (6.5+0.04) x 10° (4.7+0.03) x 10°
Mn (g/mol) (3.6+0.03) x 10° (9.6+0.02) x 10° (4.5+0.03) x 10° (3.2+0.02) x 10°
Mw/Mn 2.39+0.04 1.1940.02 1.4540.02 1.3240.01
RMS radius (nm) 1184+05 62.0407 325412 318402

extended structure. This shape effect can be found in a typical
FIFFF experiment since linear chain polymers have longer
retention times due to the increase in hydrodynamic volume
compared with that of a compact molecule of the same MW.
This is supported by the comparison of slope values from the
plots of RMS radius versus MW shown in Figure 6b. While
the control sample has a slope of 0.38, representing a rather
compact structure, the slope increases to 0.43 and 0.68 as the
radiation dose is increased. This demonstrates that gamma
radiation exposure effectively induces degradation of the
NaHA molecules as well as an unfolding of the conformation
to a more linear chain structure.

3.5 Effect of ultrasonic treatment

Ultrasonification generates small bubbles, produced by the
rapid pressure change from the propagation of acoustic
energy. The formation and collapse of bubbles induces a
large velocity gradient around the bubbles, creating a
mechanical force that can disrupt polymer chains, resulting
in depolymerization [35]. When ultrasonication is applied to
ultralarge MW NaHA molecules, the molecules are expected
to degrade into smaller MW species or to experience
loosening of the multiply folded helical NaHA chain
structures. Figure 7 shows the fractograms of the control
sample (another batch sample, dn/dc=0.142) and two
samples, LS-90° and DRI signals, sonicated for 4 and 8 h at

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

20kHz, 20W, at 4°C [36]. Because of the significant
differences in the molecular weight ranges of the NaHA
sample before and after sonication, two linear field decay
patterns are employed (decay programs I and II in Fig. 7),
and the outflow rate is fixed at 0.1 mL/min. For the control
sample, decay program I is utilized for the FIFFF run, and
the LS signals (black filled circles) appear as a unimodal
distribution. The calculated MW data points of the control
sample show a gradual increase in MW up to ~108g/mol
with an increase in retention time. Elution of the sonicated
sample shows a significant shift in retention time (gray
squares for 4h, open circles for 8h) with a subsequent
decrease in the LS signals. However, the DRI signals
increase significantly as the sonication time increases. This
indicates that sonication induces a degradation or depoly-
merization of the NaHA molecules, resulting in an increase
in detector responses from the population increase of
smaller molecules since the LS signal depends on both
concentration and MW, while DRI relies only on concentra-
tion. For the sonicated samples, a slightly modified decay
pattern (program II) is utilized to provide a sufficient
hydrodynamic relaxation for the smaller MW components
by extending the initial delay time period. As shown from
the MW data points above the fractograms (LS signals), the
two degraded samples show critical differences in MW
range compared with those of the control sample and to
each other. The difference in MWD curves is shown in Fig.
8a, and the weight average and number average MW values

www.jss-journal.com
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are listed in Table 2. From the calculated data, it is found
that sonication for 8 h results in 25-fold decreases in MW
and three-fold decreases in RMS radius; however, the
polydispersity value is not significantly altered. From plots
of RMS values against MW, as shown in Fig. 8B, sonication
also creates structural changes in the NaHA molecules. The
calculated slopes of the degraded sample increase to 0.62
and 0.75 for samples sonicated for 4 and 8h, respectively,
supporting a conformation change in the sonicated NaHA
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Figure 7. FIFFF fractograms (DRI signals at the bottom and
MALS at 90°) of NaHA samples from ultrasonic degradation, and
MW values calculated at each retention time slice. FIFFF
separation of the control sample was carried out using field
decay program-I, and the two degraded samples were run using
decay program-Il, both of which are provided at the top of the
figure. Permission from [36].
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to a less entangled or linear structure from a compact,
folded geometry.

3.6 Effect of enzymatic reaction

Enzymatic treatment of NaHA is a rather straightforward
method for inducing chain scissions and is more rapid than
the previously discussed methods. For instance, the same
control sample used in Fig. 7 is treated with testicular
hyaluronidase by varying the enzyme unit per mL of
solution: 2 and 5 U/mL [36]. For each enzymatic reaction,
the reaction time was selected to be either 0.5 or 1h,
resulting in four degraded samples labeled 2 U-0.5h,
2U-1h, 5U-0.5h, and 5U-1h. Fractograms of the four
degraded samples are plotted in Fig. 9 and are super-
imposed with DRI signals. For the control and the two 2 U
samples, decay pattern I in Fig. 7 is utilized. However, for
the two 5 U samples, decay pattern II is employed due to the
significant reduction in the MW size after enzyme
treatment. While the decreases in LS signal intensities
and retention times for the samples treated with 2 Units of
enzyme (2 U-0.5h and 2 U-1h) compared with that of the
control are not significant, these parameters decrease
dramatically for the two 5 U samples. On the other hand,
the DRI signal intensity increases substantially due to the
increase in concentration of smaller MW species after
degradation. While treatment of the control sample with
2U/mL of enzyme gives a relatively mild alteration in
MWD, as shown in Fig. 10A, significant degradation can be
obtained with 5 U/mL of enzyme in less than an hour. The
weight average molecular weight values after enzymatic
degradation with 2 U is already smaller than 1million g/mol
seen in Table 2, indicating that a considerable amount of
polymers larger than 10°g/mol are degraded. The weight
average molecular weights for the samples treated with 5 U
are less than ~1 x 10° g/mol, and the polydispersity values
are also decreased (1.43 and 1.39). Structural changes from
the relationship of RMS radius versus MW can be estimated
even for the 2 U enzyme treatment. From Fig. 10B, the

A B !
Ultrasonic
degradation 2 __Cm(‘}tl;;l
g 8h  4h ERUE s=0.
2 \
E
@ s Ultrasonic
2 &~ .
b w0 degradation
£ s 4h.s=0.62
= ~
8h.s=0.75
/
10 -
1 Figure 8. (A) Comparison of MWDs of NaHA
. T T T before and after ultrasonic degradation and
10° 10° 10’ 108 10° 10° 107 108 (B) plots of RMS radius versus MW values for
MW (g/mol) MW (g/mol) the three NaHA samples. Permission from
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Table 2. Effect of degradation methods on Mw, Mn, RMS radius, and RSD values (n = 4) of the NaHA control sample. Permission from

Ref. [36]
Mw Mn Mw/Mn RMS radius (nm)
Control sample 44 (£0.1) x 10° 2.2 (+£0.02) x 10° 2.06+-0.04 107.6+0.9
Ultrasonication
4h 5.3 (£0.04) x 10° 2.5 (+0.03) x 10° 2.0340.03 37.8+03
8h 1.7 (£0.1) x 10° 9.0 (+0.03) x 10* 1.91+0.04 36.1+£05
Enzyme
2unit/0.5 h 8.2 (+0.05) x 10° 4.1 (+0.04) x 10° 2.03+0.03 51.7+0.1
2unit/1h 6.7 (+0.01) x 10° 3.3 (+0.03) x 10° 1.99+40.02 49.7+0.1
5 unit/0.5 h 9.0 (+£0.2) x 10° 6.3 (+£0.2) x 10* 1.43+0.06 -
5 unit/1 h 8.2 (+0.1) x 10* 5.9 (+0.1) x 10* 1.39+0.03 -
Thermal treatment is performed by heating the raw material
Enzymatic s (10 mg/mL in 0.3 M NaCl solution) at 100°C for 5-30 min in
degradation: %@g 10 5 min intervals, and the resulting solutions are diluted with
g58 1 0.1 M NaNO; to 0.8-1.0 mg/mL and left overnight without
2U-05h g 1107 stirring at 4°C. Figure 11A shows the fractograms of the

MW (g/mol)

Detector Response

Time (min)

Figure 9. Effect of enzymatic degradations on the retention of
NaHA materials by varying the number of enzyme units and the
reaction period. Decay program-l was used for FIFFF separation
of the degraded NaHA (2 U-0.5h and —1 h), and program-Il was
used for the degraded samples (5 U-0.5 h and —1 h). Permission
from [36].

slope values are 0.61 and 0.63 for the 2 U samples, denoting
unfolding of entangled NaHA molecules. However, the
RMS radius values for the samples treated with 5U of
enzyme are not clearly determined due to the large
uncertainty in the calculation of smaller sizes.

3.7 Effect of thermal treatment
Another raw NaHA material from rooster comb and

thermally treated samples are compared by elution pattern
and molecular weight distribution using FIFFF-MALS-DRI.

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

four samples (control and samples treated thermally for 10,
20, and 30 min) including both the LS and DRI signals [37].
In the figure, F3 and F4 (marked with slashes) are the time
intervals for two collected fractions that will be explained
later. The calculated molecular weight values of the control
sample (marked as open triangles in both the fractogram
and MW) show a gradual increase in MW upon an increase
in retention time, as well as a broad MW distribution
(10°~10® g/mol). Fractograms of the thermally treated
samples show reduced signal intensities, as is observed in
the other degradation processes. However, increased
patterns of calculated MW points between 20 and 30 min
are similar among the four samples, in which smaller
molecules may have similar structures regardless of the
thermal treatment time. However, for the samples having
undergone thermal treatment, the calculated MW points
after 30 min are clearly different from those of the control
sample. This can be explained by shape differences
resulting in a shift in the FIFFF retention: linear molecules
are retained longer than are spherical molecules with the
same MW. Even after 10 or 20 min of thermal treatment,
the ultrahigh MW portion (> 2 x 107 Da) of the sample is no
longer observed while the population of the smaller MW
portion (<10°Da) does not increase. This is easily
recognized by superimposing the cumulative MWDs of
the four samples as shown in Fig. 11B. First, because the
ultrahigh MW molecules are not observed during the early
thermal treatment (10 or 20min) or after 30 min of
treatment, the population of lower MW species appears to
increase. From this experiment, structures of the ultrahigh
MW (> 2 x 10’ Da) regime can be estimated to some degree
as will be explained later. Calculated MW and RMS radius
values are listed in Table 3 along with the slope values for
the RMS radius-MW plot. As the thermal treatment period
increases, the slope values increase from 0.33 (10 min) to
0.43 (20min) to 0.59 (30min), indicating a trend to
extended structures. Thus, thermal treatment is a relatively

www.jss-journal.com
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Figure 10. (A) Influence of enzymatic degra-
dation on MWDs of NaHA samples corre-

° sponding to the fractograms shown in Figure
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9, and (B) plots of RMS radius versus MW
values for the enzymatically degraded NaHA
products. Permission from [36].

Figure 11. (A) FIFFF fracto-
grams (DRI signals at the
bottom and MALS at 90°) of
NaHA samples (control sample
and three thermally treated
samples), and MW values
calculated at each retention
time slice. Fractions F3 and F4
were collected during the
separation of the control
sample for the separate ther-
mal treatments. (B) Cumulative
molecular weight distributions
of the control NaHA sample
before and after thermal treat-
ment. Permission from [37].

Table 3. Calculated Mw, Mn, RMS radius, and slope values of the thermally treated NaHA samples compared with those of the control

sample. Permission from Ref. [37]

Mw (g/mol) Mn (g/mol) Mw/Mn RMS radius (nm) Slope
Rw Rn
Control (1.92+0.04) x 107 (4.89+0.07) x 10° 3.92+0.10 142.3+06 1043404 0.30
5 min (7.9140.11) x 108 (4.26 4-0.05) x 10° 1.86+0.03 119.7+05 1045+0.4 0.31
10 min (5.774+0.07) x 10° (3.4040.04) x 108 1.68+0.03 1119405 96.8+0.5 0.33
15min (4.40+0.04) x 10° (3.97+0.04) x 10° 1.11+0.01 97.0+03 929403 0.39
20 min (3.90+0.03) x 10° (3.27+0.02) x 10° 1.1940.01 952403 775404 043
25 min (2.76+0.02) x 10° (1.59+0.02) x 10° 1.73+0.02 949404 760405 0.45
30 min (1.76 +-0.01) x 108 (1.594-0.01) x 108 1.65+0.02 87.04+0.3 68.0-+0.4 0.59

mild degradation process compared to the previously

described methods in this review.

It is interesting to examine whether the ultrahigh MW
fraction of the raw material during thermal treatment is first

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

broken into smaller fragments or is disaggregated. In order

to elucidate the mechanism, two fractions of the ultrahigh

MW regime during the FIFFF elution of the control sample
are collected at time intervals marked in Fig. 11 as slanted
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lines: F3, 30-35 min, and F4, 35-40 min. Fractions F3 and
F4 (accumulated 20 times each) are treated using the same
method (100°C for 20 min), and the resulting fractions,
labeled F3/T and F4/T, respectively, and all fractions are re-
injected into the FIFFF-MALS-DRI. Figure 12A shows the
FIFFF fractograms of F3 and F4 before the thermal treat-
ment (at the top) and of F3/T and F4/T after thermal
treatment. The LS signals of the F3 and F4 fractions appear
to be similar; however, the smaller-MW regions (<10’ Da)
differ when comparing the MWD curves from Fig. 12a (top)
and Fig. 12B. After thermal treatment, fractograms of F3/T
and F4/T (bottom of Fig. 12A) appear to be similar, with a
slight difference in calculated MW values, and they are
shifted to shorter retention times with a broader MW
distribution. Examination of the cumulative distribution
curves of these fractions, F3/T and F4/T, in Fig. 12B shows
that the relative amount of the larger-MW portion
(>10’Da) of both fractions is less than 10% by weight.
Moreover, the smaller-MW portion (<10°Da) of fraction
F3/T does not substantially increase. From these observa-
tions, it appears that chain degradation from the ultrahigh
MW portion of the F3 fraction (20 min of treatment) is not
likely a contributing factor in the reduction of the size
distribution because the smaller-MW species (<10°Da)
does not significantly increase as the ultrahigh MW mole-
cule population decreases. Instead, looking at the cumula-
tive weight distributions of F3/T and F4/T in comparison
with those of F3 and F4 (see Fig. 12B), the intermediate
MW regime population (10°~10” Da) is found to greatly
increase. The slopes from the plots of RMS radius versus

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1.0
0.81 g3y
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0.0- T T
10° 10’ 108
300
250 1
200 Figure 12. (A) Comparison of
150 1 LS signals of re-injected FIFFF
fractions before (F3 and F4
100 1 marked in Fig. 11) and after
thermal treatment (F3/T and
F4/T), (B) the superimposed
cumulative distribution curves
50 4 of the two fractions with the
control sample, and (C) plots of
. . i RMS radius versus MW values
10° 108 107 108 of the thermally treated frac-
tions, F3/T and F4/T. Permis-
MW (g/mol) sion from [37].

MW for F3/T and F4/T are 0.38 and 0.41, respectively,
as shown in Fig. 12C, similar to the value of the control
sample treated for 20min (slope=0.43). From these
observations, it can be deduced that the ultrahigh MW
portion (> 107 Da) of the raw NaHA sample originates from
supermolecular structures formed by aggregation of inter-
mediate sized molecules (10°-~10” Da). These data support
the multi-fold helical structures that were suggested in an
earlier work [11].

4 Concluding remarks

This review summarizes a series of studies on ultrahigh
MW sodium hyaluronate materials using FIFFF-MALS-DRI
for size characterization as well as structural variations
depending on the purification and refining processes
utilized in the intermediate stage of development for
pharmaceutical applications. Since NaHA materials can
have a very broad MWD with an exceptionally high MW
limit, FIFFF provides a unique capability to successfully
fractionate these molecules without fear of sample interac-
tions with packing materials, an occurrence often observed
in chromatographic methods. In addition, sample materials
can be injected without the filtration, which has been known
to cause a serious loss or alterations to the original
characteristics of such large MW species. To achieve the
full benefit of the FIFFF capability, proper field-program-
ming parameters such as initial field strength and decay
pattern are optimized according to the size distribution of
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NaHA species. Moreover, the ionic strength of the carrier
solution, injection amount, and sample concentration are
critical in the analysis of water-soluble polymers using
FIFFF. From the various depolymerization processes for
NaHA described in this study, it is shown that enzymatic
degradation is the most powerful method in terms of time-
dependent degradation efficiency as well as conformational
change to unfolded and extended structures, although each
of the degradation methods has merits of speed of
degradation and gentle or mild reduction of size distribution
without significant structural changes. The combination of
FIFFF, MALS and DRI has been demonstrated to be capable
of monitoring structural changes and MWD in the study of
polymer chemistry as well as in the development of
applications.

This study was supported by a National Research Founda-
tion Grant (NRF-2010-0014046).
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