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Abstract

The effect of lyophilization on the physical characteristics of two different molecular mass hyaluronates (164 and
741 kDa) has been evaluated using dynamic oscillatory viscometry and size exclusion chromatography. The
hyaluronates were prepared as either the free acid or the sodium salt. The rheological and SEC profiles of sodium
hyaluronate were not affected by lyophilization. In contrast, the complex viscosity and related dynamic moduli were
markedly decreased after lyophilization of the hyaluronates in the free acid form. Size exclusion chromatography
indicated a reduction in molecular mass of these samples. These data indicate that lyophilization of hyaluronates as
the free acid, as opposed to a sodium salt form, can have a detrimental effect on their physical characteristics.
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1. Introduction

Hyaluronic acid is a naturally occurring, high
molecular mass glycosaminoglycan composed of a
repeating disaccharide unit consisting of N-
acetylglucosamine and p-glucuronic acid. It exists
in solution as unbranched single chains stabilized
by hydrogen bonds parallel to the chain axis
which, together with water bridges, impart rigid-
ity to the molecule (Scott, 1989). Hyaluronic acid
can be prepared and isolated as either the free
acid, or as a salt formed between appropriate
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counterions and the ionized carboxyl groups pre-
sent in each repeating p-glucuronic acid unit. A
variety of different hyaluronate salts and some
ionic drug complexes have been reported (Saet-
tone et al., 1991).

High molecular mass sodium hyaluronate has
found wide clinical application in eye and joint
surgery due to its unique rheological properties
(Laurent and Fraser, 1992). Pharmaceutically, it
has been employed as a prospective vehicle for
topical ophthalmic drug delivery (Saettone et al.,
1989, 1991), formulations of peptide growth fac-
tors (Prisell et al.,, 1992) and local anaesthetics
(Johansson et al.,, 1985). Additionally, sodium
hyaluronate has been utilized as a cosmetic ingre-
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dient because of its water-retaining capabilities
(Balazs and Band, 1984). More recently, hyalu-
ronates have been chemically modified through
cross-linking and esterification (Kyyronen et al.,
1992) to provide a potentially broad and novel
spectrum of applications.

Lyophilization is a common method for isolat-
ing salts of acidic hydrophilic polymers formed
after the addition of appropriate counterions to
aqueous solutions of the free acid form of the
hydrophilic polymer. Therefore, it was expected
that lyophilization of the free acid form of
hyaluronic acid would facilitate the preparation,
isolation and subsequent evaluation of different
hyaluronate salts. In the present study, the effect
of lyophilization on the apparent molecular mass
and rheological characteristics of hyaluronic acid
was evaluated by freeze-drying the glycosamino-
glycan in either the sodium salt or free acid form.

2. Materials and methods
2.1. Chemicals

Two molecular mass fractions of sodium
hyaluronate (Na-HA) (average molecular masses:
164 kDa ([n] = 3.4 dl /g); and 741 kDa ([n] = 10.8
dl/g)) were generously supplied by Fidia S.p.A.
(Abano Terme, Italy). The hyaluronic acid con-
tent of the Na-HA samples was > 99% (by
weight) and the range in molecular mass was
approx. +10% of the average molecular mass
value. All other chemicals were of analytical grade
and water was obtained from a Milli-Q (Milli-
pore, Milford, MA) water purification system.

2.2. Preparation of hyaluronic acid (H-HA, free
acid form)

Aqueous solutions (7-12 mg/ml) of the two
different molecular mass fractions of Na-HA were
passed through separate glass columns (8.5 cm X 2
cm), each containing 15 g of Dowex resin (16-40)
prepared in the H* form. The pH of the eluent
was approx. 2.5, and the solutions were filtered
through Millex-PF 0.8 pm filter units (Millipore,
Bedford, MA).

Infrared spectroscopy (Hitachi 270-30, Tokyo,
Japan) was conducted using KBr discs and was
used to confirm the presence of either H-HA or
Na-HA. The free acid form displayed a strong
band at approx. 1730 cm~! due to the carbonyl!
stretching vibration, whereas the sodium salt form
displayed a strong band at 1611-1638 cm™! in-
dicative of the carboxylate anion present in Na-
HA (Sheehan et al., 1977). Due to the different
IR frequencies of the unionized and ionized car-
boxyl groups present in H-HA and Na-HA (and
because these frequencies were concentration-de-
pendent), it was possible to develop a simple
procedure for determining the ionization state of
a hyaluronate sample. A standard curve was con-
structed using appropriately spiked samples (Na-
HA /H-HA) and it was possible to quantitate the
presence of less than 5% Na-HA in a sample of
H-HA. Hyaluronic acid was designated as the
free acid form (H-HA) when greater than 95% of
the HA content was unionized.

2.3. Experimental design

The experimental approach and subsequent
analyses conducted on either the free acid or
sodium salt forms of hyaluronate is depicted in
Scheme 1. Briefly, Na-HA was converted to the
free acid by passage through an ion-exchange

Sample A

Na—HA

!

ion exchange to
convert to H—~HA

Sample B / \ Sample C
lyophilize as H—HA convert to Na—HA by
l addition of phosphate buffer
convert to Na—HA by l

addition of phosphate buffer lyophilize as Na—HA

Scheme 1. Experimental design employed for investigating the
effect of lyophilization on the rheological and SEC character-
istics of hyaluronate when prepared as either the free acid or
sodium salt. Both the 164 and 741 kDa molecular mass
samples were studied.



M.M. Doherty et al. / International Journal of Pharmaceutics 111 (1994) 205-211 207

column, the sample divided, with approximately
half being freeze-dried in the free acid form
(sample B) and the remaining portion converted
back to the sodium salt prior to freeze-drying
(sample C). The samples (approx. 5 mg/ml) were
subjected to lyophilization under a vacuum of 2
Torr for 12 h after initial freezing in a slurry of
dry ice/acetone. Size exclusion chromatography
and rheological measurements were then con-
ducted on samples A—C.

2.4. Chromatography

Size exclusion chromatography (SEC) was con-
ducted using a TSK G6000PW-XL column (Tosoh
Co. Ltd, Japan) with an isocratic HPLC system
(Beckman Instruments, San Roman, CA, Model
116 pump and 166 UV detector) fitted with a 20
wl injection loop (Rheodyne, Cotati, CA). The
mobile phase consisted of 0.15 M phosphate
buffer (pH 5.5), the flow rate was 0.5 ml /min and
detection was by UV absorbance at 210 nm. The
chromatography was linear over the concentra-
tion range 0.1-1.0 mg/ml (r > 0.99, n =6) and
the limit of detection was 20 ug/ml. For SEC
analysis, samples of Na-HA and H-HA were pre-
pared in 0.1 M phosphate buffer (pH 7.0) and
deionized water, respectively.

2.5. Rheological measurements
The dynamic shear moduli of Na-HA, pre-

pared as a 2.5% w /v solution in 0.1 M phosphate
buffer (pH 7.0), were determined at 22 + 0.1°C

Table 1

using a Rheometrics Fluids Spectrometer II
(Rheometrics, NJ) equipped with a cone-and-
plate apparatus (cone angle, 0.04 rad; diameter,
50 mm). Throughout the experiments, the torque
sensitivity was varied by a decade by changing the
mode of the force-rebalanced transducer.

During oscillating rheological measurements,
the shear was applied sinusoidally at a maximum
strain amplitude (y,,,) and angular frequency
(w) according to the standard relationship y(¢) =
YmaxSiD{w?). The amplitude of the shear stress (7)
and the phase difference (&) between the stress
and strain were monitored according to the rela-
tionship 7(¢) = 7,,,,sin(w? + 8). From these mea-
surements, the complex viscosity (n*) and its
in-phase component (the elastic modulus, G’) and
out-of-phase component (the viscous modulus,
G") were obtained via the following standard
relationships (Ferry, 1980) where, 7(t) =y,
{G sin(wt) + G” cos(wt)] and 7n* =[(G')* +
(G")*)*51/w. The Na-HA and H-HA samples
were non-thixotropic as the rheological profiles
were neither time nor shear-history dependent.

3. Results and discussion

The utility of hyaluronic acid as a viscosity-im-
parting formulation component has found wide
application due to its unique biocompatibility
profile. As part of a wider effort directed towards
investigating formulation opportunities of
medium molecular mass hyaluronates (up to 10°
Da), the characteristics of two molecular mass

Elution volumes (ml) for different molecular mass hyaluronate samples when lyophilized as either the free acid or sodium salt form

(refer to Scheme 1 for details)

Hyaluronate samples

Elution volume (ml) of different molecular mass hyaluronates

164 kDa 741 kDa
Sample A Na-HA 8.65 7.65
after conversion to H-HA 8.71 7.74
Sample B after lyophilization as H-HA 9.32 8.33
after conversion to Na-HA 9.36 8.37
Sample C after conversion to Na-HA 8.71 7.75

after lyophilization as Na-HA

8.67 7.72
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fractions of hyaluronic acid after lyophilization as
the free acid or sodium salt were investigated.

3.1. Size exclusion chromatography

SEC analyses of the different molecular mass
fractions of hyaluronic acid, when freeze dried as
either the free acid or sodium salt, are presented
in Table 1 and individual chromatograms are
depicted in Fig. 1. It is notable that from a
chromatographic standpoint, the elution volumes
of either the H-HA or Na-HA form of a particu-
lar sample (A, B or C; Scheme 1) were indistin-
guishable from each other as conversion of the
free acid to the anionic form occurred during
chromatographic analysis.

After lyophilization of the free acid for either
molecular mass hyaluronate, (sample B; Scheme
1) there was an increase in the elution volume
indicative of a reduction in the apparent average
molecular mass of the polymer. Since the addi-
tion of phosphate buffer to the freeze-dried H-HA
sample prior to SEC analysis had no effect on the
elution profile, it was apparent that an irre-
versible change in the polymer had occurred dur-
ing lyophilization. In contrast, when the free acid
form was reconverted to Na-HA prior to
lyophilization (sample C; Scheme 1), the chro-
matographic characteristics were indistinguish-
able from the control (sample A) indicating that
the process of forming the free acid had not
affected the integrity of the polymer. Further-
more, the elution volume of hyaluronate was the
same before and after lyophilization as the sodium
salt (samples A and C; Scheme 1) indicating that
the polymer integrity was unaffected by lyo-
philization.

3.2. Rheology

The rheological evaluation of the hyaluronates,
when lyophilized as either the free acid or sodium
salt, included a study of the complex viscosity
(n*), elastic modulus (G’) and the viscous modu-
lus (G”). Representative rheological responses of
the different molecular mass hyaluronates are
presented in Fig. 2 and 3. The elastic modulus is
a measure of that part of the shear energy stored

elastically in the polymer during application of
the shear stress and it provides an indication of
the rigidity of the polymer. The magnitude of G’
is particularly sensitive to changes in the molecu-
lar mass of polymers when studied at low fre-
quencies. The viscous modulus is a measure of
the shear energy transformed into heat as a result
of viscous flow and represents the energy that is
irreversibly lost during deformation.

The 741 kDa molecular mass Na-HA exhibited
typical viscoelastic properties across the fre-
quency range studied (Fig. 2A). At lower fre-
quencies, and where G” predominates relative to
G’, all possible configurational rearrangements
can occur within the period of cyclic deformation
and consequently the material displays predomi-

I 0.004 AU

0 3 6 9 12

o} 3 [ 9 12

Eiution Volume (ml)

Fig. 1. Size exclusion chromatograms of the different molecu-
lar mass fractions of Na-HA prior to lyophilization (solid line)
and after lyophilization as the free acid (dotted line). (A) 164
kDa fraction; (B) 741 kDa fraction.
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Fig. 2. (a) Frequency dependence (rad s~ 1) of the elastic modulus (G’, Pa), viscous modulus (G”, Pa) and complex viscosity (Pa s)
of 741 kDa molecular mass Na-HA prior to lyophilization (sample A; Scheme 1). (b) Frequency dependence (rad s ~ 1) of the elastic
modulus (G’, Pa), viscous modulus (G”, Pa) and complex viscosity (Pa s) of Na-HA reconstituted after lyophilization of the 741 kDa

fraction as the free acid (sample B; Scheme 1).

nately viscous characteristics. However, at higher
frequencies there is insufficient time for internal
rearrangements to relax within the period of cyclic
deformation and this results in a predominantly
elastic response. The microstructure providing
this viscoelastic response was sensitive to shear as
the complex viscosity decreased as the frequency
of deformation was increased. Fig. 2B is the
rheological profile of the same molecular mass
hyaluronate which had been lyophilized as the
free acid and then converted to the sodium salt
for rheological analysis. The major features were

2 10°
A 10 .
10" 4 go**’ —~
— ..... o° 4
o
e 10° 4 ...o'°. o°° ~
>~ -1 ..... °°° %
3 1071 ] e o e
(L) . __l!:AAAAAAAAnAAA:QQgAAAAAAAAAA ‘@’
~ 107 4 o°° :
° -3 50° K
- 107% 4 o°° a
L] 0°° g
_ o
10 4 ] Oo (]
- -1
1078 , . 10
107! 10° 10 102
Frequency

a dramatic reduction in viscosity (from 49.2 to 0.2
Pa s measured at a frequency of 1 rad s~1),
conversion to an apparently Newtonian system
and a decline in the elastic modulus relative to
the viscous modulus. These changes are consis-
tent with a reduction in the apparent molecular
mass of the polymer which occurred during
lyophilization as the free acid. In contrast, the
rheological profile of sample C which had been
lyophilized as the sodium salt was identical to the
control sample (Fig. 2A) indicating no change in
the viscoelastic properties of the polymer (data
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Fig. 3. (a) Frequency dependence (rad s~ !) of the elastic modulus (G’, Pa), viscous modulus (G”, Pa) and complex viscosity (Pa s)
of 164 kDa molecular mass Na-HA prior to lyophilization (sample A; Scheme 1). (b) Frequency dependence (rad s~ 1) of the elastic
modulus (G, Pa), viscous modulus (G”, Pa) and complex viscosity (Pa s) of Na-HA reconstituted after lyophilization of the 164 kDa

fraction as the free acid (sample B; Scheme 1).
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not shown). These observations are consistent
with the size exclusion chromatography data pre-
sented in Table 1 for samples A and C.

As expected, the lower molecular mass Na-HA
(164 kDa) did not demonstrate shear thinning or
exhibit viscoelastic characteristics due to its lower
molecular mass (Fig. 3A). However, after lyo-
philization as the free acid all rheological param-
eters were displaced to significantly lower values
compared with the Na-HA control (Fig. 3B), and
the profiles were broadly consistent with the data
presented in Fig. 2. The rheological profile of
sample C (lyophilized as the sodium salt) was
identical to the control sample (Fig. 3A) indicat-
ing maintenance of the polymeric integrity (data
not shown). Furthermore, these observations are
consistent with the chromatographic characteris-
tics of samples A and C (Table 1).

3.3. Basis for altered physical characteristics

When the major reductions and alterations in
the rheological parameters G’, G” and n* are
viewed in the context of the size exclusion chro-
matography data presented in Table 1 and Fig. 1,
it is probable that lyophilization of hyaluronate as
the free acid led to irreversible changes in the
molecular character of the polymer. As
hyaluronates are linear polymers with no sec-
ondary or tertiary structure, conformational
changes in the polymer would not be expected to
account for the changes observed in these stud-
ies. Therefore, it is probable that cleavage of the
polymer backbone occurred during lyophilization
of the free acid (but not the sodium salt).

It is well known that hyaluronates are suscepti-
ble to degradation under a variety of conditions
such as acid hydrolysis (Cleland, 1977; Longas
and Myer, 1981), oxidative depolymerization re-
actions (Matsumura et al., 1966), and sonication
(Kubo et al., 1993). The rate of acid catalyzed
hydrolysis of hyaluronate in solution reported by
Cleland (1977), which we have subsequently con-
firmed in 0.1 M HCI (unpublished data), is too
slow to account for the extent of change in the
apparent molecular masses observed in these
studies. However, the rates of hydrolysis in solu-

tion cannot be directly applied to the rate of
degradation in the amorphous matrix of the
lyophilizate. During lyophilization, significant
concentration effects would occur with respect to
the hyaluronate, and it is possible that a combina-
tion of concentration effects and shifts in the
effective pH of the amorphous reaction matrix
could contribute to the apparent changes in
molecular mass. Furthermore, this hypothesis
concerning concentration and pH effects is con-
sistent with the observed stability of Na-HA to
lyophilization as the pH of those solutions was
near neutral.

Oxidative depolymerization of hyaluronates
has been reported to occur in artificial synovial
fluid (Kvam et al., 1993), and it has been impli-
cated in the apparent depolymerization of high
molecular mass Na-HA (2 x 10° Da) during
freeze-drying (Wedlock et al., 1983). The studies
of Wedlock and co-workers employed a combina-
tion of electron paramagnetic resonance studies
and the addition of specific free radical scav-
engers to implicate the likely role of oxidative
depolymerization. The data from the current
studies of the different ionic forms of the medium
mass hyaluronates, where both oscillatory dy-
namic viscosity and the SEC profiles were exam-
ined, support and extend the preliminary high
molecular mass Na-HA data of Wedlock et al.
(1983). Our data indicate that the free acid form
of medium molecular mass hyaluronate exhibited
marked changes in molecular mass during
lyophilization whereas the Na-HA appeared un-
changed. Therefore, it appears that the putative
depolymerization reaction is more facile when
the medium molecular mass hyaluronates are
present as the free acid as opposed to the sodium
salt.

We have found some variability in the extent
of change in the apparent molecular mass charac-
teristics of the hyaluronates when lyophilized as
the free acid and this may be related to variation
in the pH of the eluent from the ion-exchange
column used for preparation of the free acid.
However, if the pH of the solution containing the
free acid was increased to avoid these putative
hydrolytic reactions during lyophilization, then
some conversion to a salt form would occur
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thereby contaminating the sample of the free
acid.

In conclusion, lyophilization can have a detri-
mental effect on the molecular mass and rheolog-
ical characteristics of medium molecular mass
hyaluronic acid when freeze-dried as the free
acid rather than the sodium salt. The mecha-
nism(s) by which hyaluronic acid undergoes an
irreversible apparent molecular mass reduction
during lyophilization is unclear, although acid
hydrolysis and oxidative depolymerization are
likely major contributors to the process. Although
our studies have been Ilimited to sodium
hyaluronate, it is possible that other salts of
hyaluronic acid may also be stable during
lyophilization as their in situ formation would
necessitate a solution with a pH value approach-
ing neutrality.
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