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The aim of this work was to investigate the rheological properties of different saline solutions of sodium hyaluronate
(NaHA) with special interest for medical applications. The experimental results were compared with literature
data for commercial ophthalmic viscosurgical devices (OVDs) used in cataract surgery. We offer some tools to
tailor the rheological behavior of OVDs for different purposes. We have investigated to which extent surgical
requirements can be fulfilled by adjusting either the molecular weight of NaHA or its concentration, parameters
that are in some respects equivalent but not in others. Furthermore, we demonstrate that moduli and complex
viscosities of NaHA saline solutions are adequately falling on master curves, using either empirical or calculated
shift factors, the latest ones being based on a modified Rouse model.

1. Introduction erties (cohesiveness), considered as describing well enough the
OVD behavior during surgery. The cohesiveness of an OVD

Ophthalmp viscosurgical devices (OVDs) are nonactive represents its capability to remain stuck together and to move
surgical solutions that have been used for more than 20 years

in cataract surgery. The OVDs protect the corneal endothelium as a mass, and this characteristic Is impo_rtant not only for_ its
during phacoemulsification, preventing trauma caused by con'[ac'[rEtentlon In or evacuation from the anterior chamber during
of the intraocular lens or ’instruments with the corneal endo- phacoemuI5|f|cat|on buj[ also in It.s removal at the end of

. . . o . . surgery? Until recently, it was considered that the zero-shear
thelium. Moreover, viscoelastic agents facilitate microsurgical

techniques because of their space-maintaining capacity and mak viscosity and the cohesiveness were strongly interconnected and
d pace- g capacity Felated to the degree of polymer entanglemérdsd conse-
the cataract surgery less traumatic.

The class of OVDs available today for cataract and intraocular quently, the zero.-shear viscosity was cor}5|dered to be e'?‘?”gh
suraery contains a large variety of polvmer solutions. with one to rank and classify ophthalmic viscoelastic agents. In addition,

gery ge y ot poly the zero-shear viscosity also correlates well with the OVD
or more polymers (sodium hyaluronate, chondroitin sulfate,

collagen, hydroxypropylmethylcellulose), and different polymer elasticity. With the apparition of new commercial OVDs, on
gen, ny ypropy y A rerent poly the basis of a combination of polymers, Arshinoff and Jafari
concentrations and molecular weights, exhibiting a large

diversity of physicochemical and rheological properties. How- expanded the standard classification, considering independently

= . the zero-shear viscosity and cohesiverfess.
ever, all OVDs have some common characteristics derived from y

their intraocular use: they are biocompatible, isotonic, aqueous ~ Clinicians established some surgical requirements for opti-
solutions, and transparent with a well-controlled pH (close to MUmM OVD to be used in different moments of the implantation

the physiological norm of 7.4). of a fo_IdabIe intraocular_ Igns (IOL). So, the QVD should have
OVDs can be classified according to their different composi- hlgh.wscosny and elasticity at low- and medium-shear rates to
tions and physicochemical and rheological behavior. One obtain adeep.stable space for'ghe performance of cgpsu[orhexs
important criterion is the rheological behavior (i.e., zero-shear @1d; 1ater, to implant the IOL; it should have low viscosity at
viscosity, pseudoplasticity, viscoelastic properties, relaxation Nigh-shear rates to be easily injected into the eye through fine
time), which influences their suitability for different surgical ca@nnulas and to maintain reasonable tactile feedback sensation
situations. For instance, the ability of the OVD to maintain space of the injection pressure f(_)f thl? surgebhhe ideal OVD shouild
when the ocular tissue is at rest is reflected by the zero-shear®SC Present long relaxation times, reflected by the duration of
viscosity. The resistance offered by the OVD to the normal SPace-occupying effectiveness.
movement of surgical instruments through the eye depends on This work is dedicated to the rheological study of saline

the viscosity in the middle-range shear rates 10 s1). Also, solutions of sodium hyaluronate (NaHA) for better understand-
the resistance of OVD to flow through a small cannula is ing of the properties of the NaHA-based OVDs and their
indicated by the viscosity at high-shear rates (abo8ts1§.1:2 correlation to the medical requirements. NaHA is the sodium

Arshinoff proposed a classificatib on the basis of two salt of hyaluronic acid, a linear polysaccharide that represents
parameters: zero-shear viscosity and cohesive/dispersive propa major component of the extracellular matrix of skin, joints,
eye, and many other tissues and organs. Because of the

* To whom correspondence should be addressed. ¥el9-6131-39- pjig|ogical specificities and remarkable viscoelastic properties
231%&];"’;]Xr"e?gjgggjgﬁﬁ?fe%&g}ﬁi‘_ daniela.rusu@mines-paris.org. - yomonstrated by NaHA physiological solutions, they are widely
# Marienhausklinik St. Elisabeth. used today in ophthalmology, rheumatology, and dermatology.
8 Ruhr-Universita Bochum. Furthermore, the medical literature (see references from Dick
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Table 1. Characteristics of the Sodium Hyaluronate Samples 102
Used in This Work
sample []?5“CmL/g M, kg/mol 10k
NaHA450 849 450 & —
NaHAS560 1041 560 NPTt 1100 =
NaHAG650 1167 650 O ’-\U
NaHA700 1237 700 - [
NaHA810 1377 810 O 10"k L
NaHA850 1418 850 I
NaHA1100 1739 1100 102k ,
NaHA1200 1778 1200 .
/
10-3 ““I-1 — ‘.““IO — ”““I1 — .‘““IZ 10-1
and Schwen?) indicates that the commercial OVDs containing 10 10 10 10
NaHA are elected choices in phacoemulsification and extra-  (rad/s)
capsular cataract. Figure 1. Typical frequency sweep measurement. ¢ = 0.01 g/mL

Several rheological studies® have investigated the vis-  NaHA1100; T = 20 °C.
coelastic behavior of NaHA aqueous solutions in the absence

or the presence of different salts, mainly NaCl, and Cowman A S -
were carried out for at least four dilutions per sample. Kinetic energy

and Matsuoka presented an ample overvfean this topic. ) ) - ST
. : corrections (Hagenbach corrections) were applied. The intrinsic viscos-
These studies have used NaHA from both animal and fermenta-. . : o
ty, [17], was determined by using SchuiBlaschke equation:

. . . |
tion sources in the absence or the presence of proteins. The
rheological measurements were performed at different temper-
atures, most often 28C and 37°C, on different kinds of

rheometers, for different polymer concentrations and molecular

Wel.ghts’ (mainly 50.92200 kg/mol), and for dlffe_rent splutlon wherens, is the specific viscosity and is the polymer concentration
ionic .strengths. Dick anq co-workér%" have. mvestlgated. (in g/mL). We found a SchulzBlaschke constarkss®C = 0.29 4
experimentally the rheological behavior of various commercial ( o> The molecular weights of all our NaHA samples were calculated
OVDs, including the most known NaHA-based OVDs. using the Kuhr-Mark—Houwink equation, ] = K-M?, with K =

This work presents an experimental rheological study on 34610-2mL/g anda = 0.779, for NaHA aqueous solutions containing
NaHA saline solutions in different experimental conditions and (.15 M NaCl, at 25°C 28
a systematic comparison with the primary data published on  RheometryThe dynamic measurements were carried out in a TA
NaHA-based commercial OVDsSpecial attention is paid to  AR-1000 controlled-stress rheometer (TA Instruments, Inc., United
the relation between the surgical requirements presented earlieStates), using a cone-plate geometry (steel, cone diameter: 20 mm,
and the different classical rheological parameters (e.g., viscosity,angle: %) and a solvent trap. The measurements were conducted in
dynamic moduli). The possibility of obtaining-T—M master the linear viscoelastic region, as ensured by independent stress sweep
curves for the dynamic properties of NaHA solutions is also tests. The frequency sweep experiments were performed in the angular
investigated. frequency range from 0.01 to 100 rad/s and for three temperatures:

10, 20, and 30C.

sequences (type |, capillary diameter of 0.63 mm). The measurements

L
C

=[] + ksg'115p) 1)

2. Experimental Section
3. Results and Discussion

2.1. Materials. The NaHA samples were obtained by inverse spin
fractionation as described elsewhétélheir characteristics are pre- Figure 1 shows the typical dynamic rheological behavior of
sented in Table 1. The starting material for fractionation (also included a NaHA saline solution. The primary data of frequency sweep
in this study) was a sodium hyaluronate from bacterial fermentation, measurements are complex viscosity{ and dynamic moduli,
with protein content lower than 0.2%. It was supplied by Synopharm G' andG", as a function of angular frequenay, The elastic
(Charge Nr. 0405A185), and its reported unspecified average molecularmodulusG'(w) reflects the ability of the polymer system to store
weight is 1550 kg/mol, as indicated by the supplier. To preserve a g|astic energy. In the case of polymer solutions, it depends on
coherence of presentation, the molecular weights of all NaHA samples the number of interactions (entanglements) and their strength.
used in this work were determined by capillary viscometry af@5>  The greater the number of interactions and the stronger the
using the Kuhr-Mark—Houwink relation. The solvent used for our interaction, the higher is the'(w) value. The viscous modulus
viscosimetric and rheological measurements is a saline-buffered solutionGu(w) is a measure of the flow properties of the polymer system
consisting of bidistilled water, 0.146 M NaCl, 0.002 M N#&D, and and indicates the unrecoverable viscous loss. It is also related
0.0003 M NaHPQ; (pH = 6.1). The different Salt.s were SUPP"ed by to the number of interactions but is virtually independent of
Fluka (NaCl) and Carl Roth (NaiROQ,, NaoeHPQy), in p.a. quality. . . .

2.2. Methods.Preparation of NaHA Solution&efore preparing the the strength Of. the _mter_ac_tlon. The higher the number of
solutions, the polymer was dried under oil pump vacuum &&Qantil ?ar:;[a}r;glements in which friction can be created, the la@ger

reaching constant weight. The NaHA solutions where obtained by . A .
dissolving the dried polymer and by agitating for 1 day by means of 1€ Mechanical spectrum, as presented in Figure 1, gives

tumble mixer at room temperature. The most concentrated solutions 2CC€SS to the zero-complex viscosifylo, by extrapolation, and

(~0.03 mg/mL) needed a longer mixing time (up to 3 days). This gentle 0 the so-calleq crossover point, WhiC.h is the inter.sec.tion point
way of mixing was chosen to avoid degradation of the NaHA, which Petween elastic and viscous moduli curves. It indicates the

is sensitive to intense mechanical str&s<, transition from viscous@' < G") to elastic ' > G'") behavior
Capillary ViscometryViscosimetric measurements were performed Of the polymer solutions. Furthermore, the longest relaxation
at 25+ 0.02°C with an automated viscometer (Schott GeraVvS310, time, 7, can be determined as the inverse of the crossover

Germany) equipped with Ubbelohde capillary viscometers for dilution frequency wcrossover FOr ophthalmologic applications of NaHéDV
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Table 2. Main Characteristics of the Commercial NaHA-Based OVDs? Investigated in This Study®

name of the commercial OVD Mkg/mol c%w noPas [plmL/lg c[y] (G = G")crossover P&  @crossover rad/s @S S
AMO VITRAX 500 3.0 41 952 28.6 287.7 37.810 0.17 0.17
RAYVISC 650 3.0 77 1168 35.0 268.9 19.660 0.32 0.41
AMVISC PLUS 1500 1.6 128 3397 54.4 64.9 2.520 2.50 2.90
DISPASAN 2000 1.0 131 4041 40.4 26.7 1.050 6.00 6.40
VISKO 2000 1.0 206 4041 40.4 20.6 0.400 15.60 10.10
BIOLON 3000 1.0 243 5163 51.6 25.4 0.500 12.60 17.80
VISKO PLUS 3000 1.4 1683 5163 72.3 65.8 0.140 4460 88.00
HEALON 4000 1.0 243 6143 61.4 19.4 0.290 21.40 23.80
HEALON 5 4000 2.3 5525 6143  141.3 142.4 0.070 87.00 235.00
HEALON GV 5000 1.4 2451 7029 98.4 53.2 0.080 83.00 214.00
ALLERVISC (VISCORNEAL) 5000 1.0 733 7029 70.3 22.2 0.120 50.00 90.00
ALLERVISC (VISCORNEAL) PLUS 5000 14 1176 7029 98.4 45.9 0.160 40.00 103.00
MICROVISC 5000 1.0 1163 7029 70.3 245 0.068 92.00 142.00
MORCHER OIL 6100 1.0 1253 7926 79.3 26.3 0.069 91.00 187.00
MICROVISC PLUS 7900 1.4 3663 9266  129.7 51.5 0.040 157.00 505.00

aLiterature data, calculated as v = L/wcrossover- ? Calculated according to eq 4. ¢ T = 23 °C.

solutions, both the crossover frequen@y;ossover aNd the value data. The molecular weights were used as given by manufactur-

of (G' = G")¢rossover iNdicating the elasticity atcrossover are ers. For the sake of comparison, the estimated intrinsic viscosity
very important. for HEALON, at 25°C, is consistent with the one reported in
3.1. Zero-Shear Viscosity Dependence oty M, and T. In the literature®

the range under investigation, 280 °C, the temperature For solutions withc[n] > 1, the specific viscosity in the

dependence of the viscosity of our NaHA saline solutions obeys Newtonian region was calculated®s = 1o/1sovent— 1. Figure

the Arrhenius relation: 2b points out that all the experimental data and OVDs’ literature
data are well described by the polynomial equation proposed

1 = A-expE/RT) 2) by Berriaud et al’:

whereR is the universal gas constant (8.314 J/K. mol) Arid
a system constant. We have found an activation enEggy
31-35 kJ/mol, in the same range of values as reported by Gibbs
et al. (21-42 kJ/mol)? For comparing our rheological results SO, €q 3 appears to be valid for a wide range of overlap factors
with OVDs'’ literature data obtained at 23 and 28, the c[#], up to 140, corresponding in this case to molecular weights
viscosities of our NaHA samples at these two temperatures wereup to 7900 kg/mol and polymer concentrations frord@* to
calculated using eq 2. The main characteristics of the com- 3-1072 g/mL.
mercial OVDs included in this work are presented in Tabfe 2. As one can also see in Figure 2b, the commercial OVDs have
In the following, we have considered that the empirical €ox  coil overlap factors ranging from 28 to 150. Theg] values
Merz rule is valid for NaHA saline solutions, at least in the are achieved by using NaHA with very high molecular weight
range of molecular weights and concentrations under investiga-and reasonable concentration (i.e., MICROVISC PLUS, 7900
tion in this work. The CoxMerz rule assumes that the complex kg/mol, 0.01 g/mL) or by using relatively low molecular weight
viscosity at a given frequency is equal to the (steady) viscosity NaHA and a high concentration (as in the case of AMO
at a shear rate numerically equal to the frequency. Consequently VITRAX, 500 kg/mol, 0.03 g/mL) or by looking for a balance
we assumed that the complex viscosity extrapolated at very low between the NaHA molecular weight and its concentration. One
frequencies is equal to the zero-shear viscosityjo = 7o. may remark that the most appreciated NaHA-based OVDs from
Figure 2a shows on the same plot the zero-complex viscosity surgery viewpoirtt?#15are polymer solutions with extremely
for our NaHA solutions and the zero-shear viscosity for different high overlap factorg[] = 100.
commercial OVDs as a function of the Bueche parameter 3.2. Crossover Point Dependence oy M, and T. Figure 3
(c*M). This parameter is proportional to the number of presents an example of temperature and molecular weight
intermolecular contacts per molecule and controls the rheologicaldependence of the dynamic moduli at the crossover frequency.
properties of concentrated solutions. One can see from the figureln the range of 1830 °C, (G' = G")crossoverdoes not vary
that all the data are coherent, and the zero-complex viscositiessignificantly with temperature. Furthermore, the molecular
and zero-shear viscosities are in good agreement, as expectedeight of the polymer does not influencé'(= G")crossover at
from the Cox-Merz rule. Besides, we found that the zero-shear least in the range under investigation, 5@100 kg/mol.

Nep= Cln] + 0.42(c[y])? + 0.00777(c[n)***  (3)

viscosity depends orcil)340-1 The high dependence gf [ The concentration dependence of dynamic moduli at the
M34is due to the molecular entanglements and has been reportecrossover frequency is shown in Figure 4. We found ti&t (
in the literature for a great number of polymé?s. = G'")crossover] €2 9IMO, which is in good agreement with de

Another way to point out the effect of polymer concentration Gennes'’s theoretical predictitfr(c?23M°) and the experimental
and molecular weight on the zero-shear viscosity of NaHA finding of Milas et al.? (c1M9), for a narrowerM range.
solutions is to plot the specific viscositysp versus the coil Dick and Schwenhpoint out that from clinicians’ point of
overlap factor,c[n], as shown in Figure 2b. The intrinsic  view, for IOL implantation, OVDs withw¢ressover< 1rad/s and
viscosities for commercial NaHA-based OVDs were estimated high (G' = G")¢rossovervalues are especially suitable. Thus, to
by using the Kuha-Mark—Houwing paramete?8 for NaHA identify the optimum characteristics of NaHA solutions, cor-
solutions in 0.15 M NaCl, at 37C, and by applying appropriate  responding to the two conditions expressed earlier, we plotted
temperature correction, calculated from our own experimental in Figure 5 the ratio between the dynamic moduli and HBV
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Figure 2. Viscosity as a function of (a) Bueche parameter and (b)
overlap factor for different NaHA samples.
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Figure 3. Molecular weight and temperature dependence of dynamic
moduli at the crossover frequency. Full symbols, our experimental
data; open symbols, OVDs’ literature data.?

frequency at the crossover poinG/@)crossover @S @ function of

the overlap factor. The ratioG{w)crossoverfepresents in fact

(7' = 7'")crossover Where 1'(w) = G'"(w)lw and n''(w) =

G'(w)lw are the real and imaginary parts of the complex

viscosity. We obtained a dependenGée)crossover] (C[77])*%0,

which justifies quantitatively the previous observation from
Figure 2b that the two surgical requirements, high dynamic

moduli at the crossover frequency and very l@Wossover

(corresponding to large relaxation times), are fulfilled by NaHA-

based OVDs with very high overlap factors.

Figure 6 shows the map of dynamic moduli and frequencies
at the crossover point for different NaHA samples and com-
mercial OVDs. For a given molecular weight, the larger the
polymer concentration, the lower the frequency (higher the

Calciu-Rusu et al.

10°
tl e 10°C
A 20°C
o) o 23°C (OVDs)
a A 25°C (Milas et al.)
- e 30°C
H
2 10° |
Q L
g _
=
O
Al
(\?’ (Gv:Gn) occz 1£0.1
10—
107
¢ (g/ml)

Figure 4. Concentration dependence of dynamic moduli at crossover
frequency for different NaHA samples. Full symbols, our experimental
data; open symbols, literature data: commercial OVDs;? the value
from Milas et al.® corresponds to NaHA solutions with 0.1 M NaCl.
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Figure 5. The (G/w)crossover dependence on the overlap factor. Full
symbols, our experimental data; open symbols, OVDs' literature data.?
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Figure 6. Crossover point coordinates for different NaHA solutions.
Dashed lines are given to guide the eye and link the solutions on the
basis of NaHA with the same molecular weight. Full symbols, our
experimental data; open symbols, OVDs' literature data.2 Data points
corresponding to the same concentration of NaHA are visualized by
ovals.

relaxation time) is at which the crossover occurs and the higher
the elasticity values are at that point. On the other hand, for a
given concentration, an increase of the molecular weight induces
a decrease of thecossovervalue but has no influence on the

elasticity level at the crossover point. CDV
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Figure 7. Empirical c—T master curves for NaHA1100. Experimental
conditions: ¢ = 0.01-0.03 g/mL; T = 10—30 °C. Reference condi-
tions: cref = 0.01 g/ml; Tef = 20 °C. The insert shows the master
curve for the complex viscosity.

a,,y @ (rad/s)

Figure 8. Calculated c—T—M master curves for NaHA solutions.
Experimental data for NaHA1100, NaHA1200, and NaHA650: ¢ =
0.01-0.03 g/mL; T =10—30 °C. Star symbols, HEALON: ¢ = 0.01
g/mL; T = 23 °C; M = 4000 kg/mol. Reference conditions: Cret =
0.01 g/mL; Ter = 25 °C; Mer = 1100 kg/mol. The insert shows the

We have also investigated the longest relaxation time of our master curve for the complex viscosity.

NaHA in saline solutions and commercial OVDs, as obtained
from the intersection o&' andG" curves, and we compared it

with the one indicated by a modified Rouse moHe: polymer concentration on diluted NaHA saline solutions (con-

centration 21073—4-10-2 g/mL).

6My There are different ways to find the shift factors for obtaining
=— 9 4 a single master curve after choosing the reference conditions:
aCRT (a) empirically, by shifting the curves until they superpose to

the one corresponding to the reference conditions, and (b) by
calculating the shift factors according to polymer dynamics
theories. One can define three types of shift factors as follows:
g, shift in angular frequencyf;, shift in dynamic moduli
(identical forG' andG"); and by, shift factor for the complex
viscosity, where the subscriptmay either refer t@ or T.

First, we determined theandT shift factors empirically for
a given NaHA sample. Figure 7 shows such a family of master
curves for solutions of NaHA1100. The empirical temperature-
shift factorsar and by follow an Arrhenius behavior with the
same activation enerdy, as obtained previously for viscosity.
Additionally, we found that the shift factors are interconnected
by the following relation: bj = &-fj, where the subscrigtis
eitherc or T.

Next, we investigated the possibility to obtain master curves
by calculating the shift factors using the relaxation spectrum
from the modified Rouse modef?21

Table 2 presents both experimental and calculated values for
the relaxation time. A good agreement was generally obtained
for commercial OVDs containing NaHA with overlap factors
up to around 40. Above these values (except HEALON, with
good estimation foc[y] = 61.4), the calculated relaxation times
are typically 1.5-3 times larger than the ones determined via
dynamic rheology. This suggests a limit in the application of
eq 4 and also may reflect the different molecular weight
distributions of NaHA samplesM,/M, ~ 2.0—3.5 for our
NaHA samples, unknown for the commercial OVDs) and some
other differences in the composition of the commercial products.

3.3. Time—Temperature—Concentration Master Curves.

Until now, we discussed separately the influence of temperature,
polymer concentration, and molecular weight on the dynamic
properties of NaHA solutions. In the following, we will
investigate the possibility of bringing all the experimental data
(dynamic moduli and complex viscosity curves), obtained in
different experimental conditions, together into single master
curves (one for each rheological parameter), by means of _ CRT = 6Marq =T

; G=-—-andg,=——=-,i=1,2, ... (5)
appropriate shift factors. M ' 74%RT 2

The idea ofc—T master curves for the complex viscosity and
dynamic moduli is based on the method of reduced varidbles. whereG; andz; are the modulus contribution and the relaxation
The model of reduced variables was already applied by Gibbstime for a model element, andis the longest relaxation time,
et al® for studying the effect of temperature, ionic strength, and as described by eq 4. This time, we calculated the shift factors

Table 3. Formulas for Calculating the c—T—M Shift Factors

parameter to be shifted C—T—M shift factor

angular frequency

a _ T,(Cv 7-v IV’) _ 770(‘-"‘v Tv A/’).Cref. Tref'M
e 7:I(cref' Trer Mref) 770(Cref' Tref' Mref)'c' T'Mref
dynamic moduli G' and G" G(c, T, M) oTM
f — AT — ref
e GlCretr Trets M) Crer Tretr M

complex) viscosit
(complex) y e M

’70(Crefv Trefv Mref)

cTM

Ccbv
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actm berv, andfery accounting for the cumulated influence of
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Finally, we have shown that it is possible to obtain satisfactory

¢, T, andM according to the equations collected in Table 3. master curves for the parameters describing the dynamic
Considering these definitions, the empirical relation found behavior of NaHA saline solution&’, G, and|7"|, and not
previously f; = a-f;) agrees well with the relationship between only in an empirical manner but also by means of shift factors
the zero-shear viscosity, the long relaxation time, and the plateaucalculated by means of the modified Rouse model.

modulus o = t°Gp), as predicted by the linear viscoelastic
model??

Figure 8 presents the—T—M master curves obtained by
means of calculated shift factors for different NaHA samples
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(one being a commercial OVD). The reference conditions for References and Notes

the master curves aes = 25 °C, Cret = 0.01 g/mL, andVes

= 1100 kg/mol. These data do not fall on a common line to the
same extent as the data of Figure 7. There are at least two
thinkable reasons for that observation. One lies in possible
deficiencies of the modified Rouse model and another in
experimental uncertainties ino, ¢, and M, resulting in a
scattering of the calculated shift factors.

4. Conclusions
We have shown that the typical dependence of the rheological
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