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art  I.  Experimental  measurements

hengfang  Wua,  Lianzhong  Aib,  Jie  Chena,∗∗, Ji  Kangc,  Steve  W.  Cuia,c,∗

State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, China
School of Medical Instrument and Food Engineering, University of Shanghai for Science and Technology, Shanghai, China
Guelph Food Research Centre, Agriculture and Agri-Food Canada, 93 Stone Road West, Guelph, Ontario, Canada N1G 5C9

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 13 November 2012
eceived in revised form 17 May  2013
ccepted 28 May  2013
vailable online 6 June 2013

a  b  s  t  r  a  c  t

This  paper  reports  on  the  elucidation  of  the possible  mechanism  for  forming  the  putty structure  of
hyaluronan  (HA)  at low  pH  (2.5)  using  rheological  methods.  Oscillation  and  stress  relaxation  tests  on
a  series  HA  putty  samples  containing  various  concentrations  of salt  indicated  that  ionic  forces  were  not
the  driving  force  for their  formation,  but  hydrogen  bonds  were  responsible  for  driving  two  or  more  HA
molecular  chains  together  to form  a three  dimensional  network.  Our results  indicated/confirmed  that
the  carboxyl  group  of the glucuronic  acid  and  acetamido  group  of N-acetylglucosamine  moieties  on  two
eywords:
yaluronan
elation
utty
echanism
ydrogen bond

neighboring  HA  chains  are  involved  in the  formation  of  the  intermolecular  hydrogen  bonding,  which  lead
to  the formation  of  the  putty  at  pH 2.5.

Crown Copyright ©  2013 Published by Elsevier Ltd. All rights reserved.
heology

. Introduction

Sodium hyaluronate (Hyaluronan or HA), is a high molecular
eight unbranched polysaccharide, which was initially discovered

rom the vitreous humor of cattle eyes by Karl Mayer (Meyer &
ohn, 1934) in 1934. It occurs in the extracellular matrix of tis-
ues in animals, especially in synovial fluid, cock’s comb, umbilical
ord, as well as in streptococci (Kendall, Heidelberger, & Dawson,
937). HA is bioactive and has wide applications in the medical
eld and demonstrated applications for wound treatments (Chen

 Abatangelo, 1999; Endre & Balazs, 2005; Necas, Bartosikova,
rauner, & Kolar, 2008; Solchaga et al., 2005; Soldati & Pasche,
999).

HA is a disaccharide with �1-3-linked d-glucuronic acid and
1-4 linked d-N-acetylglucosamine repeating units polydispersed

n molecular weight (Meyer, 1958) (Scheme 1). It has been

hown to occupy a large hydrated volume with excluded vol-
me  effects, polyelectrolyte properties and viscoelastic properties
Hardingham, 2005). A special feature of HA, as reported by Balazs
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ood Canada, 93 Stone Road West, Guelph, Ontario, Canada N1G 5C9.
el.: +1 226 217 8076; fax: +1 519780 2600.
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144-8617/$ – see front matter. Crown Copyright ©  2013 Published by Elsevier Ltd. All ri
ttp://dx.doi.org/10.1016/j.carbpol.2013.05.088
(1966) and Gibbs, Merrill, Smith, and Balazs (1968), has puz-
zled investigators: HA can form a viscoelasitic putty at pH 2.5,
with an increased elastic behavior at a specific pH (Balazs, 1966).
The “putty” texture disappears when the pH is higher or lower
than a narrow pH range. This behavior was  later confirmed by
Hardingham (2005) and Gatej, Popa, and Rinaudo (2005). For
example, Hardingham (2005) investigated the self-diffusion of the
hyaluronan in NaCl solution at pH 2–4 by confocal fluorescence
recovery after photo bleaching (FRAP) and observed a pronounced
fall in self-diffusion and greater permeability of a tracer at pH 2.5
compared with a higher or lower pH values. This observation was
consistent with the viscoelastic putty formation at this pH by Balazs
(1966). Nevertheless, why HA forms a “putty” structure remains
unclear. Balazs and Gibbs et al. noted that the HA molecule is con-
siderably stiffer at pH 2.5 than at other pH conditions (Balazs, 1966;
Gibbs et al., 1968). An X-ray diffraction study on films prepared
from the umbilical cord HA putty revealed a left-handed anti-
parallel double helix which was  slightly cross-linked to form the
network. Conversion from solution to a putty was  seen as a quanti-
tative rather than a qualitative change of hydrogen bonds (Dea et al.,
1973). NMR  analysis of HA solutions identified a double helix at
other pH values due to the formation of the donor-acceptor hydro-
gen bonds, particularly between intermolecular carboxyl group and

acetamido groups (Heatey, 1999; Scott & Heatley, 2002). However,
the mechanism of the formation of the putty is still unclear: which
kind of force plays a dominating role in this process; and how
it takes action. Previous literatures (Arthur Mashburn, Hoffman,

ghts reserved.
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tion of NaCl. (Fig. 2). The further addition of Na+ ion (>0.1 M)  may
affect the formation of hydrogen bonds due to the present of exces-
sive ions. The above observations are in accordance with previous
data (Balazs, 1966; Gribbon, Heng, & Hardingham, 1999; Krause,

Fig. 1. Effect of pH on storage modulus G′ and loss modulus G′′ of HA solutions. HA
Scheme 1. The chemical structure of HA.

 Hsu, 1974; Furth, Knierim, Buss, & Mayer, 2008; Guss et al.,
975; Pisarcik, Bakos, & Ceppan, 1995; Sheehan, Arundel, & Phelps,
983; Sheehan, Gardner, & Atkins, 1977; Varga, Pietruszkiewicz,

 Ryan, 1959; Virtanen & Paunio, 1980; Winter & Arnott, 1977;
inter, Smith, & Arnott, 1975; Zellermann, Bergmann, & Mayer,

013) mainly focus on the rheological properties and conformation
hanges of HA solutions but no explanation of the mechanism of the
ormation of the putty was given. Although some studies were car-
ied out on the effect of sodium chloride, guanidine hydrochloride
nd sucrose on the rheological properties of HA solutions, however,
o specific effort was made to study those effects at the putty form-

ng conditions (i.e. pH 2.5) (Fujii, Kobayashi, Okamoto, & Nishinari,
995; Mi,  Takaya, & Nishinari, 1996; Mo,  Takaya, & Nishinari, 1995;
akaya & Nishinari, 1996). Based on above literature review, five
mall molecules, including sodium chloride, sucrose, urea, glu-
uronic acid and N-acetylglucosamine, were employed to elucidate
ossible mechanisms of hydrogen bonding between two or more
A chains at the putty forming condition, i.e. ∼ pH 2.5.

. Materials and methods

.1. Materials

Hyaluronic acid with a weight average molecular weight
f 3 million (protein content<0.5%) was purchased from Shan-
ong Freda Biopharm Co.,Ltd. (Jinan, China), produced by
treptococci fermentation. Glucuronic acid (purity 96%) and N-
cetylglucosamine (purity 98%) were purchased from J&K Chemical
td (Shanghai, China). Sodium chloride (AR) was purchased from
hina National Medicines Co.,Ltd. (Shanghai, China). Purified water
as prepared by Synergy Ultrapure Water Systems.

.2. Sample preparation

In our experiments, 0.6% (w/v) HA in normal saline solution
as prepared at various pH values to confirm the putty forming
roperties can be observed at pH 2.5 for the sample used in the
urrent study as reported in the literature (Balazs, 1966; Gibbs
t al., 1968; Hardingham, 2005). To study the influence of ionic
trength on the formation of the putty, 0.6% HA solutions were
repared in purified water, 0.05 M NaCl solution, 0.10 M solution,
ormal saline (0.154 M),  0.25 M NaCl solution, and 0.5 M NaCl solu-
ion, respectively. Urea, known as a hydrogen bond breaking agent,
as added to HA solutions prepared by normal saline at various

oncentrations at pH 2.5. Different concentrations of glucose, N-
cetylglucosamine, and glucuronic acid were added to HA solutions
eparately to elucidate the possible site for hydrogen bonding for-
ation. All of the prepared solutions were homogenously mixed

ver night, and adjusted to designed pH before rheological mea-
urements.
.3. Methods

ARES-G2 rheometer (TA instruments, DA, U.S.A), fitted with par-
llel plate geometry (diameter of 50 mm)  was used for rheological
ers 98 (2013) 1677– 1682

measurements. To prevent drying of the samples, a special cover
was used to seal the sample-holding region. After the sample was
introduced on to the plate and the temperature reached the set
value, the data were collected.

A strain sweep was  performed to determine the linear vis-
coelastic region ranging from 0.01% strain to 1000% strain at set
temperature at a low oscillation frequency (1 Hz), which was used
to set the strain for the rest of the experiments.

A frequency sweep at a constant strain (2%) at set tempera-
ture was carried out to monitor the evolution of viscoelasticity, the
storage modulus, G′, and the loss modulus G′′, and the tan ı in the
frequency range of 0.1 Hz to 10 Hz.

Finally, the stress relaxation experiment was  undertaken at a
constant strain (20%) at set temperature to demonstrate the change
of the networks of the putty structure: Sample was loaded onto the
plate; gap size of the instrument was  set at 1.1 mm.  Extra-sample
was trimmed carefully and the gap size was eventually set to 1 mm.
When the normal force was close to zero, the stress relaxation test
was started. Data were collected immediately and stopped when
G(t) value was lower than 0.01 Pa.

3. Results and discussion

3.1. Effect of pH on the viscoelastic properties of HA solutions

Fig. 1 shows the formation of HA “putty” and is reproducible:
when pH is adjusted to 2.5 or near pH 2.5, the putty is formed.

3.2. The influence of ionic strength

Due to addition of NaCl electrostatic shielding will increase,
which usually causes the increase of the molecular stiffness and
gel strength of HA solutions (Morris, Rees, & Welsh, 1980; Tigwell
& Scott, 1978; Wik  & Comper, 1982). However, the effect of Na+

concentration on the chain stiffness is not significant as shown in
Fig. 2. Thus, the gel strength of HA solutions increased with the salt
concentration lower than 0.1 M and decreased with further addi-
concentration 0.6 g/100 mL  in normal saline solution at 10 ◦C (�: pH 7.0 G′;�: pH
7.0 G′′;�: pH 4.0 G′; ©: pH 4.0 G′′; �: pH 2.9 G′;�: pH 2.9 G′′;�: pH 2.7 G′;�: pH 2.7
G′′;�: pH 2.5 G′;♦: pH 2.5 G′′; 	: pH 2.35 G; 
: pH 2.35 G′′;�: pH 2.25 G′; �: pH 2.25
G′; :pH 2.0 G′ , :pH 2.0 G′′; �:pH 1.5 G′; �pH 1.5 G′′). Insert: changes of G′ and G′′

with pH at 0.1 Hz.
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Fig. 2. Effect of NaCl on the storage modulus G′ and loss modulus G′′ of 0.6% HA in
different saline solutions at pH2.5, 25 ◦C (�: ultrapure water G′; �: ultrapure water
G′′; �: 0.05 M NaCl solution G′;�: 0.05 M NaCl solution G′′; �: 0.1 M NaCl solution
G′;�:0.1 M NaCl solution G′′; �:normal saline G′;�: normal saline G′′; 	:: 0.25 M
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Fig. 4. Stress relaxation spectra of 0.6% HA normal saline solutions in different
aCl solution G ; 
:0.25 M NaCl solution G ; �: 0.5 M NaCl solution G ; �: 0.5 M
aCl solution G′′).

ellomo, & Colby, 2001; Varga et al., 1959). Ionic interaction is thus
ot the deciding force in forming the putty.

.3. Breakdown of the hydrogen bonds between HA chains

Urea is known as a hydrogen bond breaking agent (Luo &
hang, 2010; McGrane, Mainwaring, Cornell, & Rix, 2004; Sagle
t al., 2009). Fig. 3 demonstrated the influence of urea on the net-
ork formation of HA solutions at pH 2.5. As the concentration

f urea increased, the gel strength decreased. At a critical urea
oncentration the putty network was significantly weakened. Fur-
her increase of urea concentration to 10% and above completely
estroyed the putty structure. This is more effectively demon-
trated by the stress relaxation experiment in which the relaxation
odulus G(t) was measured against time, as described by Ferry
1980). The results of stress relaxation modulus G(t) against time
t various urea concentrations are shown in Fig. 4. With the increase
f urea concentration, the relaxation modulus G(t) decreased grad-
ally indicating weakening of the putty networks. The decrease of

ig. 3. Influence of added components on the storage modulus G′ and loss modu-
us  G′′ of 0.6% HA normal saline solutions at pH 2.5, at 10 ◦C at 0.1 Hz (�: urea G′;
:glucose G′; �: N-acetylglucosamine G′;�: glucuronic acid G′).
urea concentrations at pH2.5, 15 ◦C (�: 0% urea, urea:�: 2.5% urea; 
 5.0%urea;
�:  10%urea; ×20%urea).

G(t) became more significant when urea concentration reached at
5%, indicating the complete breakdown of the putty structure. The
relaxation modulus G(t) fall to zero immediately when urea con-
centration was  10% or higher, indicating a viscous system at such
conditions, as shown in Fig. 4.

It is well known that versatile substances with an active
hydrogen-bond donor and/or acceptor, which have strong ability to
break the existing hydrogen bonds and form new ones in aqueous
solutions. These groups of compounds are often used as hydro-
gen bond breaking agents, such as urea, sulfo-urea and Guanidine
hydrochloride (Luo & Zhang, 2010; McGrane et al., 2004; Sagle et al.,
2009). Using the hydrogen bonding breaking agent urea showed
that the structure of the putty is broken down when exceeding
a certain urea concentration, illustrating that the main force for
forming the putty structure is hydrogen bond. The effect of urea on
HA putty structure can be explained below. The added urea would
compete with the HA chain for forming hydrogen bonds, which
consequently broke the inter-chain hydrogen bonds, thus, weak-
ening or destroyed the putty structure. With a gradual increase of
urea concentration, the gel strength of the putty decreases and the
“putty” structure eventually disappears. The stress relaxation data
showed in Fig. 4 as well as the frequency sweep results in Fig. 3 are
further evidences for this conclusion.

3.4. Identification of the possible hydrogen bond contributors

Addition of small molecules with active hydrogen-bond donors
and/or acceptors to the HA solutions could help to identify which
group was involved in the hydrogen bonding of HA. Considering
the similarity of structure and movability, glucose was selected
as a competitive small molecule whose hydroxyl groups possess
similar properties to those hydroxyl groups on the HA chain. With
the addition of glucose, we  could observe the role of the hydroxyl
groups of HA chain in the formation of the putty structure. Sim-
ilarly, N-acetylglucosamine and glucuronic acid were also added
to HA solutions to examine the role of carboxyl and acylamide
groups in the formation of hydrogen bonds. The effect of, glu-
cose, N-acetylglucosamine and glucuronic acid on putty strcture
at pH 2.5 are shown in Figs. 3–7. Fig. 3 shows the changes of

storage modulus G′ at a fixed frequency (0.1 Hz). The addition of
glucose up to 5% did not weaken the putty structure; instead, the
gel strength was slightly increased. In Fig. 3, the storage modu-
lus G′ initially increased with the addition of glucose, however,
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Fig. 5. The strain relaxation spectra of putty of HA containing different concentra-
tion glucose formed at pH 2.5 at 15 ◦C (�: no glucose; �: 2.4%glucose; �: 5.0%glucose;
	: 10%glucose).

Fig. 6. Stress relaxation spectra of HA putty of containing N-
acetylglucosamine(naga) at various concentrations at pH2.5, 15 ◦C (�: 0%
naga; 	: 2.5% naga; �: 5.0% naga; �: 10% naga).

Fig. 7. Stress relaxation of HA putty containing glucuronic acid (GluA)at various
concentrations at pH2.5, 10 ◦C (�: 0% GluA; �: 2.5%GluA:5.0%GluA; 	 10%GluA).
ers 98 (2013) 1677– 1682

the storage modulus decreased when glucose was added to 10%.
This seems inconsistent with the data of stress relaxation (Fig. 5),
which increased sharply. However, this could be explained by
the transformation equation between oscillitation and the discrete
relaxation time spectrum (Ferry, 1980):

G′(ω) =
∑

Gi

ω2�2
i

1 + ω2�2
i

(1)

Because relaxation time �i is very small value, the stress relaxation
modulus Gi would be a huge value when the G′(ω)  is a constant
value, which means that tiny difference in storage modulus of sam-
ple that instrument in oscillation mode is difficult to tell, huge
difference would be detected by the instrument in stress relaxation
mode. What’s more, the relaxation time is related to the variety of
solute and their concentration. So the experiment of stress relax-
ation is more effective for detection of the difference between
samples. The two  kind of experiments showed that the network
density increased with the initial increase of glucose concentra-
tion. This is because the added glucose competed with HA for water,
which in fact increased the effective concentration of HA, therefore,
give rise to the gel strength. But the reason of the decrease of stor-
age is still unknown when the concentration of glucose reached
to 10%, the data of stress relaxation still showed the increase of
network numbers in the putty. If the hydroxyl group was  actively
involved in the hydrogen bond formation in the putty, the addition
of glucose (with numerous hydroxyl groups) would have competed
with the hydroxyl group on the HA chain, therefore, weakened the
inter-chain association (e.g. double helix).

When N-acetylglucosamine was added for competing with HA,
the putty structure was  not weakened by the addition of the acy-
lamide groups (Figs 3 and 6); on the contrary, the putty structure
was enhanced, as shown in Fig. 3. Stress relaxation data also demon-
strated the similar trends, i.e. the putty structure was  enhanced
with the addition of N-acetylglucosamine, as shown in Fig. 6. This
result seems indicating that the acylamide group did not actively
take part in the hydrogen bonding formation in the HA putty,
instead, it modified the solvent quality which resulted in the stiffen
of HA chain. However, previous studies suggested that double helix
were formed by the hydrogen bond between carboxylate groups
and acetamido groups, both in HA putty and solutions (Dea et al.,
1973; Gatej et al., 2005; Heatey, 1999; Scott, Cummings, Brass, &
Chen, 1991). Considering the weak effect of pH on the acetamido
groups and the importance of pH in forming the putty, we could
speculate that acetamido group was passive in the process of form-
ing the hydrogen bonds in the putty; however, once a hydrogen
bond is formed, it will not be easy to break. This may  explain why
the added N-acetylglucosamine did not compete with that of HA
chain in the compact double helical structure, possibly due to steric
hindrance.

The addition of glucuronic acid resulted in a decrease of both
G′ and G(t) even at low concentrations (Figs. 3 and 7 respectively).
This observation indicated that the carboxyl group of free glu-
curonic acid actively competed with the carboxyl group of the
glucuronic acid residue on the HA chain as soon as it is added.
When it’s concentration reached a critical level, the putty structure
collapsed. The observed results confirmed that glucuronic acid
was actively involved in the formation of the hydrogen bonding
in HA solutions, which led to the disruption of the network of
the putty. This is becasue the movability of the glucuronic acid
residues on HA chain in aqueous solution was  severely limited by
the chain conformation; in contrast, the coefficient of self-diffusion

of the added free glucuronic acid molecules was far higher than
that on the HA chain. As a result, it was easier for those small
molecules to replace the residue of glucuronic acid on HA chain
in competition for forming new hydrogen bonds. As a result, the
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Fig. 8. Schematic diagram of the form

xcessive added free glucuronic acid can form new hydrogen
onds with the acetamido group on HA chain, which, acted like

 wedge, dissociated the HA double helix, essentially led to the
isappearance of the putty structure. Fig. 8 depicts the possible
echanisms for the formation of HA double helix structure and

he effect of adding glucose, acetylglucosamine, and glucuronic
cid on the stability of the putty structure at pH 2.5.

. Summary and conclusions

Current study used a systematic approach to elucidate the pos-
ible mechanisms for a well-known but unresolved phenomenon:
A can form a putty at pH 2.5. The stepwise addition of NaCl, urea,
lucose, N-acetylglucosamine and glucuronic acid in to the HA solu-
ions at the putty forming condition (pH 2.5) helped to elucidated
he individual roles of these four components. Based on the current
tudy, following conclusions could be made:

1) Ionic force was not the driving force of forming the putty, but it
contributed to the strength of the formed putty; the extent of
the effect varied with the concentration of ions.

2) Hydrogen bonding was confirmed as the driving force for the
formation of HA putty structure in solutions at pH 2.5.

3) The competition of three components with HA chains demon-
strates that the double helix structure formed by hydrogen
bonds between carboxyl group of the glucuronic acid and
acetamido group of the N-acetylglucosamine played an impor-
tant role in forming the putty. The protonation of the carboxyl
groups possibly promoted the formation of the double helix,
which made the HA chains more stiffer, hence, formed three
dimensional network, i.e. the putty structure. In the same prin-
ciple, the excessive hydrogen ions, which are also hydrogen

bond breaking agent, broke down the network structure of HA
when pH was adjusted smaller than 2.5. Quantitative effect
of pH, urea, N-acetylglucosamine and glucuronic acid on the
putty structure will be reported in the subsequent study (Wu
Shengfang, Chen, Kang, & Steve, 2013).
and disruption of HA putty networks.

Acknowledgement

The authors would like to thank Dr. E.A. Balazs of the Matrix Biol-
ogy Institute, Edgewater, New Jersey, for his inspiration, numerous
constructive comments and suggestions during the entire course
of current study. The authors also thank Professor Glyn O. Phillips
of the Phillips Hydrocolloids Research Center, Glyndwr University,
Wales, for his critical review and constructive suggestion to the
paper.

References

Arthur Mashburn, T., Jr., Hoffman, P., & Hsu, D.-S. (1974). The effect of cations in
equilibrium gradient centrifugation of mucopolysaccharides. Biochimica et Bio-
physica Acta (BBA) – General Subjects, 362(2), 366–374.

Balazs, E. A. (1966). Sediment volume and viscoelastic behavior of hyaluronic acid
solutions. Federation Proceedings, 25(6), 1817–1822.

Chen, W.  Y. J., & Abatangelo, G. (1999). Functions of hyaluronan in wound repair.
Wound Repair and Regeneration, 7(2), 79–89.

Dea, I. C. M.,  Moorhouse, R., Rees, D. A., Arnott, S., Guss, J. M.,  & Balazs, E. A. (1973).
Hyaluronic acid: A novel, double helical molecule. Science, 179(4073), 560–562.

Endre, A., & Balazs, V. C. H. (Eds.). (2005). Hyaluronan: Structure, Metabolism, Biological
Activities, Therapeutic Applications. Matrix Biology Institute.

Ferry, J. D. (1980). Viscoelastic properties of Polymers. New York Chichester Brisbane
Toronto.  Singerpore: John Wiley&Sons.

Fujii, K., Kobayashi, Y., Okamoto, A., & Nishinari, K. (1995). Effects of the addition
of  hyaluronate segments with different chain lengths on the viscoelasticity of
hyaluronic acid soutions. Biorheology, 32(2–3), 209.

Furth, G., Knierim, R., Buss, V., & Mayer, C. (2008). Binding of bivalent cations
by  hyaluronate in aqueous solution. International Journal of Biological Macro-
molecules,  42(1), 33–40.

Gatej, I., Popa, M.,  & Rinaudo, M.  (2005). Role of the pH on hyaluronan behavior in
aqueous solution. Biomacromolecules, 6(1), 61–67.

Gibbs, D. A., Merrill, E. W.,  Smith, K. A., & Balazs, E. A. (1968). Rheology of hyaluronic
acid. Biopolymers, 6(6), 777–791.

Gribbon, P., Heng, B. C., & Hardingham, T. E. (1999). The molecular basis of the solu-
tion properties of hyaluronan investigated by confocal fluorescence recovery
after photobleaching. Biophysical Journal, 77(4), 2210–2216.

Guss, J. M.,  Hukins, D. W.  L., Smith, P. J. C., Winter, W.  T., Arnott, S., Moorhouse, R.,
et  al. (1975). Hyaluronic acid: Molecular conformations and interactions in two
sodium salts. Journal of Molecular Biology, 95(3), 359–384.
Hardingham, T. (2005). Properties of hyaluronan in aqueous solution. Matrix Biology
Institute.

Heatey, J. E. S. A. F. (1999). Hyaluronan forms specific stable tertiary structures
in aqueous solution: A 13C NMR  study. Proceedings of the National Academy of
Sciences of the United States of America, 96,  4850–4855.

http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0005
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0010
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0015
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0020
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0025
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0030
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0035
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0040
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0045
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0050
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0055
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0060
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0065
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0070


1  Polym

K

K

L

M

M

M

M

M

M

N

P

S

S

S

682 S. Wu  et al. / Carbohydrate

endall, F. E., Heidelberger, M.,  & Dawson, M.  H. (1937). A serologically inactive
polysccharide elaborated by mucoid strains of group A hemolytic streptococci.
Journal of Biological Chemistry,  118(1), 61–69.

rause, W.  E., Bellomo, E. G., & Colby, R. H. (2001). Rheology of sodium hyaluronate
under physiological conditions. Biomacromolecules, 2(1), 65–69.

uo, X., & Zhang, L. (2010). New solvents and functional materials prepared from
cellulose solutions in alkali/urea aqueous system. Food Research International,
52(1), 387–400.

cGrane, S. J., Mainwaring, D. E., Cornell, H. J., & Rix, C. J. (2004). The role of hydrogen
bonding in amylose gelation. Starch – Stärke,  56(3-4), 122–131.

eyer, K. (1958). Chemical structure of hyaluronic acid. Federation Proceedings,
17(4), 1075–1077.

eyer, K. P., & John, W.  (1934). The polysaccharide of the vitreous humor. Journal of
Biological Chemistry,  107, 629–634.

i,  Y., Takaya, T., & Nishinari, K. (1996). Effects of sodium chloride, guanidine
hydrochloride and sucrose on the rheological properties of hyaluronic acid solu-
tions. Biorheology, 33(1), 79.

o,  Y., Takaya, T., & Nishinari, K. (1995). Effects of sodium chloride, guanidine
hydrochloride and sucrose on the rheological properties of hyaluronic acid solu-
tions. Biorheology, 32(2), 369.

orris, E. R., Rees, D. A., & Welsh, E. J. (1980). Conformation and dynamic interactions
in  hyaluronate solutions. Journal of Molecular Biology, 138(2), 383–400.

ecas, J., Bartosikova, L., Brauner, P., & Kolar, J. (2008). Hyaluronic acid (hyaluronan):
A  review. Veterinarni Medicina, 53(8), 397–411.

isarcik, M., Bakos, D., & Ceppan, M.  (1995). Non-Newtonian properties of hyaluronic
acid aqueous solution. Colloids and Surfaces A: Physicochemical and Engineering
Aspects,  97(3), 197–202.

agle, L. B., Zhang, Y., Litosh, V. A., Chen, X., Cho, Y., & Cremer, P. S. (2009). Investigat-
ing the hydrogen-bonding model of urea denaturation. Journal of the American
Chemical Society,  131(26), 9304–9310.

cott, J. E., Cummings, C., Brass, A., & Chen, Y. (1991). Secondary and ter-
tiary structures of hyaluronan in aqueous solution, investigated by rotary

shadowing-electron microscopy and computer simulation. Biochemical Journal,
274,  699–705.

cott, J. E., & Heatley, F. (2002). Biological properties of hyaluronan in aqueous solu-
tion  are controlled and sequestered by reversible tertiary structures, defined by
NMR  spectroscopy. Biomacromolecules, 3(3), 547–553.
ers 98 (2013) 1677– 1682

Sheehan, J. K., Arundel, C., & Phelps, C. F. (1983). Effect of the cations sodium, potas-
sium and calcium on the interaction of hyaluronate chains: A light scattering
and  viscometric study. International Journal of Biological Macromolecules, 5(4),
222–228.

Sheehan, J. K., Gardner, K. H., & Atkins, E. D. T. (1977). Hyaluronic acid: a double-
helical structure in the presence of potassium at low pH and found also with the
cations ammonium, rubidium and caesium. Journal of Molecular Biology, 117(1),
113–135.

Solchaga, L. A., Temenoff, J. S., Gao, J., Mikos, A. G., Caplan, A. I., & Goldberg, V. M.
(2005). Repair of osteochondral defects with hyaluronan- and polyester-based
scaffolds. Osteoarthritis and Cartilage, 13(4), 297–309.

Soldati, D. R. F., & Pasche, P. (1999). Mucosal wound healing after nasal surgery.
A  controlled clinical trial on the efficacy of hyaluronic acid containing cream.
Drugs under Experimental and Clinical Research, 25(6), 253.

Takaya, T., & Nishinari, K. (1996). Intrinsic viscosity and partial specific volumeof
hyaluronic acid. Biorheology, 33(4–5), 416.

Tigwell, M.  J., & Scott, J. E. (1978). Periodate oxidation and the shapes of glycosamino-
glycuronans in solution. Biochemical Journal, 173, 103–114.

Varga, L., Pietruszkiewicz, A., & Ryan, M.  (1959). Studies on hyaluronic acid: I.
The influence of ionic strength on the sedimentation and diffusion properties.
Biochimica et Biophysica Acta, 32(0), 155–165.

Virtanen, P., & Paunio, K. (1980). The effect of pH and ionic strength on the elec-
trophoretic separation of acidic glycosaminoglycans. Journal of Chromatography
B:  Biomedical Sciences and Applications, 221(1), 49–57.

Wik, K. O., & Comper, W.  D. (1982). Hyaluronate diffusion in semidilute solutions.
Biopolymers,  21(3), 583–599.

Winter, W.  T., & Arnott, S. (1977). Hyaluronic acid: The role of divalent cations in
conformation and packing. Journal of Molecular Biology, 117(3), 761–784.

Winter, W.  T., Smith, P. J. C., & Arnott, S. (1975). Hyaluronic acid: Structure of a
fully extended 3-fold helical sodium salt and comparison with the less extended
4-fold helical forms. Journal of Molecular Biology, 99(2), 219–235.

Wu  Shengfang, A. L., Chen, Jie, Kang, Ji, & Steve, Cui W.  (2013). Study of the mech-

anism of formation of hyaluronan putty at pH 2.5: Part II—Theoretical analysis.
Carbohydrate Polymers, http://dx.doi.org/10.1016/j.carbpol.2013.05.087

Zellermann, A.-M., Bergmann, D., & Mayer, C. (2013). Cation induced confor-
mation changes in hyaluronate solution. European Polymer Journal, 49(1),
70–79.

http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0075
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0080
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0085
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0090
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0095
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0100
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0105
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0110
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0115
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0120
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0125
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0130
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0135
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0140
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0145
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0150
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0155
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0160
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0165
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0170
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0175
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0180
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0185
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0190
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0195
dx.doi.org/10.1016/j.carbpol.2013.05.087
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205
http://refhub.elsevier.com/S0144-8617(13)00574-2/sbref0205

	Study of the mechanism of formation of hyaluronan putty at pH 2.5: Part I. Experimental measurements
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Sample preparation
	2.3 Methods

	3 Results and discussion
	3.1 Effect of pH on the viscoelastic properties of HA solutions
	3.2 The influence of ionic strength
	3.3 Breakdown of the hydrogen bonds between HA chains
	3.4 Identification of the possible hydrogen bond contributors

	4 Summary and conclusions
	Acknowledgement
	References


