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Stress-relaxation behavior in gels with ionic and covalent crosslinks
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Long-chained polymers in alginate hydrogels can form networks by either ionic or covalent
crosslinks. This paper shows that the type of crosslinks can markedly affect the stress-relaxation
behavior of the gels. In gels with only ionic crosslinks, stress relaxes mainly through breaking and
subsequent reforming of the ionic crosslinks, and the time scale of the relaxation is independent of
the size of the sample. By contrast, in gels with only covalent crosslinks, stress relaxes mainly
through migration of water, and the relaxation slows down as the size of the sample increases.
Implications of these observations are discussed. © 2010 American Institute of Physics.
关doi:10.1063/1.3343265兴
I. INTRODUCTION

Hydrogels are materials of choice in diverse
applications.1 In many applications, the mechanical behavior
of hydrogels plays significant roles. As matrices to grow
tissues in vivo, for example, hydrogels are subject to forces
from bones, muscles, and blood vessels. In drug screening
and apparatus for basic research in biology, hydrogels
mimic the physical, chemical, and mechanical behaviors of
the physiological environment.2–4 In food processing,
polysacharide-based polymers, including pectins and alginates, are extensively used.5 Hydrogels have been developed
in recent years as stimuli-responsive materials for biomimetic devices.6,7 In all these applications, it is important to
understand the mechanical behavior of the hydrogels.
Studies of the mechanical behavior of hydrogels have
included swelling, deformation, and fracture, as well as instability of various forms.8–13 This paper focuses on the
stress-relaxation behavior.14 Hydrogels developed to repair
articular cartilage, for example, may be more effective if
their stress-relaxation behavior matches that of the native
tissue, since such behavior affects transfer of loads and transport of nutrients.15,16 As a second example, to upregulate the
release of drugs from a hydrogel, one may apply a constant
strain on the hydrogel for a period of time.3,17 The profile of
drug release would be greatly affected by how the stress
evolves during this time.8 Finally, the texture and mouth feeling of many foods are strongly affected by the stress relaxation of polysacharide-based hydrogels in them.5
Previous studies on rheological properties of hydrogels
focused on the effects of polymer type, polymer molecular
weight, chain configuration, crosslink density, water concentration, and temperature.14,18–20 However, less focus has been
placed on the effect of specific crosslinking mechanism.
Many long-chained polymers 共e.g., alginate, chitosan兲 can
form networks by either ionic or covalent crosslinks. In this
paper, we show that the stress-relaxation behavior of hydrogels is strongly affected by how the polymers are
a兲
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crosslinked. In gels with ionic crosslinks, stress relaxes
mainly through breaking and subsequent reforming of the
ionic crosslinks. By contrast, in gels with covalent
crosslinks, stress relaxes mainly through migration of water.
We chose alginate hydrogels as a model material. Alginate is one of the most attractive polymers to form hydrogels
for biomedical applications.1 It is a naturally derived linear
polysaccharide comprised of the ␤-D-mannuronic acid 共Munit兲 and the ␣-L-guluronic acid 共G-unit兲, arranged in blocks
rich in G units, blocks rich in M units, and blocks of alternating G and M units. The polymers of alginate can form a
three dimensional network by crosslinks of two types, ionic
or covalent 共Fig. 1兲. Ionic crosslinks are formed by the binding of divalent cations 共e.g., calcium兲 between G blocks on
different alginate chains.21 Covalent crosslinks are typically
formed by the reaction between carboxylic groups in alginate
chains and a crosslinking molecule possessing primary
diamines.22 We report the stress-relaxation behavior of the
alginate hydrogels containing covalent crosslinks and ionic
crosslinks. The density of the crosslinks is controlled such
that both types of gels have a similar elastic modulus. We
show that a gel with ionic crosslinks relaxes stress much
more rapidly than a gel with covalent crosslinks. The time
scale of the relaxation is unaffected by the size of the sample
for the gels with ionic crosslinks, but increases with the size
of the sample for the gels with covalent crosslinks.
II. EXPERIMENTAL SECTION

Materials. Sodium alginate was purchased from Pronova
Biopolymers Inc. 共Porths-mouth, NH兲 and used without furCa2+

AAD

FIG. 1. Long-chained polymers of sodium alginate can form a network by
共a兲 ionic crosslinks, Ca2+, or by 共b兲 covalent crosslinks, adipic acid dihydrazide 共AAD兲.
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FIG. 2. 共Color online兲 共a兲 Schematic of a stress-relaxation test. A disk of a
gel is immersed in a PBS solvent and placed between two impermeable rigid
plates. A strain is suddenly applied to the gel. 共b兲 Subsequently, the strain is
held constant, while the stress is recorded as a function of time.

ther purification. The sodium alginate had an overall guluronic acid 共G-block兲 content of approximately 62% as previously verified with circular dichromism.11 Dulbecco’s
phosphate buffered saline 共PBS兲 was purchased from Invitrogen 共Carlsbad, CA兲. Calcium sulfate 共CaSO4兲, adipic acid
dihydrazide 共AAD兲, 1-ethyl-3-共dimethylaminopropyl兲 carbodiimide 共EDC兲, 2-共N-morpholino兲ethanesulfonic acid hydrate 共MES兲, 1-hydroxybenzotriazole 共HOBt兲, and ethylenediaminetetraacetic acid were purchased from Sigma-Aldrich
共St. Louis, MO兲. All chemical reagents were of analytical
grade and used as received.
Preparation of Hydrogels. To prepare alginate hydrogels
with covalent crosslinks, 2% 共w/w兲 alginates solution in
MES buffer 共0.1M MES and 0.5M NaCl, pH 6.0兲 were sequentially mixed with HOBt, EDC, and AAD. The concentration of AAD was 5 mM. Alginate hydrogels with ionic
crosslinks were formed by mixing 2% 共w/w兲 alginate aqueous solution with slurries of CaSO4, to a final concentration
of 50 mM Ca2+. The mixtures of alginate and crosslinkers
were immediately cast between two glass plates separated by
a 4 mm spacer. After 2 h the gels were cut into disks with
radii 共R兲 of 5, 6, and 8 mm. The disks were stored at room
temperature in PBS for 24 h before testing.
Mechanical Testing. The instantaneous elastic moduli
共E0兲 and stress relaxation properties of gels were measured
from compression tests of the disks performed with an Instron 3342 from Instron 共Norwood, MA兲. 关Fig. 2共a兲兴 The gel
disks were deformed with impermeable plates to a compressive strain of 15% with a deformation rate of 1 mm/s, in
order to approximate an instantaneous deformation. The alginate gel was slippery, so that the disk expanded freely
when it was compressed. No bulging of the side faces was
observed. Within 15% compression, the stresses versus strain

FIG. 3. 共Color online兲 The stress-relaxation behavior of a gel with ionic
crosslinks, and of a gel with covalent crosslinks. The two gels have a similar
elastic modulus, but very different relaxation times.

relations of the gels are almost linear, and the slope of the
stress versus strain curves gives E0. Subsequently, the strain
was held constant, while the load was recorded as a function
of time 关Fig. 2共b兲兴. The gels were soaked in PBS during the
stress-relaxation tests to prevent dehydration. In calculating
the stress, we divided the force by the areas of the disks of
the gel in the undeformed state.
Measurements of Weights. The weights of the disks of
the gels were measured before and right after the stress relaxation tests. The disks of the gels were stored in PBS for
another 24 h, and the weights of the disks were measured
again.

III. RESULTS

Stress relaxation in gels with ionic and covalent
crosslinks. The hydrogels formed from 2% alginate solution
crosslinked using either 50 mM of calcium or 5 mM of AAD
gave almost the same instantaneous elastic modulus,
⬃26 kPa, and swelling ratio, ⬃49. The two types of hydrogels, however, exhibited greatly different stress-relaxation
behaviors 共Fig. 3兲. For disks of gels of 6 mm radius, it took
⬃20 s for the gel with ionic crosslinks to relax half of the
stress, but it took ⬃3600 s for the gel of covalent crosslinks
to relax half of the stress. The stress in the gel with ionic
crosslinks kept decaying to approximately zero, while the
stress in the gel with covalent crosslinks reaches a plateau at
⬃46% of the maximum stress and showed no further decrease.
Plastic and elastic deformation. After the stressrelaxation tests, the forces were removed, and the disks of
the gels were stored in PBS for another 24 h. The photographs of the disks before and after deformation are compared in Fig. 4. After soaking in PBS, the covalent gel recovered to its original size 关Fig. 4共a兲兴, but the ionic gel
exhibited permanent deformation 关Fig. 4共b兲兴.
Weight variations of gels. As shown in Fig. 5, the
weights of ionic gel disks were kept at a constant level before the stress-relaxation test, right after the test, and after
storing the tested disks in PBS for 24 h. On the other hand,
stress relaxation tests decreased the weights of covalent gel
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FIG. 4. 共Color online兲 Photographs of gels before and after deformation.
The gels were subjected to the stress relaxation test. After the test, the load
was removed to allow the gels to recover. 共a兲 For a gel with covalent
crosslinks, deformation fully recovers after the load is removed. 共b兲 For a
gel with ionic crosslinks, part of the deformation is permanent after the load
is removed.

disks ⬃6%. Furthermore, the compressed covalent gel disks
recovered their weights after storing in PBS for 24 h 共Fig. 5兲.
Effect of sample size on stress relaxation. For the gel of
ionic crosslinks, the radius of the disk did not affect the
stress-relaxation behavior 关Fig. 6共a兲兴. For the gel of covalent
crosslinks, however, the stress relaxed slower when the radius of the disk was larger 关Fig. 6共b兲兴. For the covalent gel,
the radii of the disks did not affect the level of the stress at
either very short times or very long times.
IV. DISCUSSIONS

The deformation is plastic in the gel with ionic
crosslinks, but is elastic in the gel with covalent crosslinks
共Fig. 4兲. Stress relaxation tests decrease the weights of covalent gel disks but do not change the weights of ionic gel
disks 共Fig. 5兲. The time scale of the stress relaxation is independent of the size of the gel with ionic crosslinks, but increases with the size of the gel with covalent crosslinks 共Fig.
6兲. These behaviors are consistent with the following mechanisms of deformation: the gel with ionic crosslinks relaxes

FIG. 6. 共Color online兲 共a兲 For gels with ionic crosslinks, the stressrelaxation behavior is independent of the radius of the disk. 共b兲 For gels with
covalent crosslinks, the relaxation slows down as the radius of the disk
increases. The radius of the disk, however, does not affect the levels of the
stress at short and long times.

stress by breaking and reforming ionic crosslinks,23 while the
gel with covalent crosslinks relaxes stress by migration of
water.24
Mechanism for stress relaxation in gels with covalent
crosslinks. To ascertain the mechanism of water migration in
the gel with covalent crosslinks, we relate the time of relaxation and the radius of disk. Because the top and the bottom
plates compressing the gel are impermeable, water can only
migrate out of the disk from the edges. Consequently, the
radius of the disk is the only relevant length scale for the
migration of water. If the gel relaxes stress primarily by the
migration of water, the stress should take the following functional form:25

=f

FIG. 5. 共Color online兲 The weights of ionic and covalent gel disks before
the stress-relaxation test, right after the test, and after storing in PBS for 24
h.

冉冑 冊

t
,
R

共1兲

where  is the stress, t is the time, and R is the radius of the
disk. We now replot the data in Fig. 6共b兲 to show the effect
of the radius of the disk on the stress-relaxation behavior of
the gel with covalent crosslinks. When the stress is plotted as
a function of 冑t / R 共Fig. 7兲, the curves for the disks of different radii collapse into a single curve. The relation between
the time of relaxation and the radius of disk strongly suggests that the covalent gel relaxes stress by the migration of
water. Figure 7 also provides an estimate of the coefficient of
diffusion, D. Let D ⬃ R2 / t and using 3600 s for t and 6 mm
for R, we obtain that D ⬃ 10−8 m2 / s. This order of magni-
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reformation of ionic crosslinks is the dominant mechanism
of deformation of the ionic gels in our tests. This conclusion
is also supported by the observation that the weights of ionic
gel disks were unchanged before and after the stressrelaxation tests 共Fig. 5兲.
V. CONCLUDING REMARKS

FIG. 7. 共Color online兲 The effect of the radius R of the disk on the stressrelaxation behavior of a gel with covalent crosslinks. When the of stress is
plotted as a function of 冑t / R, the curves for the disks of different radii
collapse into a single curve.

tude is similar to those reported in the literature.26
Mechanism for stress relaxation in gels with ionic
crosslinks. In a gel with ionic crosslinks, both mechanisms of
breaking/reforming of ionic crosslinks and migration of water are expected to be concurrent. Our experimental data
关Fig. 6共a兲兴, however, show that the relaxation time is independent of the radii of the disks. This observation is understood as follows. To break and reform an ionic crosslink,
calcium ions detach from the anions on the alginate chains,
migrate over a distance about the size of the molecular units,
and then reattach to the anions on the alginate chains. The
time  needed for this process is independent of the size of
the disk of the gel.11 This characteristic time is the one relevant to the stress relaxation if the gel relaxes stress only by
the reformation of ionic crosslinks. A combination of  and
D defines a characteristic length:
⌳ = 冑D .

共2兲

If this characteristic length is much smaller than the radius of
the disk of the ionic gel, ⌳ Ⰶ R, the ionic crosslinks reform
much faster than water migrates out. Consequently, when a
large gel disk with only ionic crosslinks is subject to a constant strain, the stress in the gel is relaxed before any appreciable water migration, so the stress-relaxation behavior of
the gel is independent of the size of the gel. By contrast, if
⌳ Ⰷ R, both the migration of water and the reformation of
ionic crosslinks are concurrent. That is, over the time needed
for the reformation of ionic crosslinks, water redistributes
rapidly such that the chemical potential of water everywhere
in the gel equalizes the chemical potential of water in the
external solvent. An inspection of Fig. 3 gives an estimate
 ⬃ 10 s. Similar time scales were reported for creep tests of
ionically crosslinked alginate hydrogels.14 The time scale
was observed to depend on the calcium ion concentration
and the distance between crosslinks.14 Together with the estimate D ⬃ 10−8 m2 / s, we obtain a value for the characteristic length, ⌳ ⬃ 300 m. The size of the gel in our tests is
⬃6 mm, which is much greater than ⌳. Consequently, the

When a gel is subject to a constant strain, the stress in
the gel relaxes by different mechanisms, depending on the
type of crosslinks. For a gel with ionic crosslinks, the stress
relaxes as the crosslinks dissociate and reform elsewhere, so
that the network undergoes plastic deformation. For a gel
with covalent crosslinks, the stress relaxes as water migrates
out of the gel, so that the network undergoes elastic deformation. The time scale of the relaxation is unaffected by the
size of the sample for the gels with ionic crosslinks, but
increases with the size of the sample for the gels with covalent crosslinks. We estimate a size scale, below which migration of water becomes an operative mechanism to relax stress
in gels of ionic crosslinks.
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