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Degradation is often a critical property of materials utilized in tissue engineering. Although alginate,
a naturally derived polysaccharide, is an attractive material due to its biocompatibility and ability to form
hydrogels, its slow and uncontrollable degradation can be an undesirable feature. In this study, the
degradation behavior of hydrogel based on oxidized sodium alginate (OSA) crosslinked with Ca2þ was
studied in phosphate buffer solution (PBS, pH ¼ 7.4) and Tris-(hydroxymethyl) aminomethane–HCl (Tris–
HCl, pH ¼ 7.4) at 37 �C. The degradation behavior of OSA hydrogels with different degrees of oxidation
was evaluated as a function of degradation time by monitoring the changes of molecular weight and
weight loss. It was found that the degradation behavior relied heavily on the degree of oxidation and the
surrounding medium. This result indicates that the degradation rates of OSA hydrogels can be controlled
by changing the degree of oxidation.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogels, i.e. polymeric three-dimensional networks able to
swell in the presence of an aqueous medium, are extensively
employed in biomedical and pharmaceutical field as soft contact
lenses, wound dressing, drug delivery systems, biosensors and
implantable devices in tissue engineering [1–6]. For biomedical
applications, it is often required that the hydrogel can degrade
under physiological conditions [7].

Alginate, a water-soluble linear polymer obtained from brown
algae, is composed of (1-4)-b-D-mannuronic acid (M) and (1-4)-a-
L-guluronic acid (G) units in the form of homopolymeric (MM- or
GG-blocks) and heteropolymeric sequences (MG- or GM-blocks).
Bearing in mind their gelling ability, stabilizing properties and high
viscosity in aqueous solutions, alginates and their derivatives are
widely used in the food, cosmetics and pharmaceutical industries
[8,9]. Since alginate is not naturally enzymatically degraded in
mammals, months can be passed before alginate hydrogels are
completely removed from implantation sites [10]. The degradation
kinetics of alginate hydrogels have been previously controlled by
varying alginate molecular weight, chemical structure, and by
covalent crosslinking. Ionically crosslinked, high molecular weight
alginate hydrogels degrade in an uncontrollable and unpredictable
manner following the dissolution of calcium into the surrounding
medium [11]. Furthermore, the molecular weight of intact alginate
is typically above the renal clearance threshold, thus preventing it
: þ86 931 8912582.
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from being excreted from the body [12]. One previously reported
approach to control alginate hydrogel degradation involved partial
periodate oxidation. When alginate is oxidized by reacting with
sodium periodate, the carbon–carbon bond of cis-diol group in the
uronate residue is cleaved. This approach offers control over the
degradation rate by varying the degree of oxidation, as increasing
the degree of oxidation can accelerate the rate of degradation.
However, the biocompatibility of alginate is likely to decrease at
high degree of oxidation, due to the presence of aldehyde groups on
the sugar residues [13].

In this study, we investigated whether alginate hydrogel
degradation could be controlled by combining partial oxidation of
polymer chains prior to hydrogel formation. Molecular weight and
weight loss as a function of degradation time were evaluated. The
interior morphology of OSA hydrogels was also observed. Our study
provides a novel way to control the degradation of alginate
hydrogels crosslinked by Ca2þ for biomedical application.

2. Experimental

2.1. Materials

Sodium alginate (the viscosity of 2% solution is 3200 mPa s at
25 �C) was obtained from Qingdao Haiyang Chemical Co. (China).
NaIO4 was purchased from Shanghai Sanpu Chemical Factory
(China). D-Glucono-d-lactone (GDL) was obtained from Jiangxi
Xinghuanghai Medicine Food Chemical Co. (China). Tris-(hydrox-
ymethyl) aminomethane (Tris) was purchased from Sinopharm Co.
(China). All of these were used without further purification. The
other reagents were A.P. grade and used without further purification.
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2.2. Preparation of oxidized sodium alginate

Oxidized sodium alginate was prepared according to a previ-
ously reported method [11]. Sodium alginate was oxidized with
sodium periodate at room temperature. The ratios between
guluronate unit and periodate were 100:10, 100:30, and 100:50. An
equimolar amount of ethylene glycol was added after 6 h to stop the
oxidation. The resultant solution was filtered, washed with ethanol/
water (1:1, v/v) and dried under vacuum at room temperature. The
degree of oxidation (DO, %) of OSA was defined as the number of
oxidized guluronate residues per 100 guluronate units, and deter-
mined by the method described by Wu et al. [14].

2.3. Preparation of OSA hydrogels

OSA was dissolved in distilled water at a certain concentration.
Calcium carbonate (CaCO3) in combination with GDL was used as
a source of calcium ions to initiate the gelation. A CaCO3 to GDL
molar ratio of 0.5 was always maintained to achieve a neutral pH
value [15]. For all OSA hydrogels, a basic calcium ion to carboxyl
molar ratio of 0.18 was designated as 1X. A given amount of CaCO3

was added to oxidized sodium alginate, mixed and vortexed for
1 min. The GDL was then added to the suspension and vortexed for
1 min to initiate gelation. The hydrogel was prepared in culture dish
(60 mm in diameter) at 0 �C for 48 h. After the gelation, the
hydrogel was cut into discs (14 mm diameter and 4 mm thickness).
The hydrogel samples were dried at room temperature, and were
further dried to constant weight under vacuum at 25 �C. The feed
composition of all hydrogels was listed in Table 1.

2.4. Morphology observation

The interior morphology of OSA and SA hydrogels was examined
using scanning electron microscopy (JSM-5600LV SEM, Japan) at an
accelerating voltage of 20 kV.

2.5. Swelling kinetics of OSA hydrogels

The dried gels were immersed into the distilled water at 37 �C.
The weight of the swollen samples was measured after the excess
surface solution removed by filter paper. The swelling ratio (SR)
was calculated by the following expression:

SR ¼ Wt �W0

W0
: (1)

Here Wt and W0 are the weights of the swollen and dried samples,
respectively.

The crosslinking density (ne, mol/cm3) of OSA hydrogel was
subsequently calculated from the Flory–Rehner equation [11,16]:

ne ¼ �
h
lnð1� n2Þ þ n2 þ c1n2

2

i h
V1

�
n1=3

2 � 2n2=f
�i�1

(2)

Here c1 is the interaction parameter, f is the crosslinking func-
tionality, V1 is the molar volume of water (18.062 cm3/mol) and n2 is
the volume fraction of polymer in the hydrogel when its reaches
Table 1
Composition of OSA hydrogels.

Sample Concentration
(w/v)

Volume
(mL)

CaCO3/COO�

(mol/mol)
ne (mol/cm3)

SA 1.0% 20 1.5� 8.58 � 10�6

10% OSA 1.5% 20 1.5� 4.67 � 10�5

30% OSA 3.5% 20 1� 3.47 � 10�5

50% OSA 9.0% 20 2� 2.68 � 10�3
the equilibrium swelling state. The interaction parameter, c1 was
assumed to be 0.35 as it has been previously reported for similar
interaction [16], and f to be 2. The value of n2 could be measured by
following equation:

n2 ¼
�

1=rp

� h
ðQm=rsÞ þ

�
1=rp

�i
(3)

Here rp is the polymer density (0.8755 g/cm3), rs is the density of
water (0.9933 g/cm3 at 37 �C) and Qm is the swelling ratio [16].

2.6. Degradation kinetics of OSA

Aqueous solutions of 0.2% (w/v) sodium alginate and OSA with
PBS 7.4 were prepared and then placed in a thermostatic bath at
37 �C. At appropriate intervals, the viscosity of the solution was
measured by Ubbelohde viscometer. The degradation of OSA was
calculated by the following expression:

Degradation ratio ¼ Mt

M0
(4)

Here Mt and M0 are the viscosity-average molecular weights at time
t and time 0, respectively. Viscosity-average molecular weight was
calculated by reported method [17].

2.7. Degradation kinetics of OSA hydrogels

The degradation of OSA hydrogels was performed in a conical
flask filled with 50 ml PBS 7.4 or Tris–HCl 7.4. The degradation
experiments were conducted by incubating the hydrogels in buffer
placed in a thermostatic bath and by the determination of the
weight loss after recovery of the samples at predetermined time
intervals. After a predetermined time, the samples were removed
from the solution, washed thoroughly with distilled water, and
then dried at room temperature. The degradation was assessed by
measuring the weight loss (%), which was defined as the following
expression:

Weight loss ð%Þ ¼ W1 �W2

W1
� 100 (5)

Here W1 and W2 are the weights of the gel before and after
degradation, respectively.

2.8. DSC analysis

The glass transition temperature (Tg) of OSA hydrogel was
measured on a Sapphire DSC (Perkin–Elmer Corp., Wilton, CT) at
a scan rate of 15 �C/min under a dry nitrogen atmosphere. The
weight of the samples ranged within 6–10 mg.

3. Results and discussion

3.1. Characterization of OSA

Periodate oxidation specifically cleaves the vicinal glycols in
polysaccharides to form their dialdehyde derivatives. Each cis-diol
group consumes one molecule of periodate. The ratio of sodium
periodate to the number of repetitive units of sodium alginate was
varied to obtain different degrees of oxidation. The degree of
oxidation and molecular weight are dependent on the amount of
sodium periodate, as expected (Table 2). With the increase in the
amount of sodium periodate, the degree of oxidation increases but
molecular weight decreases. The molecular weight shows signifi-
cant depolymerization of sodium alginate. It is well known that the
oxidation by periodate leads to a depolymerization of the chain,



Table 2
Characterization of oxidized sodium alginates.

Sample Guluronate unit/periodate
(mol/mol)

Degree of oxidation
(%)

M � 10�5

SA – – 4.40
10% OSA 100:10 9.60 2.20
30% OSA 100:30 28.05 1.29
50% OSA 100:50 47.88 0.78
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even when the oxidation is carried out in the dark [18]. The solu-
bility of OSA is found to be increasing with the increase in degree of
oxidation due to the increase of the chain flexibility caused by the
depolymerization.

3.2. Morphology observation

Fig. 1 shows the SEM images of SA and OSA hydrogels. SA
hydrogel demonstrates laminated structure, while 10% OSA and
30% OSA hydrogels show similar structure. However, 50% OSA
hydrogel shows a different structure from SA, 10% OSA and 30% OSA
hydrogels. In the first place, the distribution of laminated structure
is homogeneous in SA hydrogel compared to OSA hydrogels due to
the singleness of molecular structure unit. Because of oxidization of
periodate, the singleness of molecular structure is destroyed.
Therefore, the microscopic structure of OSA hydrogels becomes
irregular. In the next place, the microscopic structure of 10% OSA,
30% OSA and 50% OSA hydrogels also was obviously different from
each other. The degree of oxidation has certain influence on the
Fig. 1. Scanning electron microsco
microscopic structure, but the crosslinking density has the
tremendous influence on the microscopic structure. Zhang et al.
[19] also observed the interior morphology of PNIPAAm hydrogels
by SEM. They found that the porous network structures of the
PNIPAAm hydrogels were quite different from one another,
depending on the level of crosslinking. The order of crosslink
density is 30% OSA hydrogel < 10% OSA hydrogel < 50% OSA
hydrogel, so the singleness of the hydrogel microscopic structure
is in the following order: 30% OSA hydrogel > 10% OSA
hydrogel > 50% OSA hydrogel. The swelling kinetics of OSA
hydrogels might be affected by these microscopic structures.

3.3. Swelling kinetics of OSA hydrogels

Fig. 2 shows the swelling kinetics of OSA hydrogels in distilled
water at 37 �C. The solubility of OSA is found to be increasing with
increase in degree of oxidation, so the concentrations were
different for preparing OSA hydrogels (Table 1). As expected,
a decrease in swelling ratio is seen with an increase in the degree of
oxidization (expect 30% OSA hydrogel). As far as we know, the
swelling ratio is dependent on the crosslinking density. The higher
the crosslinking density, the lower the swelling ratio of hydrogel
[20,21]. From Table 1 it can be seen that the crosslinking density of
30% OSA hydrogel is lower than that of 10% OSA hydrogel, so the
swelling ratio of 30% OSA hydrogel is higher than that of 10% OSA
hydrogel. In Table 1, the concentration of OSA and the molar ratio of
CaCO3 to COO� are determined through the experiment, under this
condition the equilibrium of swelling ratio is the biggest at 25 �C
(data not shown).
pe micrographs of hydrogels.



Fig. 2. Swelling kinetics of OSA hydrogels in distilled water at 37 �C.
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3.4. Degradation kinetics of OSA

Fig. 3 shows the degradation kinetics of OSA in PBS 7.4 at 37 �C.
The percentages of degradation of SA, 10% OSA, 30% OSA and 50%
OSA are respectively 5.00, 26.53, 43.80 and 67.31% in 120 h. When
alginate is oxidized with sodium periodate, the carbon–carbon
bond of the cis-diol group in the uronate residue is cleaved, and the
aldehyde groups of oxidized hexuronic-acid residues spontane-
ously form six-membered hemiacetal rings with the closest
hydroxyl groups on the two adjacent unoxidized sugar residues in
the chains. This alters the conformation of urinate residues to an
open-chain adduct and infers a free rotation about the three bonds
adjoining C-4, C-5, the original ring-oxygen atom, and C-1 of the
oxidized hexuronic-acid residues. This creates hydrolytically labile
bonds in the polysaccharide [13]. The number of labile bonds
increases by increasing the degree of oxidation, so the rate of
degradation increases with the increase in degree of oxidation.

3.5. Degradation kinetics of OSA hydrogels

The degradability of OSA hydrogels was studied by examining
the weight loss and swelling ratio of gels with time in PBS and
Fig. 3. Degradation kinetics of OSA in PBS 7.4 at 37 �C.
Tris–HCl at 37 �C, respectively. Fig. 4(a) shows a typical weight loss
curve for a degrading OSA hydrogel. When Ca2þ crosslinked OSA
hydrogels are placed in PBS 7.4, the ion-exchange process between
the Ca2þ ions presenting in the ‘‘egg-box’’ cavity of polyguluronate
blocks and Naþ ions of buffer solution is mainly responsible for the
swelling/degradation [22]. However, Boontheekul et al. [13]
reported that hydrolytic scission of the polymer chains at oxidized
sugar residues controlled degradation, not the dissociation of
calcium crosslinks. So the higher the degree of oxidation, the more
the oxidized sugar residues and the higher the rate of degradation
is. From Fig. 4(a), it can be seen that the networks decrease in
weight through the degradation. Moreover, there is good correla-
tion between weight loss and the degree of oxidation. The weight
loss of SA, 10% OSA, 30% OSA and 50% OSA are respectively 68.90,
73.00, 80.27 and 88.89% in 180 min.

Fig. 5(a) exhibits the degradation behavior as a function of time
for hydrogels in Tris–HCl. The hydrogels show some increase in the
weight loss as a function of time. As degradation occurs, the
hydrolytically labile bonds in OSA are cleaved throughout the entire
hydrogel at a rate controlled by the reaction kinetics for their
hydrolysis. This ongoing cleavage of labile bonds within the
hydrogel systematically decreases the crosslinking density of the
Fig. 4. Degradation kinetics of OSA hydrogels in PBS 7.4 at 37 �C.



Fig. 5. Degradation kinetics of OSA hydrogels in Tris–HCl 7.4 at 37 �C.

Fig. 6. DSC thermograms of 30% OSA hydrogel degrade in (a) PBS 7.4 and (b) Tris–HCl 7.4.
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overall network. The number of hydrolytically labile bond increases
by increasing the degree of oxidization, so the weight loss increases
with the increase in degree of oxidization. However, the weight loss
of 50% OSA hydrogel is lower than SA hydrogel in the first 40 min,
and this phenomenon has not appeared in PBS 7.4. OSA hydrogels
can degrade in Tris–HCl mainly due to the hydrolysis, which is
decided by the diffusion rate of water. Swelling ratio of 50% OSA
hydrogel is very lower than other hydrogels because of the highest
crosslinking density (Fig. 5(b)). Thus, the degradation of 50% OSA
hydrogel is slower than other hydrogels. At the same time, 50% OSA
hydrogel has the large number of hydrolytically labile bonds, which
urges the hydrogel to degrade quickly. The result of the both
interactions is that 50% OSA hydrogel has a quicker degradation
when the water diffuses into the hydrogel after a period of time. In
PBS 7.4, there simultaneously exist hydrolysis and ion-exchange,
and the difference of swelling ratio among these hydrogels is not
very big (Fig. 4(b)). Therefore, the water diffusion is not the
restriction factor of OSA hydrogels degeneration all the time. The
hydrolytically labile bonds are more and the rate of degradation is
quicker in PBS 7.4.

The changes in the swelling ratio of OSA hydrogels are deter-
mined to more fully characterize the degradation of these hydro-
gels (Figs. 4(b) and 5(b)). In PBS, the trend of swelling ratio
increases fleetly at first and then decreases. But in Tris–HCl, the
swelling ratio increases slowly all the time. The swelling ratio is
strongly related to buffer composition. During the initial stage of
degradation in PBS, a small number of ion-exchange between Ca2þ

and Naþ cannot damage the whole hydrogel network, but the
lattice size of the networks would enlarge. As a result, the swelling
ratio increases. When the ion-exchange reaches a critical value, the
whole crosslinking network would be disjointed, resulting in
disappearance of the hydrogel. However, the increase of swelling
ratio in Tris–HCl is the result of partial degradation, which endows
the hydrogel with the absorption of a greater amount of water.

DSC measurements for 30% OSA gel residues were conducted on
samples after different degradation times (Fig. 6). The broad
endothermic peak around 150 �C in the DSC thermograms can be
attributable to the glass transition of 30% OSA hydrogel. It can be
seen that, with the extension of the time, the Tg of 30% OSA
hydrogel in PBS or Tris–HCl decreases and the endothermic peak
becomes wider. This result also suggests that the network of
hydrogel becomes weak when degradation occurs, which is
agreeing with the result of weight loss.
3.6. Mechanism of degradation

Metters [23] reported that there are two types of degradation
processes of hydrogel networks: surface erosion and bulk erosion.



Fig. 7. DSC thermograms of OSA hydrogels with different degrees of oxidation.
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When the rate of water diffusion into a sample is slower than the
hydrolysis reaction, the water will be adsorbed on the surface by
before it can diffuse into the bulk of the sample. This kind is called
surface erosion. Bulk erosion, on the other hand, occurs when the
rate of water diffusion into the sample is much faster than the
hydrolysis reaction. Figs. 4(b) and 5(b) show that hydrogels in PBS
and Tris–HCl both have biggish swelling ratios and the rate of water
diffusion into a sample is faster than the degradation process, these
facts suggest that the degradation of OSA hydrogels in aqueous
solutions belongs to the bulk-erosion process.

It has been generally considered that the degradation behavior
of the hydrogel depends on the crosslinking density [24]. However,
the results of present study suggest that the degradation of OSA
hydrogel depends on the degree of oxidation, instead of cross-
linking density. As with all hydrogels, the physical and mechanical
behaviors of the gel are highly dependent on the backbone chem-
istry of the polymer. The scission of the main chain of alginate
ruptures as oxidation occurs, so the molecular weight decreases. At
the same time, the quantity of G-units increases [25]. Russo has
reported that Tg can decrease when increasing the quantity of G-
units [26]. Fig. 7 shows the DSC thermograms of OSA hydrogels
with different degrees of oxidation. The Tg of OSA hydrogel
decreases by increasing the degree of oxidation due to the increase
in the quantity of G-units. Although 50% OSA hydrogel has the
highest degree of oxidation, the Tg is the lowest. These results
indicate that the degree of oxidation is the uppermost factor of the
degradation of OSA hydrogel. All the results show that the effect of
degree of oxidation on the degradation is far greater than the effect
of crosslinking density.

4. Conclusions

The degradation of OSA hydrogels crosslinked by Ca2þ relied on
the degree of oxidization of OSA. The weight loss increased with
increase in degradation time and the degradation rate of the
hydrogel with high degree of oxidation was faster than that of the
hydrogel with lower degree of oxidation. This type of controllable
degradation, independent of the degree of oxidation, may have
significant advantages for biomedical applications of hydrogels.
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