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The gelation kinetics of an in situ gelable hydrogel formulated from oxidized dextran (Odex) andN-carboxyethyl
chitosan (CEC) was investigated rheologically. Both Schiff base mediated chemical and physical crosslinking
account for its rapid gelation (30-600 s) between 5 and 37°C. The correlation between gelation kinetics and
hydrogel properties with Odex/CEC concentration, their feed ratio, and temperature were elucidated. The gelation
time determined from crossing over of storage moduli (G′) and loss moduli (G′′) was in good agreement with
that deduced from frequency sweeping tests according to the Winter-Chambon power law. The power law
exponents for a 2% (w/v) Odex/CEC solution (ratio 5:5) at the gel point was 0.61, which is in excellent agreement
with the value predicted from percolation theory (2/3). Temperature dependence of gelation time for the same
hydrogel formulation is well-described by an Arrhenius plot with its apparent activation energy calculated at 51.9
kJ/mol.

Introduction

Hydrogels are a class of materials composed of hydrophilic
polymer networks with a high water retention capacity; their
physical properties such as swelling, permeation, and mechan-
ical, surface, and optical characteristics can be modulated. In
the medical field, biocompatible hydrogels have broad potential
applications, including use as tissue substitutes, surgical aids,
and drug deliverers.1

Natural polysaccharides are hydrophilic macromolecules
suitable for fabrication of hydrogels for targeting biomedical
uses; in particular, chitosan and dextran have been widely
explored in this way. Chitosan, a crustacean or fungal derived
polysaccharide composed ofR-(1-4)-linked N-acetyl-D-glu-
cosamine, is biocompatible and bioresorbable.2,3 It has been
utilized in gene delivery,4 cell regulation, and tissue regenera-
tion.5 However, native chitosan is only soluble in diluted acid,6

and this greatly limits its processibility and applications. Various
derivatization techniques have been developed to enhance
chitosan’s solubility;7-9 introducing acrylic acid into the chitosan
structure to form carboxyethyl chitosan (CEC) results in an
ampholyte readily soluble in water.10 Dextran is a bacterial
derived polysaccharide composed of anR-1,6-linked D-glu-
copyranose as well as someR-1,2-,R-1,3-, orR-1,4-linked side
chains.11,12Being biodegradable in concert with its exceptional
biocompatibility, dextran has been extensively used as a blood
volume expander, in drug/protein delivery, and for the purifica-
tion of biologics.13 The physicochemical properties of dextran
could be modulated through modification of its hydroxyl
groups.14-16 Oxidation is a facile technique to introduce multiple
aldehyde functionalities, enabling dextran to serve as a mac-
romolecular crosslinker for polymers abundant in amino groups
to formulate hydrogels.17,18

The viscoelastic properties of hydrogels correlate strongly
with their microstructures and could provide useful information
for modulating their performance characteristics.19 In general,
the viscoelastic properties of material systems undergoing
gelation could be monitored by rheometry with virtually no
disturbance of their microstructures.20 Rheometry has been
employed in characterizing viscous liquids formulated from
chitosan,5,21,22 and physical gelation has been observed for
chitosan solutions at high concentrations.7,23Moreover, the cure
kinetics of chitosan chemically crosslinked with blocked diiso-
cyinate was found to correlate with the rheology of the system.24

However, no systematic rheological study has been conducted
to characterize the physical interactions and Schiff base mediated
co-gelation process between macromolecules derived from
chitosan and and macromolecules derived from dextran.

In this investigation, rheological studies were performed to
evaluate the viscoelastic profiles of crosslinking CEC with
partially oxidized dextran (Odex) amid gelation. The effect of
temperature, feed ratio of Odex and CEC, and polymer
concentration on gelation were investigated. These results enable
us to better understand the gelation kinetics and morphological
evolution of the Odex/CEC system, which provides important
insight for designing binary in situ gelable hydrogels for future
biomedical applications such as endovascular emoblization of
cerebral aneurysms and arteriovenous malformations.

Materials and Methods

Materials. Dextran (leuconostoc mesentereoides,Mw ) 76 000),
chitosan (deacetylation degree 85%,Mw ) 750 000), sodium periodate,
sodium hydroxide, acrylic acid,tert-butylcarbazate (TBC), and trini-
trobenzenosulfonic acid (TNBS) were purchased from Sigma-Aldrich
(St. Louis, MO). All other chemicals were of reagent grade. Distilled
deionized water was used.

Synthesis ofN-Carboxyethyl Chitosan. CEC was synthesized by
modifying a previously described method.10 Briefly, 1 g of chitosan
was dissolved in 50 mL of water containing 1.88 mL of acrylic acid.
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The mixture was constantly stirred at 50°C for 3 days. Thereafter,
aqueous 10 N NaOH was added to the reaction mixture to adjust the
pH to 10-12 to convert the CEC formed into its sodium salt. This
mixture was dialyzed (MWCO 8000) extensively against water for 3
days, and pure CEC was obtained by lyophilization.

Synthesis and Characterization of Oxidized Dextran.A total of
3.28 g of NaIO4 (dissolved in 100 mL of water) was added to 400 mL
of dextran solution (1.25% w/v). This mixture was stirred at ambient
temperature for 24 h, and an equimolar amount of diethylene glycol
was added to quench the unreacted NaIO4. The Odex solution was
dialyzed exhaustively (MWCO 3500) for 3 days against water, and
pure Odex was obtained by lyophilization (yield, 80%). The oxidation
degree of dextran was determined using a modified method described
by Maia et al.25 Briefly, 0.5 mL of Odex (0.75% w/v) in tricholoracetic
acid (1% w/v) was mixed with 0.5 mL of TBC (0.03 M in 1%
tricholoracetic acid) and incubated at ambient temperature for 24 h;
then, 100µL of this mixture was transferred to a vial containing 1 mL
of TNBS (4 mM in 0.1 M borate, pH) 8.0) solution, and the reaction
was conducted at ambient temperature for 1 h. The resulting solution
was diluted with 0.5 N HCl, and its absorbance was measured at 334
nm. Aqueous TBC solutions were used as standards for calibration.
The molecular weights of Odex (0.5 mg/mL in water) were determined
by HPLC (Waters 600e pump and controller, 715 Injector, 410
differential refractometer, Milford, MA) coupled to Waters Ultrahy-
drogel 2000, 1000, and 500; 300 mm× 7.8 mm columns were
connected in series, using 0.1 M KNO3 as a mobile phase at a flow
rate of 0.8 mL/min maintained at room temperature. Dextran standards
(Fluka Chemie AG, Buchs, Switzerland) in a molecular range of 12-
80 kDa were used for calibration.

Preparation Odex/CEC Solutions and Hydrogels. Aqueous Odex
and CEC solutions of 1, 2, and 3% (w/v) in distilled water were
prepared, respectively, and stored at 5°C before use. To prepare
hydrogels for linear viscoelastic region (LVR) characterizations, a 2%
Odex solution was mixed with a 2% CEC aqueous solution in specific
volume ratios (2:8, 5:5, and 8:2); these mixtures were used to determine
the effect of feed ratio of Odex and CEC on the properties of hydrogels
formed. To elucidate the influence of polymer concentration on hydrogel
properties, 1, 2, and 3% Odex solutions were mixed with 1, 2, and 3%
CEC solutions in a ratio of 5:5, respectively. The mixtures were gently
stirred for 10 s to allow homogeneous mixing followed by 12 h of
incubation at 25°C before use.

Rheological Measurements.All rheological measurements were
performed with a Physica MCR 301 rheometer (Anton Paar, Hertford
Herts, UK). Isothermal and nonisothermal gelation studies were
conducted with Couette geometry (bobd ) 26.687 mm andh ) 39.994
mm and cupd ) 28.930 mm). Liquid samples were transferred into a
Couette cell immediately after mixing (timet ) 0), and measurements
started att ) 60-90 s. For time sweeping tests, storage moduliG′ and
loss moduli G′′ were monitored as a function of time at a 1 Hz
frequency and a 2% stress strain under constant temperature (5, 10,
15, 25, and 37°C). For temperature sweeping tests, the evolution of
G′ andG′′ in the range of 1.5-80 °C was measured at a heating rate
of 2 °C/min. Stress sweeping tests of hydrogels were conducted using
parallel plates (d ) 25 mm) at 37°C. In frequency sweeping tests,
hydrogels formulated from 2% Odex/2% CEC (ratio 5:5) were subjected
to frequency scanning from 1 to 100 rad/s at 2% strain for 80 loops
with 13.55 s under a constant temperature of 37°C.

Results and Discussion

Grafting acrylic acid on chitosan to form CEC rendered it
soluble in water at ambient temperature; the substitution degree
of the chitosan used in this study was 45.5%.10 The oxidation
degree of Odex obtained was 16.7% as determined by the TNBS
assay, with an average molecular weight of 36 800 Da. Because
of the coexistence of abundant amino, hydroxyl, and carboxylic
groups along the CEC molecular chains, in conjunction with

the plentiful aldehyde and hydroxyl groups along the Odex
molecular chains, the Schiff base as well as hydrogen bond
formation (shown in Scheme 1) were expected after blending
CEC with Odex solutions.24 Depending on the polymer con-
centrations, upon stirring, the Odex/CEC gelled between 30-
600 s at ambient temperature. Figure 1 depicts the appearance
of the Odex/CEC system at timet < tgel andt > tgel (tgel is the
time at the gelation point). The Odex/CEC hydrogels were
optically clear initially; a brown-yellow tint, characteristic of
CdN chromophore formation, gradually emerged with the
proceeding of chemical crosslinking. Moreover, this rapid
gelation behavior also readily occurred at body temperature and
physiological pH (results not shown), strongly suggesting that
the Odex/CEC system could serve as an injectable in situ gelable
vehicle for medical applications, such as endovascular embo-
lization of cerebral aneurysm and arteriovenous malformation,
and so forth. The gelation process and mechanical properties
of hydrogels formed are likely affected by initial polymer
concentrations, ratio of Odex/CEC, and temperature; impor-
tantly, these parameters are crucial for formulating biomaterials
with definitive physicochemical properties for specific applica-
tions. In this study, we aimed to determine the interaction of
these parameters on the gelation kinetics and gel properties of
the Odex/CEC systems.

Isothermal Gelation Rheology.Isothermal time dependence
of elastic storage moduli (G′) and viscous loss moduli (G′′) for
a 5:5 Odex/CEC system (concentration: 2% for both) at 37°C
at an oscillation strain of 2% is depicted in Figure 2. BothG′
andG′′ were very low at the beginning of the gelation process
(t < tgel), with G′ lower thanG′′, corresponding to an Odex/
CEC sol. Both moduli elevated rapidly as gelation proceeded;
the buildup rate ofG′ was much higher than that ofG′′ due to
the formation of elastic hydrogel from crosslinking through
Schiff base formation between aldehyde residues of Odex and
amino residues of CEC. The differential on rates leads to a
crossover ofG′ andG′′, which could be defined as the gel point
(t ) tgel), indicating the transition of the Odex/CEC system from
liquid phase dominated to a solid phase dominated viscoelastic

Scheme 1. Schematic Representation for the Gelation Process of
Odex/CEC Solutions
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behavior, also suggesting a three-dimensional (3-D) network
formation. This type of material behavior is characteristic of
hydrogels formed through physical or chemical crosslinking.26,27

The types of interaction enabling the formation of 3-D
network structures contributing to mechanical properties include
covalent bonding, crystallization, and molecular secondary
forces such as hydrogen bonding, molecular entanglements, and
hydrophobic interactions. Collectively, these interactions convert
precursor sol to hydrogel through assembling 3-D crosslinked
networks. Depending on the mechanisms of network formation,
the viscoelastic behaviors of gel systems vary greatly. At the
gelation point, a 3-D network has not fully developed since there
are many non-interacting segments such as dangling ends, stray
chains, and loops existing within the hydrogel system. These
domains are relatively mobile within the developing hydrogel
and, hence, less effective elastically.28 The viscous behavior of
a gelling system, as manifested byG′′, is attributable to these
non-interacting segments. The proceeding of gelation results in
the establishment of more networks, and consequently,G′
rapidly exceedsG′′ (t > tgel), where solid-like behavior
dominates the viscoelastic properties of the hydrogel formed.
Finally, when the interaction between Odex and CEC approaches
completion, bothG′ andG′′ level off, suggesting the formation
of a well-developed network in the hydrogel.

Figure 3 shows the frequency dependence ofG′ andG′′ at
different time intervals for an Odex/CEC (2% concentration,
in a ratio of 5:5) formulation at 37°C under a shear strain of
2%. Because of unstable results ofG′ and G′′ at lower
frequencies, the sweeping had to be performed in the range of
1-100 rad/s. Evidently, there were two regimes in the evolutions

of G′ andG′′ with angular frequency: 1-10 and 10-100 rad/
s. Withω ) 10 rad/s as the turning point,G′ in both 1-10 and
10-100 rad/s assumed a linear relationship with angular
frequency. Att ) 43 s, in the range of 1-10 rad/s,G′ increased
in frequency with a slope of approximately 1.8, indicating a
classic liquid behavior.20 In addition, G′ and G′′ increased,
respectively, with both time and frequency in the range of 1-10
rad/s. At the extended time span oft ) 1113 s,G′ became
frequency independent, signifying the formation of an elastic
hydrogel. Similar behavior was also confirmed forG′′ (i.e.,
increased rapidly with time and frequency) at the range of 1-10
rad/s. As compared to the value at 43 s,G′′ at 1113 s became
less frequency dependent, which was different from the trend
of G′.

According to Winter-Chambon criterion, the gel point of a
system is defined as the instant of time when the moduli scale
in

wheren is the relaxation exponent closely related to the gelation
system’s microstructural parameters.29,30Here, we selected the
data in the range of 1-10 rad/s for fitting because bothG′ and
G′′ at low frequency were of greater importance for the present
method in gel point determination. Theoretically, a longer
experimental time was necessary to obtain satisfactory data for
G′ and G′′ at low frequency; however, swift gelation of the
Odex/CEC sample (less than 2 min) dictated that the lowest

Figure 1. Visual aspect of the Odex/CEC system at time t < tgel and t > tgel. tgel is the gelation point.

Figure 2. Time evolution of storage modulus (G′) and loss modulus
(G′′) with time (t) for 2% (w/v) Odex/CEC (ratio 5:5) at 37 °C. The
time where G′ and G′′ cross over is denoted as tgel (gelation point).

Figure 3. Frequency (ω) dependence of storage (G′, filled symbols)
and loss modulus (G′′, open symbols) for a 2% Odex/CEC (ratio 5:5)
solution at varying time loops during gelation at 37 °C. For clarity,
data are shifted along the x-axis with a shift factor R ) 100, 102, 104,
106, 108, 1010, and 1012, respectively.

G′ ∼ G′′ ∼ ωn (1)
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frequency for reasonably measuring bothG′ andG′′ was higher
than 1 rad/s. Moreover,G′ andG′′ of all curves were of similar
value at the high frequency region (ω at 10-100 rad/s),
indicating that the gelation proceeding only slightly affected
G′ andG′′ at this region. Thus, it was reasonable to fit the data
in the range of 1-10 rad/s (ω) in this study. From theG′ and
G′′ data shown in Figure 3, variations ofG′ andG′′ in the shear
frequency range of 1-10 rad/s were in accordance with the
power law shown in eq 1. It was apparent that the exponents of
n′ andn′′ were gelation time dependent. Figure 4 depicts the
time dependence ofn′ andn′′ for a formulation of Odex/CEC
(2%, in a ratio of 5:5) solutions at 37°C. Both n′ and n′′
decreased exponentially with an increase of gelation time. The
two plots intersected att ≈ 88 s (the gel point) withn′ andn′′
) 0.61, which was in strong agreement with the value predicted
from the percolation theory (n ∼ 2/3).31 The value ofn′ andn′′
at the gel point obtained was slightly higher than that of the
gel point atn′ andn′′ ) 0.58 obtained by Otaigbe et al., who
investigated the rheokinetics of thermal induced gelation of a
40 wt % waterborne polyurethane dispersions at 70°C.20

Effect of Temperature. The time required for gelation of
the Odex/CEC solution was temperature dependent, and Figure
5 depicts this effect in the range of 5-37 °C on a typical Odex/
CEC formulation (concentration 2%, 5:5 ratio). In general,G′
showed a rapid buildup regime followed by a plateau regime;

this fast buildup ofG′ was attributable to 3-D crosslink network
formation. Elevation in temperature accelerated molecular
motion and thus increased the chance of inter- or intramolecular
interactions, such as association or reaction leading to significant
acceleration of gelation. Likewise, it took considerably longer
for G′ to reach its equilibrium state in the lower temperature
range. It should be noted that the plateauedG′ at 25 °C was
comparable to that of at 37°C, suggesting that given time,G′
values at 5, 10, and 15°C could reach the same final value as
their counterpart at 37°C when development of a 3-D network
reached completion. Existence of an energy barrier was
hypothesized in the Odex/CEC solution to explain the temper-
ature dependent gelation phenomenon. The energy barrier,
apparent activation energy (Ea), was calculated according to the
Arrhenius equation32

wheretgel is the gelation time determined,T is temperature in
Kelvin, R is the gas constant 8.314 J mol-1 K-1, andK is a
constant. Figure 6 depicts the semilogarithmic plot of gel time
as a function of inverse reaction temperature. The linear
relationship suggested that the underlying gelation mechanism
was not affected by a change of reaction temperature. As
determined from the slope of the linear plot, the apparent
activation energy of the Odex/CEC reaction was 51.9( 2 kJ/
mol, which was in the range of the chitosan-scheroglucan
reaction (43.3 kJ/mol),33 chitosan-glutaraldehyde reaction (63.1
kJ/mol),34 andN-acetylchitosan (68 kJ/mol)35 but considerably
lower than that of the oxidized schizophyllan-gelatin reaction
(100.4 kJ/mol)36 and chitosan-blocked-diisocyanate reaction
(103 kJ/mol).24 The gelation time of Odex/CEC (concentration
2%, 5:5 ratio) at any given temperature could be predicted with
the aid ofEa.

Effect of Polymer Concentration. The relationship between
gelation time and Odex/CEC (ratio 5:5) concentration at 37°C
was depicted in Figure 7. For 1% Odex/CEC solution, the
gelation time appeared to decrease with an increase in the
polymer concentration; with three apparently distinct regimes
for the evolution ofG′. First, a transient plateau was observed
at t < 200 s (regime I), whereG′ was considerably smaller
than G′′ (building up at a moderate rate), suggesting the
occurrence of molecular interactions between Odex and CEC.
Second,G′ increased abruptly betweent g 200 s andt < 900
s (regime II), andG′ exceededG′′ attributable to the formation

Figure 4. Time (t) dependence of exponents n′ and n′′ obtained from
fitting the frequency dependence data of G′ and G′′ for 2% Odex/
CEC (ratio 5:5) solutions at 37 °C according to eq 1.

Figure 5. Storage modulus (G′) as a function of time (t) for 2% Odex/
CEC (ratio 5:5) at different temperatures.

Figure 6. Arrhenius plot for a 2% Odex/CEC (ratio 5:5) reaction.
The line represents a linear fit for the data points.

ln(tgel) ) K + Ea/RT (2)
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of elastic 3-D networks; it should be noted that the gel point
was situated in this regime. The higher the Odex/CEC concen-
tration, the shorter the gelation time. Finally,G′ andG′′ both
leveled off when approaching completion of gelation (regime
III). Nonetheless, only the latter two regimes were observed
for both 2 and 3% Odex/CEC solutions. Att < 300 s (regime
II), bothG′ andG′′ increased rapidly with time, andG′ surpassed
G′′; subsequently, bothG′ andG′′ leveled off (regime III). The
value ofG′ in regime III increased with an increase in polymer
concentration from 1 to 3%. A high Odex/CEC concentration
increased the probability of an encounter of functional groups
on polymer chains in a confined space and thus increased the
chances of reaction among these groups. Chemical crosslinkings
began to develop while physical crosslinkings occurred simul-
taneously. Dependence of physical crosslinking on polymer
concentration was mostly due to secondary forces such as
hydrogen bonding and chain entanglements that could further
reinforce the network architecture formed by chemical crosslink-
ing. A higher degree of physical crosslinking would reduce the
average molecular weight between crosslinking point and thus
cause a rise ofG′ at low temperatures.37 For 2 and 3% solutions,
the concentrations were sufficient to enable extensive chemical
crosslinking as well as hydrogen bonding among polymer chains
and thus a rapid enhancement ofG′; the slow increasing regime
G′ (i.e., regime I) could not be detected within the time range
of the experiments performed.

Among all material viscoelasic functions, complex viscosity
(η*) is very sensitive to structural changes during gelation and
fractal polymer gel formation.31 Figure 8 depicts the time
dependence ofη* of Odex/CEC solutions of 1, 2, and 3% (w/
v) at ω ) 1 Hz under 37°C. Similar to the behavior ofG′ with
time and polymer concentration,η* increased with gelation time
in conjunction with long time spans for leveling-off (i.e.,
approaching an equilibrium value). Within the time range of
0-1600 s, the peakη* was boosted from approximately 100 to
103 Pa‚s when the corresponding polymer concentration in-
creased from 1 to 3%, indicating the formation of a more viscous
hydrogel at higher polymer concentrations.

Figure 9 depicts the oscillation shear stress profiles of 1, 2,
and 3% Odex/CEC (ratio 5:5) hydrogels cured for 12 h. The
G′ of the hydrogel increased with an increase in the polymer
concentration from 1 to 3%, which was predicted by the results
shown in Figure 7. MaximumG′ (plateau) of the gelation
systems was enhanced with an increase in polymer concentra-
tion. G′ values of the three systems shown in Figure 9 were,
respectively, higher than their counterparts shown in Figure 7,

indicating that the reactions of the latter systems did not reach
completion. The LVR, whereG′ was independent of applied
shear stress, elevated with an increase in polymer concentration
(accordingly, the crosslinking density). Breakdown of hydrogel
structures, denoted by a rapid decline ofG′, marked the end of
LVR at the critical shear stress.38 As compared to 1% (160 Pa)
and 2% Odex/CEC hydrogels (370 Pa), the 3% Odex/CEC
hydrogel exhibited the highest critical shear stress of 580 Pa.

Effect of Odex/CEC Ratio. Chemical crosslinking efficiency
is closely related to the relative amount of aldehyde groups on
Odex versus amino groups on CEC; thus, the ratio of Odex to
CEC in the solution is another controlling parameter for gelation.
Figure 10 depicts the time dependence ofG′ andG′′ for Odex/
CEC at various ratios. Gelation rate was in the sequence of 5:5
(Odex/CEC)> 8:2 (Odex/CEC)> 2:8 (Odex/CEC), while the
plateauG′ was in the sequence of 5:5 (Odex/CEC)> 2:8 (Odex/
CEC) > 8:2 (Odex/CEC). Both the gelation rate and the
mechanical properties of the gel network formed echoed the
crosslinking density in the gelation systems. For a 5:5 (Odex/
CEC) solution, the calculated [CHO]/[NH2] ratio was ap-
proximately 1:1, indicating that among the three Odex/CEC
ratios studied, the highest crosslinking efficiency was achieved
at 5:5 (Odex/CEC), yielding a hydrogel with the shortest gelation
time and highest storage modulus. Consequently, either CHO
groups or NH2 groups were in relative excess in the other two

Figure 7. Influence of polymer concentration on the gelation behavior
of Odex/CEC (ratio 5:5) at 37 °C. Figure 8. Evolution of complex viscosity (η*) with time (t) at 37 °C

during the gelation process for Odex/CEC solutions of different
concentrations: 1, 2, and 3%, respectively.

Figure 9. Dependence of storage modulus (G′) on the shear stress
(τ) for the Odex/CEC hydrogels of different concentrations at 37 °C.
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formulations. It should be noted that the viscosity of a 2% CEC
solution was substantially higher than that of a 2% Odex solution
(data not shown). Since there was either an approximately 60%
excess of CHO groups or NH2 groups, Odex/CEC (2:8)
containing a higher proportion of the more viscous CEC solution
possessed a greater plateauG′ as compared to its counterpart
formulated from Odex/CEC (8:2). As compared with the latter,
the higher viscosity of Odex/CEC (2:8) limited the mobility of
the functional group bearing polymer chains within the solution,
hindering their interaction and consequently contributing to the
differential storage modulus.

Dependence ofG′ of Odex/CEC hydrogels in different ratios
on the shear stress was depicted in Figure 11. With the highest
crosslinking density, the Odex/CEC hydrogel with a ratio of
5:5 had the highestG′; however, a higher crosslinking density
could result in brittleness of the hydrogel as well. Although the
Odex/CEC hydrogel in a ratio of 5:5 possessed a higherG′, its
fracture shear stress was moderately lower when compared with
the Odex/CEC hydrogel in a ratio of 2:8. Since the Odex/CEC
hydrogel in a ratio of 8:2 had excessive Odex, and thus, a low
viscosity, itsG′ was considerably lower than those of the other
two formulations (5:5 and 2:8).

Nonisothermal Gelation. The gelation behaviors of Odex/
CEC systems at different energy states were investigated. A
2% Odex/CEC solution in a ratio of 5:5 was subjected to
temperature ramping. An initial temperature of 1°C for thermal

scanning was chosen due to its proximity to the refrigeration
temperature. The temperature ranged from 1 to 80°C, and a
heating rate of 2°C/min was utilized. As shown in Figure 12,
G′, G′′, and η* display parabolic profiles with elevation of
temperature. It should be noted that no gelation occurred
between CEC and unmodified dextran (results not shown),
implicating that chemical crosslinking played a key role in the
gelation of Odex/CEC in addition to physical crosslinking. At
the temperature range of 1-10 °C, G′, G′′, andη* increased
steadily with temperature, where the polymer chain branching
caused by chemical crosslinking in conjunction with physical
association such as chain entanglements and hydrogen bonding
(see Scheme 1) dominated the elastic modulus increase in the
Odex/CEC system. Beyond 10°C with an increase of temper-
ature up to 55°C, rapid development of a 3-D chemical
crosslinking network resulted in a considerable increase of both
G′ andη*, whereasG′′ increased in a moderate rate, leading to
a crossover and thereby signifying the beginning of gelation.
Theoretically, the hydrogel network formed here (below 55
°C) should be entropic;39 however, beyond 55°C, all three
functions declined, particularlyG′ andη*. Moreover, hydrogen
bonding in the systems could be incrementally disrupted when
the temperature approached 60°C, leading to a partial break-
down of the 3-D network. Nonetheless, the chemical crosslinks
remained largely intact, and the system still showed an elasticity
dominated rheological behavior, where the hydrogel network
was enthalpic in nature.39 Last, the decrease inG′, G′′, andη*
could be due to rapid gelation at a high temperature such that
synereses occurred.36

Conclusion

The rheological properties of a series of Odex/CEC solutions
during gelation were studied. Oscillatory time, temperature, and
frequency sweeps were performed to evaluate the effect of initial
polymer concentrations, polymer ratios, and temperatures on
gelation kinetics. The viscoelastic material functionsG′, G′′,
andη* of the Odex/CEC solutions showed significant changes
near the gel points. The gel point could either be estimated from
the crossing over ofG′(t) andG′′(t) or by frequency sweeping
according to the Winter-Chambon power law (i.e.,G′(ω) ∼
G′′(ω) ∼ ωn). The power law exponents at the gel pointn′ )
n′′ ) 0.61 were in excellent agreement with the value predicted
by percolation theory (n ∼ 2/3). An increase in polymer
concentration resulted in a corresponding increase of interacting

Figure 10. Time dependence of storage modulus (G′) and loss
modulus (G′′) for Odex/CEC solutions at different ratios at 37 °C.

Figure 11. Dependence of storage modulus (G′) on the shear stress
(τ) for Odex/CEC hydrogels at different ratios at 37 °C.

Figure 12. Dynamic shear viscosity (η*), dynamic storage modulus
(G′), and loss modulus (G′′) as a function of temperature (T) at a
heating rate of 2 °C/min and a shear frequency of 1 rad/s.
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functional groups per finite volume of solution, leading to
decrease of gelation time. Temperature was another key factor
influencing gelation kinetics; during isothermal gelation, the
Odex/CEC solution exhibited a great reduction in gelation time
with elevation of temperature. In addition, the results of the
non-isothermal kinetic study showed that both Schiff base
formation and physical interactions such as hydrogen bonding
contributed to the viscoelastic properties of the hydrogel.

Both chitosan and dextran’s biocompatibility and biodegrad-
ability in concert with the favorable gelation properties of the
Odex/CEC solution suggest that this system has a great potential
for biomedical applications. Its rapid gelation time can be
modulated by varying either the concentration or the ratio of
the components, rendering it quite suitable for designing in situ
injectable systems. A significant implication is that the me-
chanical properties of the hydrogel formed could be tailored to
closely match the mechanical properties of the biological tissues
of interest. Moreover, at ambient temperature, this binary system
is very easy to prepare, and it is also completely devoid of a
small molecule crosslinker and cumbersome manipulations such
as temperature control, photoinitiation, incubation, etc. Last, for
site-specific controlled release drug delivery, the abundance of
functional groups on both Odex and CEC could act as binding
sites to provide a facile mechanism for modulating drug release
kinetics. These investigations are underway.
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