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Abstract
In situ gelable interpenetrating double network hydrogels composed of thiolated chitosan
(Chitosan-NAC) and oxidized dextran (Odex), completely devoid of potentially cytotoxic small
molecule crosslinkers and do not require complex maneuvers or catalysis, have been formulated.
The interpenetrating network structure is created by Schiff base formations and disulfide bond
inter-crosslinkings through exploiting the disparity of their reaction times. Compare to the auto-
gelable thiolated chitosan hydrogels that typically require a relatively long time span for gelation
to occur, the Odex/Chitosan-NAC composition solidifies rapidly and forms a well-developed
three-dimensional network in a short time span. Compare to typical hydrogels derived from
natural materials, the Odex/Chitosan-NAC hydrogels are mechanically strong and resist
degradation. The cytotoxicity potential of the hydrogels was determined by an in vitro viability
assay using fibroblast as a model cell and the results reveal that the hydrogels are non-cytotoxic.
In parallel, in vivo results from subdermal implantation in mice models demonstrate that this
hydrogel is not only highly resistant to degradation but also induces very mild tissue response.
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Introduction
Hydrogels are crosslinked hydrophilic polymer networks capable of absorbing water
multiple times of their dry weights, thus, emulating some of the physical characteristics of
soft tissues [1–6]. Hydrogels have been utilized in a wide range of biomedical applications
including drug/protein delivery [7, 8], contact lenses [9], corneal implants [10], and as
scaffolds for tissue engineering [11–15].

In situ gelable hydrogels are advantageous and preferable for medical applications as they
can be deployed by injection instead of surgical implantation [16, 17]. The typical obstacles
for formulating in situ gelable hydrogels for in vivo use include gelation occurring at a
physiologically acceptable temperature range within a reasonable time span; all components
must be non-cytotoxic and perform in a moist and oxygen-rich environment. Much effort
has been focused on adapting both natural and synthetic polymers to produce in situ gelable
hydrogel systems [15–20]. As the regulatory hurdle for natural polymers, especially those
with GRAS (Generally Recognized As Safe) designation, is lower than that of their synthetic
counterparts, hydrogels formulated entirely from natural polymers are advantageous [15–17,
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20]. We have previously reported in situ gelable hydrogels composed of minimally modified
natural GRAS materials [6, 16]. However, the mechanical strengths of these hydrogels are
relatively low, they also degrade relatively rapidly.

Interpenetrating double networks (DN) is an effective strategy to enhance the mechanical
strength of hydrogels [11, 21–25], and their resistance to degradation. Current double
networks hydrogels aiming for biomedical uses are consisted largely of synthetic polymers
[21–24], using potentially cytotoxic small molecule crosslinkers [24, 25], and also involve
complex formulation maneuvers or catalysis [11, 21]. Moreover, significant inflammatory
response was observed in in vivo implants rendering these hydrogels less suitable for
biomedical applications [23]. We have recently reported a hybrid DN two-step
photocrosslinked hydrogels composed of N, N-dimethylacrylamide and modified
hyaluronan, which possesses great mechanical properties [11]. It has not hitherto been
reports describing double networks hydrogels derived wholly from natural materials,
completely devoid of using small molecule crosslinkers and performing complex
formulation maneuvers or catalysis, and prepared in a one-step process.

In this investigation, we demonstrated the feasibility of formulating a class of in situ gelable
binary interpenetrating double network hydrogels from minimally modified natural GRAS
materials, namely, thiolated chitosan and partially oxidized dextran (Odex), in a one-step
process without using small molecule crosslinkers. Thiolated chitosan, a water-soluble and
minimally modified chitosan derivative, has been shown to form an auto-gelable hydrogel
via forming disulfide bonds, and their potential as drug/protein carriers have been studied
[26–28]. Importantly, disulfide bonds are very stable under physiological environment
(pH=7.4) and effectively resist hydrolysis [29, 30]. Nonetheless, the relatively long gelation
time in conjunction with the weak mechanical strength of the hydrogel formed render it less
appealing for biomedical applications. We have previously shown the feasibility of forming
a rapidly gelable hydrogel by reacting carboxyethylchitosan with Odex via Schiff base
formation [6]; the amino residues on the thiolated chitosan enables it to react with Odex in a
comparable manner to form a rapidly in situ gelable hydrogel. Subsequent reaction between
the sulfhydryl residues to form disulfide crosslinks, as a slower process, establishes an
interpenetrating double network hydrogel. The structure, gelation mechanism, non-
cytotoxicity and degradability of the hydrogel systems were presented and discussed. This
interpenetrating double network structure greatly improved the mechanical properties and
gelation performance of the hydrogel formulated from thiolated chitosan. The results of in
vivo subdermal implantation in mice model showed that this hydrogel was not only highly
resistant to biodegradation but also only induced very mild tissue response.

2. Experiments
2.1. Materials

Dextran (from Leuconostoc mesenteroides, Mw=76,000), chitosan (deacetylation degree
85%, Mw 750,000), sodium periodate, N-acetyl-L-cysteine (NAC), 1-ethy-3-(3-
dimethylaminopropyl-carbodiimide) hydrochloride (EDAC), were purchased from Sigma-
Aldrich (St. Louis, MO). Dialysis tubings (MWCO 3,500 and 6,000) were from Thermo-
Fisher (Hampton, NH). Cell culture inserts (polycarbonate, 6.5 mm diameter, 0.2 µm pore
size) were purchased from NUNC (Rochester, NY). M. DUNNI (clone III8C) murine
dermal fibroblast CRL-2017 and McCoy’s 5A medium were from ATCC (Manassas, VA).
Fetal Bovine Serum (FBS) was acquired from Hyclone (Logan, UT) and Penicillin-
Streptomycin (Pen-Strep) solution was from Gibco (Grand Island, NY). MTS assay kit
(CellTiter™ 96s) was from Promega (Madison, WI). “Live/Dead™" staining kit was
purchased from Molecular Probes (Eugene, OR). All other chemicals were of reagent grade
and deionized and distilled water was used.
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2.2 Methods
2.2.1 Synthesis of thiolated chitosan (Chitosan-NAC) and oxidized dextran
(Odex)—Chitosan-NAC conjugates were prepared according to the methodologies
described by Krauland et al [31]. In brief, 1 g of chitosan was dispersed in water (100 ml),
and sufficient HCl was instilled into the chitosan suspension under stirring until a clear
solution was obtained. NAC (10, 20, 30, 40 or 60 mmole) was added to the chitosan
solution, after adding an EDAC solution (20 mmole), the pH of the reaction mixture was
adjusted to 5 with 1M NaOH and diluted to 200 ml; it was then incubated for 3 h at room
temperature under agitation. The reaction product was dialyzed (MWCO 6,000) against 5
mM HCl for 1 day, shielded from light, and then 5 mM HCl/1% NaCl for 1 days and finally
1 mM HCl for 1 day. The dialyzed products were then lyophilized and stored at 4 °C before
use. The thiol group content of the thiolated chitosan synthesized was determined by
elemental analysis and the total amounts of thiol groups were calculated as the weight
percentage of sulfur in the polymers. The structures of the thiolated chitosan were
determined by 1H NMR and compared with native chitosan. The data for thiolated
chitosan: 1H NMR (400 MHz, D2O, TMS, ppm): 4.93(H-1), 3.98(H-3, H-4), 3.81(H-5,
H-6), 3.24(H-2), 2.97(-S-CH2-), 2.07(-COCH3).

Odex was prepared according to the following process: 3.28 g of NaIO4 (dissolved in 100
ml of water) was added to 400 ml of dextran solution (1.25% w/v), shielded from light, with
constant stirring at ambient temperature for 24 h, an equimolar amount of diethylene glycol
was added to quench the unreacted NaIO4. The Odex solution was dialyzed exhaustively
(MWCO 3,500) for 3 days against water, and pure Odex was obtained by lyophilization
[32]. The oxidation degree of Odex was determined by quantifying the aldehyde groups
formed with tert-butyl carbazate via carbazone formation [6]. The actual oxidation degree of
dextran was determined as 20%.

2.2.2 Preparation of solutions and hydrogels—Desired amounts of Odex (5% w/v)
and Chitosan-NAC (2.5% w/v) were dissolved in water to form solutions, respectively; and
stored at 5 °C before testing. Typical Odex/Chitosan-NAC hydrogels were prepared by
thoroughly mixing Odex solutions with Chitosan-NAC solutions (the volume ratio of Odex/
Chitosan-NAC was 1:1) by gentle stirring for 10s, the mixture was maintained at 37 °C for
gelation.

2.2.3 Physicochemical characterizations of Odex/Chitosan-NAC hydrogels—
All rheological measurements were performed with a rheometer (HAAKE RS600, Thermo-
Fisher, Hampton, NH). Liquid samples were transferred into a Couette cell immediately
after mixing (time t=0). For time sweeping tests, storage moduli G’, loss moduli G” and
viscosity were monitored as a function of time at a 1 Hz frequency and a 2% stress strain
under 37 °C. In this investigation, the influence of thiol group contents on chitosan-NAC
and its effect on the hydrogels' rheological properties was studied in details.

The burst strengths of hydrogel samples were tested by a custom-built mechanical burst
tester following the standard protocol F2392-4 described by ASTM International [33].
Briefly, a sheet of tissue-mimicking collagenous substrate (sausage casing, Nippi Casing
Co., Tokyo, Japan) with a 3 mm diameter hole bored in the middle was mounted inside a
polytetrafluoroethylene (PTFE) mold (3.0 cm in diameter); 0.6 ml of the hydrogel precursor
mix was deposited on the collagenous substrate confined by the PTFE mold to congeal.
After incubation for 0.25, 0.5, 1, 3 and 6 hours, respectively, at 37 °C, the hydrogel-substrate
was mounted onto the pressurization unit of the tester. This was followed by activating the
syringe pump linked to the pressurization unit and a transducer, pressurization was initiated
(at 2 ml/min) and the maximum pressure reached immediately prior to m aterial failure was
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digitally recorded and registered on a computer. The burst pressure recorded as psi was
converted to mmHg using the following formula: Pressure in mmHg/mm thickness =
(Pressure in psi×51)/Thickness (mm) of Hydrogel Swelling studies of different Odex/
Chitosan-NAC hydrogels were performed in pH 7.4 buffer solutions at 37°C. The weights of
the lyophilized hydrogels were recorded (Wd) prior to immersion in PBS. After a stipulated
duration of incubation, the hydrogels were blotted with tissue paper to remove excess water,
then, they were weighed (Ws). The swelling ratio (q) was calculated by q = Ws/Wd.

Both the lyophilized and fractured pieces of hydrogels were secured on an aluminum stub
with copper tapes and sputtered with gold, and their cross-sectional morphologies were
examined by a scanning electron microscope (SFEG Leo 1550, AMO GmbH, Aachen;
Germany) at 10 kV.

2.2.4. Interaction of fibroblast and Odex/Chitosan-NAC hydrogel—Dermal
fibroblasts were used as model cells to evaluate the in vitro cytotoxicity potential of the
Odex/Chitosan-NAC hydrogel formulated, with a secondary objective of verifying the cell-
hydrogel interactions. Since the in situ gelable Odex/Chitosan-NAC system has potential in
vivo applications, direct contact cell-hydrogel interaction via encapsulation would be a
proper in vitro model to evaluate the material. Briefly, Odex (5%) and Chitosan-NAC
solutions (2.5%) were pre-sterilized by autoclaving for 10 minutes. 0.2 ml of Odex and
Chitosan-NAC solutions and fibroblasts were introduced into each well (cell density: 1×105

cells/ml) and the admixture was incubated at 37 °C under a humidified atmosphere of 5%
CO2 for 20 min. Fresh culture medium was then added to the culture well for equilibration
and it was repeated thrice in 15 min. Finally, 0.5 ml of cell culture medium was added to
each well and the medium was changed every other day.

The cytotoxicity potential of the Odex/Chitosan-NAC hydrogels and their degradation
byproducts were determined by MTS assay using the cell-encapsulated hydrogel models;
monolayer cells were used as controls. Cell viability was determined on day 0, 3, 7, 14 and
28, respectively. The culture media were removed from individual wells after incubation, 20
µl of MTS solution was added to them, the absorbance of the media were determined at 490
nm following the manufacturer supplied protocol.

To observe cell morphology and proliferation inside the hydrogels, images of cells were
acquired in situ with a Zeiss laser scanning confocal microscope (LSM510, Carl Zeiss Inc.,
Germany). The viability of cells in direct contact with the hydrogels was verified by Live/
Dead™ staining. Briefly, a fresh cross-section (200 µm) of the cell-laden hydrogel was
incubated in 200 µL of a “Live/Dead™” dye solution (2 µM calcein AM and 4µM EthD-1)
for 10 min, and it was observed under the scanning confocal microscope. Evaluations of the
in vitro degradation of hydrogels were also performed with the cell encapsulation model.
After incubating for the time-spans ranging from 0 to 28 days, the cell-laden hydrogels were
retrieved; the rate of hydrogel degradation was determined by monitoring their weight
losses.

2.2.5. Subdermal implantation of Odex/Chitosan-NAC hydrogel—The
biocompatibility of the hydrogel and its capacity to resist degradation was evaluated in vivo
using a mouse subcutaneous implant model. The study was performed according to the
approved protocol (#1286) by the IACUC of SUNY-Stony Brook in compliance with the
NIH guidelines for the care and use of laboratory animals (NIH Publication no. 85-23 Rev.
1985). Anesthesia was induced by inhalation of isoflurane (5% induction/2.5%
maintenance), the injection sites were prepped with both betadine and isopropanol. The
precursors (Gel 4) were loaded separately into two syringes and rapidly mixed thoroughly
via a two-way connector, a needle was immediately coupled to the syringe containing the
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mixed precursor, and the whole process was completed within 15 seconds. The needle was
then inserted subdermally into an animal, and 0.5 ml of the hydrogel precursor was
introduced into the subdermal pouches formed by gradual dissection under pressurization
during injection; injection of each animal took no more than 10 seconds. The animals were
euthanized after 7 and 28 days, respectively, and the injection sites in conjunction with the
adjoining tissues were retrieved, fixed in 10% neutral buffered formalin, processed for
paraffin sectioning, and stained with H&E.

2.3 Statistical analysis
Data were analyzed by ANOVA to evaluate difference between groups. Post hoc
comparison of means was accomplished with Student-Newman-Keuls test to determine
significance between groups (α=0.05).

3. Results and discussion
Reacting chitosan with N-acetyl-L-cysteine forms chitosan-NAC and it has both -NH2 and -
SH groups; partial oxidation of dextran with periodate converts some of its vicinal - OH
groups into -CHO functionalities. Theoretically, Odex serves as a highly effective
macromolecular crosslinker capable of reacting with the free -NH2 groups on the chitosan-
NAC; the relatively fast formation of Schiff base results in creating the first crosslinked
network. This is followed by the slower interaction of the -SH groups to form disulfide
bonds leading to the establishment of a second network. The concept of formation of the
hydrogel is depicted in scheme 1. By taking advantage of the disparity in their reaction
times, the double interpenetrating network hydrogel is formed by simply blending the two
components, as a one step process, without the need to perform any complicated
maneuvering.

3.1. Synthesis and characterization of Chitosan-NAC conjugate
Conjugation of NAC to chitosan was achieved by covalent attachment of NAC to the amine
groups of the chitosan. The structure of chitosan-NAC was confirmed by the 1H NMR
spectrum in D2O depicted in Figure 1. Compared with the spectrum of chitosan [8], a new
resonance peak at 2.97 ppm appeared indicating the presence of a methylene (-CH2-SH) side
group.

The actual thiol content (mole %) of Chitosan-NAC could be calculated according to the
weight percentage of the sulfur and nitrogen in the polymers determined by elemental
analyses, and the results were summarized in Table 1. The NAC/Chitosan (mmole/g) with
10, 20, 30, 40 and 60 theoretical feedings were determined as, respectively, 0.5, 1.01, 1.45,
1.98 and 2.53; the thiol contents (mole %) of the series of Chitosan-NAC were calculated as,
respectively, 8.1, 16.3, 23.4, 31.9 and 40.8%. The aqueous solubility of the Chitosan-NAC
was evaluated by dissolving the test samples in deionized water until reaching their
maximum concentrations. Evidently, the solubility of Chitosan-NAC was dependent on the
thiol content of the polymer chain; conjugation of NAC to chitosan resulted in the
introduction of highly hydrophilic -SH groups onto the chitosan, thereby, disrupting its
crystalline structure. The low thiol content of Chitosan-NAC-1 suggested a low ratio of -SH
groups and its moderate degree of disruption of the crystalline structure of chitosan, thus a
low water solubility. The solubility of Chitosan-NAC increased with its thiol content,
reaching at 8% maximum (Chitosan-NAC -3 and 4), then decreased. Chitosan-NAC with
high thiol (i.e., 40.8%) tended to form a transparent solid gel during the dissolution process.
It could thus be inferred that the introduction of a large number of -SH into chitosan could
enable greater structural interactions, especially the self-crosslinking of thiol groups via
disulfide bond formation, thereby, influenced the solubility. Chitosan-NAC-3 and -4
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appeared to have the most optimal thiol contents resulting in their relatively high
solubilities.

3.2. Rheological analyses
The characteristics of in situ gelable hydrogel systems are epitomized by their rheological
properties. Fig. 2 depicted the temporal variation of the elastic modulus (G′), the viscous
modulus (G″) and the complex viscosity (ŋ*) of the representative Odex/Chitosan-NAC-4
(volume ratio 1:1) admixture (Fig. 2A) and the Chitosan-NAC-4 solution (3.75% w/v)
which had equal concentration of Odex/Chitosan-NAC-4 admixture (Fig. 2B) at 37°C. For
Odex/Chitosan-NAC-4, with G′ lower than G″, the precursor exhibited the typical behavior
of viscous fluids. Both moduli elevated rapidly as gelation proceeded; the buildup rate of G′
was considerably higher than that of G″ due to the formation of crosslinkings. The different
elevation rates of G′ and G″ led to a crossover (t = tgel, where tgel was the gel point) [33],
signifying the transition of the precursor from a liquid-phase to a solid-phase. Both moduli
continued to increase and eventually plateau, indicating the formation of a well-developed
three-dimensional network. The ŋ* of the Odex/Chitosan-NAC-4 system also underwent a
similar transition. At 37°C, the tgel of this formulation was approximately 60 s, and its G′
and ŋ* plateau at 2200 Pa and 300 Pa.s, respectively, at approximately 2000s.

The rheological profile of the auto-gelable thiolated chitosan hydrogels (Chitosan-NAC-4
only) was generally comparable to that of the Odex/Chitosan-NAC-4, with the exception of
a considerably longer tgel (1300s) and lower mechanical strength (its G′ and ŋ* plateau at
567 Pa and 80 Pa.s, respectively, at 3600s). This gelation profile showed that, Chitosan-
NAC could form hydrogel in the absence of a crosslinking reagent; however its slow
reaction rate and weak mechanical strength would greatly limit its application as an in situ
gelable hydrogel. The large disparities in the tgel of the two networks (i.e., 60s and 1300s)
enabled the formation of two distinct but interpenetrating networks in the same hydrogel
structure, which would otherwise not be possible in a binary system. The Odex/Chitosan-
NAC composition established the double network hydrogel crosslinking first via Schiff base
formation, followed by disulfide bonding. This system could, therefore, solidify at body
temperature rapidly, and gradually evolve into a three-dimensional interpenetrating double
network over time, imparting excellent mechanical property.

The relationships between the rheological properties and the thiol content of Chitosan-NAC
were investigated; the results were summarized in Table 2. The rheological properties of the
hydrogels formulated with different Chitosan-NACs (the weight ratio of the two components
maintained at unity) were evidently different; indicating the thiol content in Chitosan-NAC
was a key contributing factor to the hydrogels’ rheological properties. It could thus be
deduced that both the gelation time and mechanical properties of the hydrogel could be
modulated by changing the thiol content of Chitosan-NAC; either excessive or insufficient
amounts of thiol groups on the Chitosan-NAC adversely affected the crosslinking reaction
of the two components. When the thiol content of Chitosan-NAC was 31.9% (Chitosan-
NAC-4), the mixed precursor had the shortest reaction time span (tmax=2000s) with the
hydrogel formed possessing the greatest mechanical strength (G′max=2200Pa), at a gelation
time of 60s. Hypothetically, this formulation would allow sufficient amount of time for
material preparation (e.g., mixing, incorporation of therapeutic agents, if relevant, etc.) and
rapid gelation if an injectable formulation is to be contemplated.

3.3. Burst pressure of hydrogels
Burst strength, reflecting material cohesiveness/adhesiveness, is another important
mechanical characteristic of hydrogels, especially for those that are gelable in situ [34–36].
The temporal burst strengths of the double network Odex/Chitosan-NAC hydrogels (Gel 3, 4
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and 5) and Chitosan-NAC-4 hydrogel (a single network) were determined. All hydrogels
prepared were incubated at 37 °C for 0.25, 0.5, 1, 3 and 6 hours, prior to determining their
burst strengths. Incremental hydrostatic pressure was exerted on the hydrogels until failure,
with the maximum pressure (burst strength) registered as the ultimate strength of the sample;
the results are depicted in Fig. 3.

Compared to the auto-gelable hydrogels formulated from disulfide crosslinking (i.e.,
Chitosan-NAC-4), the general mechanical strength of Odex/Chitosan-NAC hydrogels was
considerably higher due to Schiff base formation in concert with the interpenetrated
disulfide bonding. Additionally, the rates of elevation in burst strengths were in the order of
Gel 4> Gel 3> Gel 5 >> Chitosan-NAC-4. In the presence of Odex, all hydrogel samples
(gels 3, 4 and 5) nearly reached their maximum burst strengths via developing three-
dimensional interpenetrating double network in 30 minutes (0.5 hour). While after 6 hours,
the burst strength of auto-gelable Chitosan-NAC-4 hydrogel was approximately 5 mmHg/
mm thickness, and evidently, continued to elevate, suggesting a very slow reaction and
brittleness and/or weak adhesion to substrate. Similar to the results of rheological testing, the
ultimate burst strength of the Odex/Chitosan-NAC hydrogel was also in the order of Gel 4>
Gel 3> Gel 5, which was dictated by their relevant crosslinking densities, and thus the thiol
content of the Chitosan-NAC.

Collectively, the results of burst strength testing strongly corroborated with those obtained
from the rheological measurement demonstrating that the mechanical and rheological
properties of thiolated chitosan based hydrogels could be greatly improved by introducing
the macromolecular crosslinker, Odex. The Odex/Chitosan-NAC hydrogel was
mechanically strong with a short tgel and reaction time span, which brought forth the
possibilities of adapting it as an injection deployable in situ gelable material for future
clinical applications.

3.4. Morphology of Odex/Chitosan-NAC hydrogels
The cross-sectional SEM images of representative lyophilized Odex/Chitosan-NAC
hydrogel formulations with different thiol contents (Gels 3, 4 and 5) and the corresponding
hydrogel produced from Chitosan-NAC-4 were depicted in Fig. 4. All hydrogels had porous
interior structures with interconnected pores, but their pore size distributions and wall
structures were obviously different, these were attributable to the crosslinking densities and
material contents of the hydrogels formed. The Chitosan-NAC-4 formulation with the
largest pore size (average: 300 µm) was attributable to its low crosslinking density, the loose
sheet-like wall structure implicated a low mechanical strength. Conversely, the structures of
all the Odex/Chitosan-NAC hydrogels possessed thick wall and were more compact. As the
Odex/Chitosan-NAC hydrogels were formulated by developing double interpenetrating
network structures with high material contents, they generally exhibited smaller sized pores
and stronger mechanical properties. Additionally, the general pore size dimensions of the
hydrogels formulated from Chitosan-NAC with different thiol contents were different; this
aspect was also determined by the crosslinking densities and thus the thiol contents. Gel 4
had the smallest pore size (average: 150 µm) attributable to its high crosslinking density,
which was in strong agreement with the rheological results summarized in Table 2. Since
Gel 3 and 5 had lower crosslinking densities compared to Gel 4, they generally exhibited
larger sized pores with weaker mechanical properties.

3.4. Swelling analysis
Fig. 5 showed the time evolution of the swelling ratio q of hydrogels. All hydrogels were
submerged in PBS and their swelling ratios were determined at 0.5, 2, 6, 24 and 48 hrs.
Briefly, after 2 hours of incubation, all hydrogels reached their full swollen state and they
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were in the order of Gel 5 (q: 11) > Gel 3(q: 9.3) > Gel 4(q: 6.8). Gel 4 with the highest
crosslinking density resulted in the minimum swelling ratio; this was in good agreement
with the structural information depicted in Fig. 4.

3.5. Interaction of fibroblast and Odex/Chitosan-NAC hydrogel
Cell encapsulation was performed to explore the potential of the thiolated chitosan based
hydrogels as a biomaterial; dermal fibroblast was selected as a model cell for investigation.

3.5.1. Cytotoxicity and cell viability analysis—The cytotoxicity potential, as reflected
by the viability of cells encapsulated in the hydrogels (Gel 3, 4 and 5), were evaluated by
MTS assays. Cells were encapsulated by hydrogels previously deposited on culture wells on
day 0, and culture wells without hydrogel were used as controls. Cell viability was examined
at 0, 3, 7, 14 and 28 days, and some of the results were depicted in Fig. 6. The short-term
results (within 3 days, not shown) showed that there was no significant difference between
the cells incubated with hydrogels and the controls, suggesting that the hydrogels did not
have any adverse effect on cell growth, this could be inferred as material non-cytotoxicity
(P<0.05). Long-term cell culture results (up to 28 days, not shown) showed that cells in the
hydrogels proliferated steadily with time and the magnitudes were comparable, this further
confirmed the non-cytotoxicity of the hydrogels and it could also be inferred that the
degradation byproducts of the hydrogels were non-cytotoxic. It should be noted that the
controls being utilized were 2D cell culture wells and upon reaching full confluence, the
cells have limited room for growth. This constraint accounted for the apparent lower cell
numbers, compared to those on the 3D hydrogels, observed from day 7 and beyond.
Additionally, amongst the three hydrogel formulations, Gel 4 (contained Chitosan-NAC-4)
appeared to be the least amenable to cell growth; this observation was attributable to their
difference in crosslinking densities. Gel 4 had the greatest crosslinking density and thus, the
greatest mechanical strength, the thickest wall structure, the most compact structure and the
lowest swelling ratio; these features collectively constituted a structure more resistant to cell
mediated degradation, deposition of extracellular matrix (ECM) etc., thereby, impeded cell
migration/infiltration into the hydrogel.

3.5.2 Cell morphology in the hydrogel—Live/Dead™ staining was performed to
differentiate living cells stained with calcein-AM (green) versus the dead cells stained with
ethidium homodimer (red) by fluorescence microscopy. Fig. 7 depicted the cells residing in
the 5% Odex/2.5% Chitosan-NAC-4 (Volume ratio 1:1) hydrogel formulation after Live/
Dead™ staining. Cells residing inside the hydrogel assumed a round conformation during
the first 7 days (Fig.7A), and approximately 70% of the cells were alive. After 14 days, cells
started to assume their typical conformation (Fig. 7B) with the overwhelming majority
(>70%) of them alive. This suggested that the cells were adapting to the new hydrogel
"environment"; it is known that fibroblasts deposit extracellular matrix on polymer matrices
[39, 40]. The extracellular matrix deposited on the hydrogels modulated its properties
rendered it more favorable for cells to regulate their behavior including morphology,
functionality and cell-cell interactions [41].

3.5.3. Degradation of the hydrogels in a cell culture model—Cell mediated
degradation studies for hydrogel formulations, Gels 3, 4 and 5, were conducted by
monitoring their weight losses in the presence of cells, the results were depicted in Fig. 8.
Apparently, all hydrogels underwent relatively fast initial degradation during the first 2
weeks; it was followed by a more moderate phase. The pace of degradation was in the order
of Gel 5> Gel 3> Gel 4; this pattern of degradation kinetics reflected the stabilities of the
hydrogels and they were in the order of Gel 4> Gel 3> Gel 5. In general, the degradation
behavior of hydrogels is dependent on the crosslinking density [38]. The extent of
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crosslinking implicates the stability of the hydrogel; greater degrees of crosslinking produce
hydrogels that are more stable. As shown above, Gel 4 had the highest crosslinking density
and it was the most resistant to degradation.

3.5.3. Subdermal implantation of hydrogels—The implant sites of the mice were
examined immediately after euthanasia (7 and 28 days, respectively). The needle puncture
injuries of the animals of both groups were completely healed by day 7, as indicated by
wound closure, and they could not be easily identified; this suggested normal healing;
moreover, there was neither any observable abnormality nor hair loss on the skin surface,
implicating the non-cytotoxicity of the injected hydrogels (not shown). The gross
appearance of the tissues surrounding the implanted hydrogels did not show any signs of
edema, redness or tissue necrosis (not shown); this suggested that the hydrogels residing
inside the subdermal pouches did not induce extensive inflammatory response. The
histopathology depicted in Figure 9A showed that the fibrous capsules, typically
surrounding implants, were thin suggesting the presence of the hydrogels produced only
very mild tissue responses; there was no evidence of extensive presence of inflammatory
cells, further corroborating the initial gross examination. In contrast, the tissues adjoining
the implanted synthetic poly-lactide-co-glycolide (i.e., Vicryl™, as benchmarks, not shown)
were surrounded by considerably thicker fibrous capsules. Moreover, the surface/boundary
of the hydrogel in direct contact with the tissue was intact and distinctive, with no evidence
of cell infiltration; these observations collectively indicated the resistance of the hydrogel to
biodegradation. This feature is a distinct contrast to most hydrogels formulated from
minimally modified natural materials which tend to degrade relatively rapidly upon in vivo
implantation. The histopathology of the implant sites after 28 days (Figure 9B) highly
resembled those of the day 7, the fibrous tissue surrounding the implanted hydrogel was
noticeably thicker and denser; however, there was no evidence of extensive presence of
inflammatory cells or foreign body giant cells. Likewise, cells did not infiltrate into the
hydrogel and it clearly maintained a fully intact boundary interfacing the surrounding tissue
further indicating non-cytotoxicity and lack of biodegradation.

We had previously demonstrated cell/tissue mediated degradation/erosion of a similar in situ
gelable but single network hydrogel composed of Odex and carboxyethyl chitosan (CEC),
they were fully degraded in animal models within 4 weeks after implantation [42,43];
apparently, substituting Chitosan-NAC for CEC greatly increased the stability and durability
of the hydrogel formed both in vitro and in vivo. These results suggested the disulfide bond
inter-crosslinkings formed as the second network is the major factor contributing to the
resistance to degradation. Disulfide bonds are known to be reversible under weak acidic
condition; the neutral physiological pH further contributes to the stability of the disulfide
bonds formed [29]. It has also been shown that disulfide bonds are very stable and the
hydrogels formed via this mode of crosslinking are resistant to hydrolysis [30]. In fact, the in
vivo stability observed in this investigation is consistent with a previously reported pre-
formed film prepared by the crosslinking of sulfhydryl modified hyaluronan and stabilized
by hydrogen peroxide treatment [30]. It should be noted that that the in vitro results (Fig. 8)
showed that up to 25% of the hydrogel (Gel 4) was degraded by week 4, which did not fully
reflect the same hydrogel's lack of degradation in vivo after implantation. We postulate that
this disparity was due to the availability of excess water in the in vitro cell culture, which
permitted the hydrogel to swell to multiple times of its original volume, this in turn,
facilitated cell penetration and diffusion of the degradative enzymes they secreted, thereby,
hastening the break down. In contrast, only very limited free water was available to the
hydrogel upon implantation, which greatly limited its swelling in vivo. The hydrogel's
denser structure in concert with the double network crosslinking molecular organization
rendered it highly resistant to degradation upon implanted in vivo.
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All the in vivo and in vitro results demonstrated that Odex/Chitosan-NAC with
interpenetrating double networks is an effective hydrogel system to enhance the mechanical
strengths, and thus, increase their resistance to degradation, which indicated that thiolated
chitosan hydrogels have great potential as an in situ formable biomaterial for clinically
related applications where mechanical strength, durability and fast gelation are the essential
requirements.

Conclusion
A class of binary in situ gelable double-interpenetrating network hydrogels, composed of
minimally modified natural GRAS materials, oxidized dextran (Odex) and thiolated chitosan
(Chitosan-NAC), has been formulated without the need of any small molecule crosslinker.
The interpenetrating network structure is created by disulfide bonds and Schiff base
formations, respectively. The results of burst strength testing strongly corroborate with the
rheological measurements; it demonstrates that the Odex/Chitosan-NAC hydrogel is
mechanically strong with a short tgel and reaction time span, which brings forth the
possibilities of adapting it as an injection deployable in situ gelable material for future
clinical applications. Short and long-term viability tests of the Odex/Chitosan-NAC
hydrogel using fibroblast-mediated in vitro models show that both the hydrogel and its
degradation byproducts are non-cytotoxic. In vivo results from subdermal implantation
demonstrate the low inflammatory potential of the hydrogel and its resistance to
degradation. Collectively, the results suggest that the double interpenetrating network Odex/
Chitosan-NAC hydrogel system has great potential as an in situ formable biomaterial for
clinically related applications where mechanical strength, durability and fast gelation are the
essential requirements.
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Fig. 1.
The 1H NMR spectrum of Chitosan-NAC
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Fig. 2.
The time evolution of the storage modulus (G′), the loss modulus (G″) and the complex
viscosity (ŋ*) of: (A) Odex/Chitosan-NAC-4 (weight ratio 1:1) hydrogel, and (B) the
corresponding Chitosan-NAC-4 hydrogel formed by self-crosslinking. G′ and G″ crossover
is denoted as tgel (gelation point)
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Fig. 3.
The time evolution of burst pressure of the double network Odex/Chitosan-NAC hydrogels
and the single network Chitosan-NAC-4 hydrogel.
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Fig. 4.
The cross-sectional SEM images of Odex/Chitosan-NAC hydrogel formulations (Gel 3, Gel
4 and Gel 5) composed of Chitosan-NAC with different thiol contents, and the hydrogel
formed by self-crosslinking of Chitosan-NAC-4.
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Fig. 5.
The time evolution of swelling ratio q of hydrogels formulated from Chitosan-NAC with
different thiol contents
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Fig. 6.
The viabilities of cells encapsulated by various hydrogel formulations.
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Fig. 7.
Live/dead™ staining of cells entrapped in Odex/Chitosan-NAC hydrogel (Gel 4): (A) day 7,
and (B) day 14. Green: live cells, and red: dead cells
Scale bar: 50µm
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Fig. 8.
The weight loss of Odex/Chitosan-NAC hydrogels formulated from Chitosan-NACs, with
different thiol contents, in PBS.
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Fig. 9.
Subdermal injection of Odex/Chitosan-NAC into mice. Duration: (A) 7 days, and (B) 28
days. The presence of hydrogels appear to have induced only very mild tissue response and
it was reflected by the thin fibrous capsules surrounding the implants and the lack of
extensive presence of inflammatory cells and foreign body giant cells.
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Scheme 1.
Schematic representation of the formation of the Odex/Chitosan-NAC hydrogel
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Table 1

The characteristics of Chitosan-NAC produced from different feed ratios of NAC/Chitosan

Samples Feeding
NAC/Chitosan

(mmole/g)

Obtained
NAC/Chitosan*

(mmole/g)

% mole of
Thiol groups

Maximum
aqueous

solubility (%)

Chitosan-NAC -1 10.0 0.50 8.1 2.5

Chitosan-NAC -2 20.0 1.01 16.3 5.0

Chitosan-NAC -3 30.0 1.45 23.4 8.0

Chitosan-NAC -4 40.0 1.98 31.9 8.0

Chitosan-NAC-5 60.0 2.53 40.8 5.0

*
determined by elemental analysis
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Table 2

The physicochemical properties of Odex/Chitoan-NAC hydrogels

Sample Thiol content
(mol %)

tgel (s) tmax (s) G′max(Pa)

Gel 1 8.1 <30 4600 600

Gel 2 16.3 45 3000 1500

Gel 3 23.4 60 2600 1800

Gel 4 31.9 60 2000 2200

Gel 5 40.8 <30 4000 1350

The concentrations of Odex and Chitosan-NAC were 5 and 2.5 %, respectively
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