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Hydrogels are high in water content and have physical properties similar to native extracellular matrix
(ECM), and thus they have been widely studied as three-dimensional (3D) tissue engineering scaffolds
for cell culture. In this work, a two-step process was introduced to fabricate injectable hydrogel from
oxidized dextran (ODex), amino gelatin (MGel) and 4-arm poly(ethylene glycol)-acrylate (4A-PEG-
Acr) for cell encapsulation. A primary network was formed based on a Schiff based reaction between
ODex and MGel, then a UV light-induced radical reaction of 4A-PEG-Acr was used to produce the
independent secondary network. Both of the reactions were carried out under physiological conditions
in the presence of living cells with no toxicity. The primary network depending on natural polymers
could degrade rapidly to provide space and nutrition for encapsulated cells’ growth, and the secondary
network could provide long-term mechanical stability. The attachment and spreading of pre-
osteoblasts (MC3T3-E1) on IPN hydrogels were observed by DEAD/LIVE kit staining. Furthermore,
cell spreading and cell proliferation within IPN hydrogels were observed using confocal microscopy
after phalloidin/DAPI staining. The results showed that the as-prepared interpenetrating polymer
network (IPN) hydrogels possessed good mechanical properties, a controllable degradation rate and
favorable biocompatibility. Therefore, the hierarchically designed hydrogel in this study could be a
promising candidate for bone or cartilage tissue engineering applications.

1. Introduction

Tissue engineering aims to promote the biological and functional
regeneration of damaged or diseased tissues by incorporating
cells and bioactive molecules into a supporting material or
scaffold. Therefore, an appropriate tissue engineering scaffold
should not only permit cell attachment and promote cell growth,
but should also be biocompatible, biodegradable, and mechan-
ically strong to withstand the forces imposed in vivo.'*
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T Electronic supplementary information (ESI) available: 'H NMR
spectra for ODex (Fig. SI-1) and 4A-PEG-Acr (Fig. SI-2); phase
diagram of gelatin and MGel (Fig. SI-3) SEM photographs of PBS salt
sediments on dry hydrogels (Fig. SI-4); behaviour of different solutions
during the two-step crosslinking method (Fig. SI-5); tensile testing of P
and P-D-G-2 hydrogels (Fig. SI-6); compress testing on control
hydrogels (Table SI-1 and Fig. SI-7); cell density on the hydrogel
surface (Fig. SI-8); further evidence for the degradation of hydrogels
(Fig. SI-9) and 3D cell culture (Fig. SI-10).

Hydrogels are a kind of material that have gained widespread
application as 3D tissue engineering scaffolds due to their high
water content and physical properties similar to ECM.**
Furthermore, hydrogels can maintain the diffusion of nutrients
and oxygen to growing cells through varying levels of porosity.®
Currently, forming hydrogels in situ has been identified as highly
important for the development of an injectable therapy.®’

Injectable therapy is implemented by injecting precursor
solutions which contain cells or drugs directly into the damaged
site, and the solutions are then solidified and fixed in situ.
Methods of triggering gelation of precursor solutions include
photopolymerization,® Schiff-based reaction,™'® click reac-
tion,''? Michael addition,'*** self-assembly,>'¢ thermosensi-
tivity,'” enzymatically crosslinking,'®' and pH-sensitivity.?*?!

The challenge for hydrogel use as a cell carrier is how to make
the cells spread and proliferate well within the formed hydrogels.
In the past few years, several methods have been successfully
developed to control cell growth spatially and temporally within
hydrogels. Anseth’s group demonstrated that encapsulated cells
spread efficiently by chemically modified cell-affinitive domains
such as RGD on poly(ethylene glycol) (PEG) chains.?*> They also
demonstrated that encapsulated cells migrated through degra-
ding channels formed by precisely controlling the gel crosslinking
density of the photodegradable hydrogels.?* Webb’s group
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engineered a semi-interpenetrating network composed of hya-
luronic acid and poly(ethylene glycol) diacrylate. And even low
levels of hyaluronic acid content helped fibroblasts to spread and
proliferate three-dimensionally through cell-mediated enzymatic
degradation of the hyaluronic acid.?*

Designing hydrogels in the interpenetrating polymer network
(IPN) style is a simple and easily feasible route to improve cell
spreading and proliferation inside hydrogels. IPN hydrogels are
one type of hybrid hydrogel composed of two or more cross-
linked polymers, where each polymer is either a physically or
chemically crosslinked network which is independent of the other
while being physically interlocked.>® Natural materials such as
collagen, hyaluronic acid, dextran, and gelatin are biocompatible
and easy to degrade, while synthetic polymers always possess
favorable mechanical properties. Thus, it was hypothesized that
by sequentially crosslinking natural and synthetic polymers, a
hybrid hydrogel with good cyto-compatibility and tunable
mechanical properties could be yielded.

To test the hypothesis, we developed and evaluated an in situ
forming hydrogel composed of natural and synthetic polymers.
Specifically, dextran is a natural biodegradable polysaccharide
chemically similar to glycosaminoglycans (an important
constituent of ECM).?* More importantly, the abundant pendant
hydroxyl groups on the polysaccharide chains enable it to be
chemically modified.?”*® Gelatin is a denatured product of
collagen which has been proven to have good biocompatibility
in vivo. Additionally, gelatin retains cell-binding motifs such as
RGD, which is critical for cell culture in a 3D environment.?*-*
Currently, PEG is favored in biomedical scaffold fabrication due
to its bioinert nature and easily controllable mechanical prop-
erties.?"*? Here, dextran was oxidized with sodium periodate
to acquire aldehyde groups, and ethane diamine was used to
chemically modify the carboxyl groups on gelatin chains to
amino groups. Then, a Schiff based reaction between the alde-
hyde groups and the amino groups crosslinked the ODex and
MG@Gel to form the primary network. Sequentially, 4-arm-poly-
(ethylene glycol) (4A-PEG) was functionalized with acrylate
groups which allow radical photopolymerization under light
irradiation to form the secondary network.

The swelling, degradation, rheological, and mechanical prop-
erties of IPN hydrogels were evaluated. Adhesion and spreading
of cells on the hydrogel surface were observed. Furthermore, the
viability, spreading, and proliferation of MC3T3-El cells
encapsulated in different IPN hydrogels were tracked. The
results demonstrated that IPN hydrogels had favorable physical
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and biological properties, and therefore could be a promising
scaffold for tissue engineering application.

2. Materials and methods
2.1 Materials

4A-PEG (M, 20000) was obtained from Jemyork Biotech-
nology Co. Ltd, Shanghai, China. Triethylamine (TEA),
dichloromethane (DCM), acryloyl chloride, diethyl ether, 1-[4-
(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-propane-1-
one (I12959), dextran (M, 100 000), sodium periodate, ethane
diamine (ED), gelatin (type B, M, 60 000), phosphate buffer
saline (PBS, pH = 7.4), and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich, and used as received. 1-Ethyl-3-
(3-dimethyl aminopropyl) carbodiimide hydrochloride (EDC)
was supplied by GL Biochem (Shanghai, China). Dialysis tube
(MWCO 3500 and 1000) was obtained from JingKeHongDa
Biotechnology Co., (Shanghai, China). All other chemicals,
unless specified otherwise, were from Sigma-Aldrich.
MC3T3-E1 cells were obtained from the institute of
Biochemistry and Cell biology (Chinese Academy of Sciences,
China). Fetal bovine serum (FBS), methylthiazol tetrazolium
(MTT), penicillin—streptomycin (Pen—Strep) solution and all
other culture media were purchased from Gibco. Tissue culture
polystyrene flasks were obtained from Corning, Co., China.
LIVE/DEAD Viability/Cytotoxicity Assay Kit, phalloidin-
Alexa568, and DAPI were purchased from Invitrogen, USA.

2.2 Synthesis and characterization of ODex and MGel

As shown in Fig. la, ODex was prepared by using sodium
periodate to oxidize the dextran. Specifically, 6.34 g of NalO,
(dissolved in 100 ml of distilled water) was added dropwise to
100 ml of dextran solution (10 wt%), the solution was stirred for 6
hours at room temperature and shielded from light. Then, 2 ml of
ethylene glycol was added to terminate the reaction. Lastly, the
ODex solution was dialyzed exhaustively (MWCO 3500) for
3 days against water, and lyophilized to obtain the final product
(yield: 70%).

The oxidation degree of ODex was determined by quantifying
the aldehyde groups formed by fert-butyl carbazate via carba-
zone.>' Briefly, an ODex solution (1 wt% in pH = 5.2 acetate
buffer) was prepared, and fivefold excess of ferz-butyl carbazate
in the same buffer was added and the mixtures allowed to react
for 24 h at room temperature followed by addition of a fivefold
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Fig. 1 Synthesis of ODex (a), MGel (b) and 4A-PEG-Acr (c).

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 25130-25139 | 25131


http://dx.doi.org/10.1039/c2jm34737g

Published on 08 October 2012. Downloaded by Donghua University on 22/08/2014 05:12:32.

View Article Online

excess of NaBH3;CN. After another 12 h, the reaction product
was precipitated thrice with acetone and the final precipitate was
dialyzed against water for three days, then the solution was
lyophilized. The actual degree of oxidation was assessed by 'H
NMR (ESI, Fig. SI-17) by integrating the peak at 1.3 ppm (tert-
butyl) against 4.8 ppm (anomeric proton of dextran).

MGel was prepared according to our previously described
method with some changes (Fig. 1b).3* Specifically, 5 g of gelatin
was dissolved in 100 ml of sodium dihydrogen phosphate buffer
(pH = 5.0). Then, 16 ml of ethane diamine was added. After that
the pH value was titrated back to 5 using hydrochloric acid (HCI)
and 2.3 g of EDC was then added. The final molar ratio of
carboxyl groups on the gelatin chains, EDC, and ethane diamine
was 1:2:40. The reaction was stirred overnight at room
temperature. Hereafter, the resulting mixture was dialyzed
(MWCO 3500) against distilled water to remove the excess
ethane diamine. The final dry products were obtained by freeze-
drying with a yield of 85%.

The vial-inverting approach was used to determined the sol—
gel transition temperature of gelatin and MGel solutions. Each
sample with a given concentration was stored in vials at 4 °C.
Then the vials with polymer hydrogels were immersed in a water
bath, and the samples were regarded as a “gel” in the case of no
visual flow within 30 s by inverting the vial with a temperature
increment of 1 °C per step.3*

The amino group content in MGel was determined by the
method we described previously.?* Briefly, 0.5 ml of 0.0625 mg
ml~' MGel aqueous solution was mixed with 0.5 ml of PBS,
1.0 ml of 4 wt% sodium bicarbonate, and 1.0 ml of 0.1 wt% 2,4,6-
trinitrobenzene-sulfonic acid sodium salt in water. After incu-
bation at 37 °C for 2 h, the optical density of the solution was
determined at 420 nm using a Hitachi UN-2500 spectrometer.
The result was converted into free amino content (mmol g~
using a calibration curve obtained with B-alanine solutions as a
standard.

2.3 Synthesis and characterization of 4A-PEG-Acr

4A-PEG-Acr was synthesized from 4A-PEG according to the
procedure described elsewhere with minor modifications
(Fig. 1¢).3%%¢ Typically, 8 g of 4A-PEG (0.8 mmol) were dis-
solved in 200 ml of anhydrous DCM followed by azeotropic
distillation in order to remove the trace water in this system.

12959 -
{ - \1'4% }

Obex N\ | 4

\_ : AA-PEG-Acr B

Step [

37 C 15min

Then the flask was cooled down to room temperature and TEA
was added, followed by acryloyl chloride in DCM added
dropwise to the flask. The final molar ratio of 4A-PEG, acryloyl
chloride, and TEA was 1:8:8. The reaction was allowed to
proceed at room temperature under a nitrogen atmosphere for
24 hours. Subsequently, the insoluble salt (triethylamine-HCI)
was filtered, and the polymer solution was precipitated in cold
diethyl ether. The precipitate was further purified by dialysis
(MWCO 1000) for one day to remove unreacted starting
materials and other byproducts. Finally, it was frozen at —20 °C
and lyophilized to obtain the 4A-PEG-Acr. The final yield was
approximately 65%.

The chemical structure of 4A-PEG-Acr was confirmed by
using a FTIR spectrophotometer (NEXUS-670). Substitution of
4A-PEG-Acr was determined by 'H NMR (Bruker Avance
400 MHz) spectrum by integrating the peak at 6.1 ppm
(CH,CH,) against 5.8 ppm and 6.4 ppm (CHCH,) (Fig. SI-27).

2.4 Hydrogel formation

The preparation of IPN hydrogels is illustrated in Fig. 2. Briefly,
ODex, MGel, and 4A-PEG-Acr solutions in PBS, and 12959
solution (dissolved in DMSO) were added into a tube. After
homogenizing, the pre-polymer solutions were injected into 48-
well culture plates. Then, they were incubated at 37 °C for 15
min, during which the primary crosslinking network was formed
via the Schiff based reaction between ODex and MGel. This was
followed by exposure of the formed hydrogels to 5 mW cm™2 UV
light (365 nm) for 5 min to allow free radical polymerization of
the 4A-PEG-Acr to form the secondary crosslinking network.
The IPN hydrogel was formed by this two step crosslinking.

IPN hydrogels were prepared with a final 4A-PEG-Acr
concentration of 55 mg ml~! (P-D-G-1) and 40 mg ml~! (P-D-G-
2), respectively (Table 1), and the concentrations of ODex and
MGel for both were 30 mg ml~! and 50 mg ml™"!, respectively.
For the control groups, P hydrogels were prepared with pure 4A-
PEG-Acr with a concentration of 55 mg ml~!, while D-G
hydrogels were prepared with pure ODex and MGel at a
concentration of 30 mg ml~! and 50 mg ml~!, respectively.
Photoinitiator (12959) was added to all the groups to a final
concentration of 0.1 wt%. 12959 was chosen due to its aqueous
solubility and good cytocompatibility.?’

IPN hydrogel

®

Step II

UV 5min

Fig. 2 Schematic for preparation of ODex-MGel-4A-PEG-Acr IPN hydrogels. IPN hydrogels were formed through a Schiff-based reaction (step I)

and UV crosslinking (step 1I) in the presence of photoinitiator (12959).
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Table 1 Composition of the hydrogels

Concentrations (mg ml™")

Sample 4A-PEG-Acr ODex Gelatin Total
P 55 0 0 55
P-D-G-1 55 30 50 135
P-D-G-2 40 30 50 120
D-G 0 30 50 80

2.5 Swelling and degradation

The swelling test of the hydrogels was performed according to
the protocol introduced elsewhere.?® Briefly, cylindrical hydro-
gels (0 10 mm x 2 mm) were prepared as described above and
immersed in PBS at 37 °C for overnight to reach a swelling
equilibrium. Then, the swollen hydrogels were removed. After
wiping off the surface water, the swollen weight of the hydrogels
was recorded as (W). Then, the hydrogels were frozen and
lyophilized to obtain the dry weight (Wy). The swelling ratio (Q,)
was calculated by eqn (1):

Qo = (Ws - Wd)/Wd (1)

To characterize the degradation properties of the hydrogels,
the hydrogel samples were incubated in PBS solutions with NaN3
(0.02 wt%) at 37 °C. At a predefined time, the samples were
removed, frozen, and lyophilized. The weight remaining was
calculated by using eqn (2):

Weight remaining % = Wi/ Wy x 100% 2)

where W; is the initial dry weight of the sample and Wris the final
dry weight of the sample. The swelling and degradation experi-
ments were conducted in triplicate.

2.6 Rheological and vial tilting characterization

To characterize the real-time change of the hydrogel mechanical
properties with crosslinking, the G’ (storage modulus) and G”
(loss modulus) were monitored via dynamic oscillatory shear
rheometry at 1% strain and 1 Hz using a Haake RS 150L
Rheometer (Thermo Haake Co., Germany). All tests were per-
formed at a constant temperature of 37 °C with parallel plate
geometry (diameter = 25 mm). Specifically, the pre-polymer
solution was mixed and pipetted directly onto the bottom plate,
and the top plate was lowered to contact the gelling solution with
a 2 mm gap size. The evolution of the G’ and G” was monitored
with time. The hydrogel was allowed to undergo crosslinking for
15 min, then the gel was irradiated by 365 nm UV light through
the gap to verify the possible change of elastic modulus caused by
photopolymerization.

Vial tilting was used to visually characterize the sol-gel tran-
sition during the hydrogels’ preparation. Vial tilting was per-
formed after each crosslinking step, and 10 ml beakers were used
in our experiment.

2.7 Compressive mechanical test

The mechanical properties of the hydrogels were measured by
compression tests with a Dejie DXLL-20000 materials testing

instrument at room temperature. Briefly, cylindrical hydrogels
(@ 10 mm x 4 mm) were prepared as described above and
immersed in PBS at 37 °C for overnight to reach a swelling
equilibrium. After the diameter and thickness of the hydrogels
were recorded, they were put on the lower plate and compressed
by the upper plate at a strain rate of 1 mm min~'. The Young’s
modulus (E) was calculated as the slope of the stress—strain
curve, in the range of strain from 0 to 10%. All samples were
analyzed in triplicate.

2.8 MC3T3-El cell culture

MC3T3-E1 cells were expanded and passaged at standard culture
conditions in o-MEM medium (Gibco, USA) supplemented by
10% fetal bovine serum, and 1% penicillin/streptomycin. The
complete medium was replaced every other day. All the cells
before a passage number of 10 were used in this study.

2.9 Adhesion and spreading of MC3T3-E1 cells on hydrogels

To investigate the cell behavior (adhesion and spread) on IPN
hydrogels, MC3T3-El1 cells were seeded at a density of 1 x 10*
cells cm ™" on the surface of the hydrogels fabricated as described
in Section 2.4. The culture medium was changed every day. After
2 days of in vitro culture, the medium was discharged and the
hydrogels were washed with PBS, then LIVE/DEAD Viability/
Cytotoxicity Assay Kit solution containing 2 pM calcein ace-
toxymethyl (AM) and 4 uM ethidium homodimer (EthD-III)
was added and incubated at 37 °C for 10 min. The stained cells
were visualized with a fluorescent microscope (UL100HG
Olympus Corporation, Japan). Image] software was used to
quantify cell number from the fluorescence images. At least four
images from four samples for each group were used for quanti-
fication of the cell number.

2.10 Spreading and proliferation of encapsulated cells in 3D
culture

For cell encapsulation, MC3T3-El1 cells were premixed with pre-
polymer solutions at a density of 5 x 10° cells ml™'. The mixture
was injected into 48-well culture plates, where the cells were
encapsulated in hydrogels by the two-step crosslinking process as
mentioned above. Then, complete medium was added on top of
the hydrogel disks, followed by incubation under standard
culture conditions with the medium exchanged every other day.

The cell viability in the hydrogels was quantified using the
MTT assay for 4 and 8 days, following the method described
elsewhere.?® Briefly, MC3T3-EI cells were incubated with 0.5 mg
ml~! MTT at 37 °C and 5% CO, for 4 h. The solutions were then
removed followed by addition of DMSO. After that, the
hydrogels were left in the incubator for an additional 10 hours to
ensure the diffusion of purple formazan salts, and finally the
absorbance of the resulting solution was measured at 492 nm
using a multidetection microplate reader (MK3, Thermo, USA).
Three parallels were averaged for each specimen.

Laser scanning confocal microscope (Carl Zeiss LSM 700,
Jena, Germany) was used for cell morphology observation.
Immunostaining was performed according to the protocols
introduced by the literature.* In brief, at a specific time interval,
MC3T3-El cells were fixed using 4% formaldehyde for more
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than 30 min, then incubated in 0.25% Triton X-100 for 1 h. After
this step, MC3T3-El1 cells were stained overnight with phalloi-
din-Alexa568. Then the cells were counter stained with DAPI.
All staining steps were performed at 4 °C, and two 30 min washes
in PBS (pH = 7.4) were performed between each step to ensure
the diffusion of the molecules in and out the specimens. In order
to obtain the 3D distribution and spreading morphology of the
encapsulated cells, a stack of images was acquired in the z
dimension of successive slices with a thickness of 8 pm in each.

2.11 Statistical analysis

Statistical significance was determined using one-way ANOVA
(analysis of variance) followed by Bonferroni’s Multiple
Comparison Test. Statistical significance was set to a P value
<0.05. All data are presented as the mean values, and the error
bars represent the standard deviation.

3. Results and discussion
3.1 Characterization of ODex and MGel

Dextran contains vicinal hydroxyl groups that can be readily
modified with periodate to form aldehyde groups. The oxidized
dextran bearing aldehyde groups serves as a good macromole-
cular crosslinker for polymers with amino groups. In this study,
the actual oxidation of dextran was determined as approximately
41% by 'H NMR.

In general, gelatin maintains a gel or viscous state under room
temperature, which is unfavourable for injectable applications.
Here, through reacting with ethane diamine, carboxyl groups on
gelatin chains were chemically modified to amino groups.
Therefore, the strong hydrogen bonds between amino and
carboxyl groups, which mainly lead to the gel state of gelatin,
could be disrupted.?® As a result, an MGel solution with a high
concentration could maintain its liquid state at room tempera-
ture (as shown in Fig. SI-3t). The amino content of MGel was
determined as approximately 0.802 mmol g~' by the TNBS
method.

3.2 Characterization of 4A-PEG-Acr

4A-PEG-Acr was synthesized via terminal modification of 4A-
PEG with acryloyl chloride. As shown in Fig. 3, the absorption

4A-PEG-Acr

—OH
(3800-3300cm’)

(1730em?)  —cH=cH,
(1635 cm)

Absorsance

T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Fig. 3 IR spectra of 4A-PEG and 4A-PEG-Acr.

bands at 1730 cm ™' and 1635 cm™' were attributed to ester
carbonyl (C=0) and vinyl (-CH=CH,) groups, respectively.*
And the broad peak appearing at 3800-3300 cm ™! was attributed
to terminal hydroxyl groups on 4A-PEG. The decline of the
hydroxyl groups, as well as the appearance of ester carbonyl and
vinyl groups confirmed the acylation of 4A-PEG and the
formation of 4A-PEG-Acr. The substitution degree of 4A-PEG
was determined as approximately 91% by 'H NMR.

3.3 Swelling and degradation properties

Fig. 4 shows that all four hydrogels contained significant
amounts of water, as reflected by their equilibrium swelling ratios
of 20 to 30. The swelling ratio for control groups (P, and D-G)
was higher than that of the IPN hydrogels. For P and D-G
hydrogels, the swelling ratio was 24.63 and 29.57, respectively.
As for the IPN hydrogels, the swelling ratio decreased to 20.73
(P-D-G-1) and 21.90 (P-D-G-2), respectively.

The equilibrium swelling ratio is generally influenced by the
crosslinking density, gel composition, efc.** Among all the
hydrogels, two IPN hydrogels showed the lowest swelling ratio
due to the existence of two crosslinking networks which gave the
highest crosslinking density. Of the two IPN hydrogels, P-D-G-1
had a higher 4A-PEG-Acr content, and therefore had a higher
crosslinking density which caused a lower swelling ratio. Since
there was only one network in the 4A-PEG-Acr hydrogel which
gave a low crosslinking density, it had a higher swelling ratio
than IPN hydrogels. D-G hydrogels also had only one cross-
linking network whilst the network based on Schiff based
crosslinking showed weak intensity compared with radical pho-
topolymerization crosslinking; therefore, D-G hydrogels gave
the highest swelling ratio.

Fig. 5 shows the degradation profiles of the different hydro-
gels. Disparate performance on degradation has been shown
among the four hydrogels. D-G hydrogel lost its weight quickly,
and dissolved totally at day 7. This can be ascribed to the weak
crosslinking state induced by the Schiff based reaction. Besides,
as shown in Fig. 4, the highest swelling ratio was also one of the
reasons for the fast disintegration of the D-G hydrogel.
Conversely, hydrogels composed of pure 4A-PEG-Acr only lost
10% of their original weight in 21 days degradation, which
indicated that 4A-PEG-Acr hydrogel was very stable when
incubated in PBS. Interestingly, by combine the two components
to make an IPN hydrogel, controllable degradation properties

35

Swelling Ratio (Q,)

e ¢ o 3 B 8 O
| |

o
| |

Fig. 4 Swelling ratio of hydrogels incubated in PBS at 37 °C.

25134 | J. Mater. Chem., 2012, 22, 25130-25139

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2jm34737g

Published on 08 October 2012. Downloaded by Donghua University on 22/08/2014 05:12:32.

View Article Online

Weight Remaining (%)
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Fig. 5 Degradation of hydrogels in PBS at 37 °C with respect to weight
loss.

can be obtained. As shown in Fig. 5, the degradation rate of IPN
hydrogels was relatively fast during the initial two weeks and
almost lost half their original weight after two weeks. This can be
ascribed to the disintegration of the primary crosslinking
network which was formed of ODex and MGel. Then the
degradation rate slowed down due to the existence of the bioinert
4A-PEG-Acr crosslinking network. It is worth noting that the
degradation curve of P exhibited an increase in behavior instead
of a decrease during the initial several days. This can be ascribed
to the deposition of PBS salt in the hydrogels when they were
immersed in PBS solutions (see Fig. SI-41) which induced the dry
weight of 4A-PEG-Acr hydrogels to increase slightly.

One of the goals of tissue engineering is to ensure that tissue
constructs can be incorporated into the surrounding host tissue.
In respect of degradation, a mismatch of the degradation rate of
the scaffold and the growth rate of new tissue can lead to
premature failure of tissue development.*> This requires the
biopolymer scaffolds to possess an optimal degradation rate. In
our study, the IPN hydrogels were composed of natural materials
and synthetic polymer. Through altering the content ratio
between the two components, adjustable degradation properties
can be obtained. Furthermore, due to the existence of 4A-PEG-
Acr, our IPN hydrogels can last for a long period without being
physically disintegrated, which is particularly useful for bone and
cartilage tissue engineering.*>**

3.4 Rheological analyses

A two-step protocol was used to synthesize IPN hydrogels. Fig. 6
shows the time sweep profiles of G' and G’ for the P-D-G-2
hydrogel forming. As shown in Fig. 6a, initially, G’ is larger than
G, which was expected since the samples were still in a liquid
state where viscous properties dominate. With the occurrence of
Schiff based reaction, the solutions began to gel, and both G’ and
G begin to increase. However, the rate of increase of G' was
much higher than that of G’. As a consequence, there was a
crossover point where G' becomes larger than G’. The time
required for this crossover to occur was referred to as the gelation
time and this point was referred to as the gelation point.*s After
the gelation point, the elastic properties began to dominate. For
the P-D-G-2 hydrogel, the gelation time was approximately 58
seconds. After 15 min, UV light was introduced to start the
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Fig.6 Representative evolution of shear storage modulus (G') and shear
loss modulus (G”') as a function of time during the primary gelation (a)
and secondary gelation (b) of P-D-G-2 hydrogels.

secondary crosslinking in IPN hydrogels (Fig. 6b), and the rapid
increase of G’ demonstrated the occurrence of radical photo-
polymerization between the 4A-PEG-Acr chains.

Fig. SI-51 shows the photographs taken during the vial tilting
test. After the first crosslinking step induced by the Schiff based
reaction, P-D-G-1, P-D-G-2, and D-G samples all became
immobile (Fig. SI-5f-ht). However, P group (Fig. SI-5et) did not
become solid because there is only 4A-PEG-Acr component exist
in this group. After the UV induced photocrosslinking, all the
groups became immobile (Fig. SI-5i-11), which indicated that the
second crosslinking step had happened.

3.5 Mechanical properties

Fig. 7 shows the typical compressive stress—strain curves of the
hydrogels. The elastic modulus, fracture stress, and fracture
strain of the hydrogels are summarized in Table 2. IPN hydrogels
have shown significantly higher elastic moduli compared with
that of D-G and P groups. For P-D-G-1 and P-D-G-2 hydrogels,
the elastic moduli were 19.84 kPa and 32.27 kPa, respectively.
Meanwhile, the elastic moduli for D-G and P groups were only
3.05 kPa and 9.88 kPa, respectively. IPN hydrogels also possess
apparently higher fracture stress compared with that of pure 4A-
PEG-Acr hydrogel or ODex-MGel hydrogel. According to
Table 2, the fracture stresses for P-D-G-1 and P-D-G-2 hydrogels
were 76.97 kPa and 90.70 kPa, respectively, which were higher
than that of P hydrogel (50.40 kPa) and significantly higher than
that of D-G hydrogel (16.28 kPa). Additionally, although with
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Fig. 7 Representative stress—strain curves of P, P-D-G-1, P-D-G-2, and
D-G hydrogels at room temperature.

Table 2 Compression properties of hydrogels at room temperature®

Samples E (kPa) Fracture stress (kPa) Fracture strain (kPa)

D-G 3.05 4+ 1.17 16.28 & 2.61 7221 +2.88
P 9.88 = 2.40 50.40 + 3.15” 55.01 + 2.65”
P-D-G-2 19.84 + 4.16>¢  76.97 + 6.20%¢ 69.90 + 3.21%¢
P-D-G-1 3227 £ 2.66? 90.70 + 6.61%¢ 56.93 & 3.577

“ Comparisons were made with pairs with statistical analysis by using
one-way ANOVA followed by Bonferroni’s Multiple Comparison Test
at level of P <0.05. ® Significantly different from that of D-G hydrogel.
¢ Significantly different from that of P hydrogel. ¢ Significantly
different from that of P-D-G-1 hydrogel (n = 3).

the same content of 4A-PEG-Acr, the fracture strain of P-D-G-2
hydrogel (69.90%) was also higher than that of P hydrogel
(55.01%). Furthermore, tensile testing of the hydrogels can be
obtained through ESI, Fig. SI-6.1 As illustrated, P hydrogel
became fractured when it was stretched to approximately double
its original length. However, P-D-G-2 hydrogel can still maintain
elasticity at the state of double elongation.

In order to explain the improvement in mechanical properties
for IPN hydrogels, two reasons can be taken into consideration.
First, by combining the ODex-MGel network, the tough but
fragile PEG-Acr chains can glide through the ODex or MGel
chains. With the crack energy dissipation to the ODex-MGel
networks, IPN hydrogels can obtain an enhancement of fracture
stress and fracture strain. Secondly, as mentioned for the swelling
test, the equilibrium swelling ratio of IPN hydrogels was also
smaller than that of pure 4A-PEG-Acr hydrogel. Thus, the rela-
tively higher equilibrium polymer content was also a considerable
advantage that enables the IPN hydrogels to resist higher stress.

To confirm that IPN hydrogels have preferable mechanical
properties compared with pure 4A-PEG-Acr hydrogels or ODex—
MG@Gel hydrogels, three kinds of hydrogels were prepared with the
same polymer content of 120 mg ml~! which are illustrated in
Table SI-1.7 The stress—strain curves of the three hydrogels are
shown in Fig. SI-7.1 Although P’ hydrogel had a higher elastic
modulus and fracture stress, the apparent defect in fracture strain
indicated that the P’ hydrogel was more fragile than the other
hydrogels. Conversely, the P-D-G-2 hydrogels demonstrated
both considerable fracture stress and the highest fracture strain
among the three hydrogels, while the D-G’ hydrogels gave the
lowest fracture stress among the three hydrogels.

Since many load-bearing tissues such as cartilage, tendon,
bone, and muscle need to frequently exhibit high strength and
toughness, thus, tissue engineering scaffolds tend to be applied in
these fields needing to possess considerable mechanical strength.
In this study, mechanically strong IPN hydrogels were prepared
by combining two independent networks, which have overcome
both the weak elastic modulus of the ODex—MGel network and
the fragile property of the 4A-PEG-Acr network. Therefore, the
IPN hydrogels could be promising matrixes for load-bearing
tissue engineering.

3.6 MC3T3-E1 cells adhesion and spread on the surface of
hydrogels

Fig. 8 shows MC3T3-E1 cells spread on the surface of P and P-D-
G-2 hydrogels after being cultured in vitro for 2 days. It can be
seen that there were few cells on the P hydrogel, and the cells had
a round shape (Fig. 8a). This observation is in good agreement
with previously published data which suggested that PEG resis-
ted cells adhering due to its highly hydrophilic and low protein
absorption properties.***” However, by incorporation of MGel
and ODex which could provide more cell adhesion sites, there
were many more cells adhering to the surface of the IPN hydrogel
and the cells had a spindle shape (Fig. 8b). Additionally, almost
all of the adherent cells on the IPN hydrogel stayed alive after 2
days of culture (cells in green color represent live cells, and those
in red color represent dead cells), which demonstrated that the

Fig. 8 MC3T3-El cell adhesion and spreading on the surface of P (a)
and P-D-G-2 (b) hydrogels after 2 days culture. A pure 4A-PEG-Acr
hydrogel does not promote cell adhesion (little cell adhesion visible),
while an IPN hydrogel that contained ODex and MGel can significantly
enhance cell adhesion and spreading. Scale bar represents 100 um.
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IPN hydrogels can provide a favorable two dimensional (2D)
environment for MC3T3-E1 cells to adhere and spread without
showing apparent toxicity.

Since the ability of cells to attach and spread on hydrogels is an
important attribute for tissue development,3® the cell density on
different hydrogels was analysed. As shown in Fig. SI-8,} after 2
days culture, the cell density on the surface of P-D-G-2 hydrogel
was statistically higher than that on P hydrogel. For P-D-G-1
group, it is supposed that the higher content of 4A-PEG-Acr was
unfavorable for cell adhesion. For D-G groups, the relatively soft
mechanical properties were also less favorable for cell attach-
ment which has been discussed in previous research.*

3.7 Viability and long-term proliferation of encapsulated
MC3T3-E1 cells

The MTT assay was implemented to quantitatively investigate
the metabolic activity of MC3T3-E1 cells within hydrogels. The
more cells present, the higher the optical density (O.D.) that can
be detected. As shown in Fig. 9, after 4 days of culture, cells
within IPN hydrogels showed statistically higher metabolic
activity than cells in P hydrogel. Notably, the D-G group showed
a remarkably higher O.D. value than that of all the other groups
on day 4, which demonstrated that the ODex-MGel hydrogel
network can provide an excellent environment for cells to grow
in. However, on day 8, due to the collapse of the ODex-MGel
hydrogels caused by the rapid degradation of the ODex-MGel
network, the hydrogels had been disintegrated (Fig. 5). There-
fore, cells within the hydrogel could be taken away during MTT
test, resulting in a dramatically decreased O.D. of the D-G
group. In contrast, cell metabolic activity in IPN hydrogels
increased statistically as culture time increased. On day 8, both
P-D-G-1 and P-D-G-2 hydrogels showed higher cell metabolic
activity than that seen on day 4. However, the O.D. of P
hydrogels on day 8 was less than that on day 4, which demon-
strates that the pure 4A-PEG-Acr hydrogel is unfavorable for
long-term 3D cell culture.

Fig. 10 shows the fluorescence micrographs of cell-laden
hydrogels. After 4 days of culture in vitro, most of the cells within
P hydrogel were round (Fig. 10a), while within IPN hydrogels,
some of the cells had started to form extensions, indicating that

I P I P-O-G-1 [l P-D-G2 DG

%

1.0 —
Q .
O 08-
* *
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4 days 8 days

Fig. 9 MTT analysis of MC3T3-E1 cells after encapsulation in hydro-
gels for 4 and 8 days. For IPN hydrogels, cell metabolic activity was
statistically higher at day 8 than at day 4. *P < 0.05, **P < 0.001, and
kP < 0.0001 (n = 3).

Fig. 10 Fluorescence micrographs of MC3T3-El cells encapsulated
within P, P-D-G-1, P-D-G-2, and D-G hydrogels by day 4 (a, b, ¢, and d,
respectively), and day 8 (e, f, g, and h respectively). The cytoplasm was
stained by phalloidin-Alexa568, and the nucleus was stained by DAPI.
Scale bar represents 100 um. Cell seeding density is 5 x 10° cells m1~".

the cells were starting to spread (Fig. 10b and c). In D-G
hydrogel, cells in a spindle shape had already spread (Fig. 10d).
By 8 days of culture, many of the cells in P-D-G-1 (Fig. 10f) and
P-D-G-2 (Fig. 10g) hydrogels were in a spindle shape, whereas in
P hydrogel (Fig. 10e), most cells were still round and no cells had
developed extensions. The results corresponded well with the
MTT assays as mentioned above. After 8 days of culture, the D-
G hydrogel had disintegrated (data not shown), and cells within
the hydrogel had moved out from the bulk of the hydrogel and
proliferated on the surface of tissue culture polystyrene
(Fig. 10h).
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Fig. 11 shows the 3D distribution of MC3T3-E1 cells encap-
sulated in P hydrogel (Fig. 11a), P-D-G-2 hydrogel (Fig. 11b),
and D-G hydrogel (Fig. 11c) after 4 days of culture. As illus-
trated, cells had a wide distribution in height (indicated by color
differences of cells) among P hydrogel and P-D-G-2 hydrogel on
day 4. In contrast, the single color distribution in the D-G

Fig. 11 Detection of the 3D distribution of MC3T3-EI cells in hydrogels
after 4 days of culture. A different color of the cells means they belong to
a different layer of the hydrogels. (a) For P hydrogel, (b) for P-D-G-2
hydrogel, and (c) for D-G hydrogel. Fluorescence micrographs were
taken by scanning the hydrogels through z axis by using a Laser scanning
confocal microscope. Scale bar represents 50 pm.

hydrogel indicates that the cells were almost concentrated on one
layer of the hydrogel. This can be attributed to the rapid and
uncontrollable degradation of the ODex—MGel hydrogel which
made it quickly lose 3D characteristics. However, due to the
existence of 4A-PEG-Acr, which is more stable than natural
materials, hydrogels of P and P-D-G-2 could keep the 3D
structure for a long time. Further evidence of the degradation of
hydrogels on day 4 can be obtained from Fig. SI-9.1 Addition-
ally, although cells within the P hydrogel can distribute in 3D
space, the pure 4A-PEG-Acr component cannot support the
spreading and migration of cells. By combining with ODex and
MGel, cells spread out easily in the P-D-G-2 hydrogel.

The 3D distribution and spreading of cells within the P-D-G-2
hydrogel was further verified using microscopy photographs
(ESI, Fig. SI-107). When the site was fixed under microscopy
sight, through altering the height of the platform slightly,
pictures of different heights of the hydrogel can be taken. Cells
appearing in different photographs means they belonged to
different layers of the hydrogel.

Cell spreading is highly important for obtaining cell—cell
contacts, and hence the outcome of tissue.** In a 3D system, cell
spreading may be hampered by the physical obstruction of hydrogel
networks. It has been proposed that the inclusion of degradable
crosslinks sensitive to either hydrolysis® or cell-mediated proteol-
ysis®!*? could permit formation of 3D cell extensions, since degra-
dation could generate space for cells to make their way through the
matrix, spreading, migrating and establishing cell-cell contacts. In
our study, the incorporation of ODex-MGel networks served the
dual purpose of providing cells with adhesion sites and allowing
degradation to create space for cell spreading and migration.
Additionally, the degradation byproducts can also be used to
provide nutrition for further tissue regeneration. The 4A-PEG-Acr
network can provide cells or tissues with the long-term mechanical
and 3D environmental support. Therefore, our two-step IPN
hydrogel forming method may be a favorable approach in 3D
scaffold fabrication for cell culture.

4. Conclusions

The sequential crosslinking method presented in this study
constitutes a simple but powerful technique to fabricate hydrogel
scaffolds for 3D cell culture. It was shown that the initial fluid
state of this dual crosslinking system was suitable for in situ
hydrogel-forming applications. The introduction of a light-
initiated secondary crosslinking network brought stronger
mechanical properties to the IPN hydrogels. Additionally,
designing hydrogels from both natural and synthetic polymers
also afforded significant control over their degradation behavior.
The rapid degradation of IPN hydrogels during the initial days
provided space and channels for cells to spread and proliferate,
while slow degradation during the later days could provide a
long-term 3D environment for cell proliferation. Furthermore,
fluorescence micrographs demonstrated that as-prepared IPN
hydrogels were cyto-compatible and enabled MC3T3-El cells to
attach and spread in both 2D and 3D environments. Finally,
MTT results demonstrated that the IPN hydrogel provided a
favorable 3D environment for MC3T3-El cell proliferation.
Collectively, our hierarchically designed IPN hydrogel could be a
promising injectable scaffold for bone or cartilage regeneration.
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