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inked injectable hydrogels with
tunable properties for space-filling scaffolds in
tissue engineering
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Developments in tissue engineering have led to the fabrication and refinement of a wide variety of injectable

space-filling agents, as they can be injected to the tissue defect sites in a minimally invasive manner.

Hydrogels are promising since the native tissue composed of cells and extracellular matrix can be well

simulated by hydrogels encapsulating therapeutic cells and drugs. In this study, aldehyde dextran (ald-dex)

and amino gelatin (ami-gel) were prepared through reaction with sodium periodate and ethane diamine to

fabricate in situ gelable ald-dex/ami-gel hydrogel. The gelation process was monitored rheologically and

the microstructure was revealed under scanning electron microscopy (SEM). The tunable porous

structures were obtained through simply altering the ratio of aldehyde dextran and amino gelatin. Gelation

time and swelling ratio of the ald-dex/ami-gel hydrogels were shown to be related to the crosslinking

density of the hydrogels, which can be modulated through simply changing the proportion of ald-dex/

ami-gel. The degradation rate could also be modulated by altering the content of aldehyde dextran. Then

biocompatibility evaluation was performed on both two-dimensional (2D) and three-dimensional (3D)

environments by using mouse pre-osteoblast cells (MC3T3-E1). According to the results, beneficial cell

responses such as the attachment, spreading and proliferation of cells were exhibited with the increase of

the gelatin content. Furthermore, MC3T3-E1 cells encapsulated inside the hydrogel assumed a round

shape initially and gradually adapted to the microenvironment to spread out. Therefore, the ability to

support cell adhesion and spreading on the surface and long-term viability of encapsulated cells enabled

the tunable ald-dex/ami-gel hydrogel to be an effective space-filling scaffold for tissue engineering.
Introduction

Since the latter years of the twentieth century, when tissue
engineering emerged to promote tissue regeneration, there has
been a steady improvement in strategies used to engineer
tissues. These approaches depend on employing a material
scaffold composed of synthetic polymer or natural material,
which serves as a biomimetic extracellular matrix (ECM) to
organize cells into a three-dimensional architecture. Space-
lling scaffolds are applied as delivery vehicles for bioactive
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molecules and cells, providing three-dimensional structures for
tissue formation. The use of space-lling scaffolds in a wide
variety of applications needs to meet a combination of func-
tional properties to match the host tissue without deleterious
response. Moreover, the promising scaffolds should be modu-
lated simply and present stimuli directing the growth and
formation of a desired tissue, equally important as their
injectability being delivered to the tissue defect sites in a
minimally invasive manner.

Hydrogels, similar to natural extracellular microenviron-
ment, are highly cross-linked polymer networks and capable of
absorbing large amount of water. Its great injectability and easy
shaping into any three-dimensional conguration simplify the
minimally invasive injection procedure. Bioactive molecules
can be delivered from hydrogel scaffolds to promote angio-
genesis, chondrogenesis, osteogenesis and epidermal genesis.
Similarly, various cells can be encapsulated to engineer many
tissue in the body, including skin, cartilage, bone, and smooth
muscle. Because of exceptional promise in biomedical appli-
cations they have emerged as powerful and efficient matrices for
3D cell culture.1 Currently in situ gel-forming hydrogels have
received signicant attention because of their great injectability
This journal is © The Royal Society of Chemistry 2015
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and easy gelation capacity, which provides a means of mini-
mally invasive delivery directly into voids or tissues.2–4 Since the
initial materials are oen liquid solutions, the system can t a
cavity or a defect easily. What's more, various potential thera-
peutic agents could also be incorporated by pre-mixing. Both
natural polymers and synthetic polymers have been used to
fabricate in situ gelling hydrogels over the past decade. Methods
of triggering gelation of precursor solutions include photo-
polymerization, thermosensitivity, pH-sensitivity, Schiff-based
reaction, click reaction and self-assembly.5–7 Although
synthetic polymers can provide promising tunable properties,
their application in tissue engineering is limited by low degra-
dation ratio and poor biocompatibility. Natural polymers orig-
inally harvested from the organs possess better biocompatibility
in comparison with synthetic polymers.

Polysaccharides, as natural polymers, can biodegrade rela-
tively fast and have gained increasing attention. Dextran is a
colloidal and hydrophilic polysaccharide. It is an analog to the
glucosaminoglycans found in the extracellular matrix and
would therefore be able to mimic the ECM. It has been exten-
sively investigated as an alternative for biomedical applica-
tions.8–10 The basic dextran structure is glucopyranose ring with
three vicinal hydroxyl groups, which can be chemically con-
verted into various functional groups. For example, Cohen's
group has utilized the acetal-modied dextran microparticles
for gene delivery in phagocytic and non-phagocytic cells.11

Equally, gelatin is a hydrolyzed protein deriving from collagen,
which is the main component of natural ECM. Compared with
collagen, gelatin is economical and low-antigenic. It can be
manipulated to various forms such as nanoparticles and
employed in drug delivery.12 Gelatin hydrogel also mimics
natural extracellular matrix (ECM) and provides appropriate
biological signals to cells.13 Although the gelatin has many
advantages, its application in tissue engineering is limited by its
inherent weakness properties. It usually works as a carrier for
drug and cell delivery in tissue engineering.14 It has been
modied as a scaffold for BMSCs and growth factors to repair
osteochondral defects in a rabbit model and worked as a space-
lling agent to repair femoral condyle defects in a rat model.15,16

The aim of this study was to develop a tunable and injectable
hydrogel which was a biomimetic substrate. Compared with
other injectable hydrogel natural polymers, the base materials
of this hydrogel are derived from the main components of ECM.
The physicochemical and biological properties can be modu-
lated simply through changing the proportion of base mate-
rials. Gelatin bears abundant free amino groups, which can
react with aldehyde groups, a convenient cross-linked method
known as the “Schiff-based reaction”. And oxidizing dextran
with periodate is a classic method to produces aldehyde groups
serving as crosslinking points to form hydrogels. Thus, dextran
was oxidized with sodium periodate to obtain aldehyde groups.
Ethane diamine was used to convert carboxyl groups on gelatin
chains into amino groups so as to maintain gelatin uid at
room temperature. Then the different formulated mixture
solutions could be injectable and the Schiff-based reaction
between aldehyde groups and amino groups cross-linked
the ald-dex and ami-gel to form in situ hydrogel. The
This journal is © The Royal Society of Chemistry 2015
physicochemical properties of the hydrogel were elucidated by
experimental analyses. We further characterized the cytotoxicity
and biocompatibility of our hydrogel. Specically, adhesion and
spreading of mouse pre-osteoblast cells (MC3T3-E1) on hydro-
gel surface as well as the proliferation of MC3T3-E1 cells were
studied. The results showed that the ald-dex/ami-gel hydrogel
could be a desirable matrix for tissue engineering.
Materials and methods
Materials

Dextran (Mw 100 000), gelatin (type B, Mw 60 000), sodium
periodate, ethane diamine (ED), 1-ethyl-3-(3-dimethyl amino-
propyl) carbodiimide hydrochloride (EDC) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Mouse pre-osteoblast cells
(MC3T3-E1) were obtained from the institute of Biochemistry
and Cell biology (Chinese Academy of Sciences, China). Fetal
bovine serum (FBS), phosphate buffered saline (PBS), Live/Dead
Viability Assay Kit and other reagents were purchased from
Gibco Life Technologies Corporation (Carlsbad, CA, USA).
Preparation of aldehyde dextran and amino gelatin

6.34 g of sodium periodate was dissolved in 100 ml distilled
water to prepare NaIO4 solution, which was added dropwise to
dextran solution (100 ml, 10% w/v) and stirred at room
temperature for 6 hours. Then ethylene glycol was applied to
terminate the reaction. The solution was dialyzed against
ultrapure water for 3 days. The aldehyde dextran was obtained
by lyophilizing the solution. Fourier Transform Infrared-
Attenuated Total Reectance (FTIR-ATR) was carried out to
verify the existence of aldehyde groups. The oxidation degree
was determined by quantifying the aldehyde groups reacted
with tert-butyl carbazate via carbazone formation.17,18 Firstly,
aldehyde dextran solution was prepared in acetate buffer (pH ¼
5.2) at a concentration of 10mgml�1. Then a vefold excess tert-
butyl carbazate in acetate buffer was added and the mixture was
allowed to react for 24 h at room temperature, which is followed
by addition of a vefold excess of NaBH3CN to react for another
12 h. Then the product was precipitated thrice with acetone,
dialyzed thoroughly against water and obtained by lyophiliza-
tion. The oxidation degree was assessed by 1H NMR through
integrating the peaks at 1.3 ppm (tert-butyl) against 4.9 ppm
(dextran) (Varian 400).

Type B gelatin (5 g) was dissolved in sodium dihydrogen
phosphate solution (pH ¼ 5, 100 ml, 0.1 mol L�1) and 16 ml
(0.24 mol) of ethane diamine was added. Then pH was adjusted
back to 5 with hydrochloric acid (HCl) and 2.3 g of EDC was
added. The reaction was allowed to proceed at room tempera-
ture overnight. Hereaer, the result mixture was dialyzed
against ultrapure water to remove the excess ED and EDC. The
amino group content in amino gelatin was determined by the
TNBS method we described previously.19

Aldehyde dextran and amino gelatin were dissolved in
phosphate buffered saline (PBS) at a concentration of 10 wt%
and 20 wt%. Aldehyde dextran and amino gelatin were mixed at
ratio of 3/7, 4/6, 5/5, 6/4 and 7/3 for gel forming.
RSC Adv., 2015, 5, 40820–40830 | 40821
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Rheological evaluation

To characterize the real-time change inmechanical properties of
the cross-linked hydrogel, the shear elastic modulus was
measured via dynamic oscillatory shear rheometry with parallel-
plate geometry (20 mm diameter) at a frequency of 1 rad s�1 and
a shear strain of 2% at a constant temperature of 37 �C using a
Haake RS 150L Rheometer (Thermo Haake Co., Germany).
Initial gel network formation of different groups weremonitored
by observing elastic, G0, storage, G00, moduli, and viscosity (h).

Scanning electron microscope (SEM) analysis

The morphology of freeze-dried hydrogels was observed using a
SEM (JSM-5600, Japan) at an accelerated voltage of 10 KV.
Hydrogels were ash-frozen using liquid nitrogen and lyophi-
lized. The samples were sputter-coated with gold for
120 seconds before observed. Pore sizes of the lyophilized
scaffolds were measured from SEM micrographs using image
analysis soware (Image-J, National Institutes of Health, USA).

Equilibrium swelling ratio

For the swelling studies, hydrogel samples were immersed in
PBS and incubated at 37 �C for 24 h. Then, the samples were
removed from the PBS and weighed accurately aer wipe-dry.
Then the samples were frozen at �80 �C and dried to obtain
the dry hydrogel weight. The swelling ratio was calculated as the
ratio of the swollen hydrogel mass to the dry hydrogel mass. At
least three specimens for each sample were measured.

Hydrolytic degradation

Hydrolytic degradation were assessed at different time points
(day 0, day 7, day 14, day 21, day 28). Firstly, the hydrogel
samples were completely lyophilized to weigh the initial mass.
Then the samples were totally submerged in PBS with 0.02%
NaN3 at 37 �C for degradation and the PBS was changed per day.
At each point, the samples were removed, freeze dried and then
weighed to record the weight of the residuals. The weight loss at
specic day point was calculated as the ratio of the remaining
dry mass to the initial dry mass. All samples were tested in
triplicate.

Cell adhesion and spreading on hydrogel surfaces

Aldehyde dextran and amino gelatin were mixed at ratio of 3/7,
4/6, 5/5, 6/4 and 7/3 and injected into the 24-well tissue culture
plates for gel forming. MC3T3-E1 cells suspension in complete
medium was prepared at a density of 5 � 104 cells per ml. Then
cells were seeded on each sample for 1 ml and cultured at 37 �C
in a humidied atmosphere of 5% CO2. The complete medium
was replaced daily. Aer 3 days the cells were stained for
viability using a Live/Dead Viability/Cytotoxicity Assay Kit. All
groups were observed using a uorescence microscope. The
mean cell spreading areas were estimated using image analysis
soware (Image-J, National Institutes of Health, USA) and
calculated by selecting 100 cells randomly observed on the
uorescence images. The cell morphology was classied into
three categories: round, partially spread, or fully spread. Cells
40822 | RSC Adv., 2015, 5, 40820–40830
with spreading area <10 000 pixels2 were dened as round. Cells
with areas between 10 000 and 20 000 pixels2 having few cyto-
plasmic extensions but were predominately round in appear-
ance were classied as partially spread, and cells with surface
areas >20 000 pixels2 were classied as fully spread and had
multiple cytoplasmic extensions in different directions.
Cells viability and proliferation inside the hydrogels

Aer mixing aldehyde dextran and amino gelatin at the ratio of
5 : 5, the MC3T3-E1 cells were suspended at a density of 1 � 106

cells ml�1 and the mixture was injected into the 24-well plates.
Aer gelation complete medium was added and the cell-laden
hydrogel was incubated in 37 �C 5% CO2 incubator. The
complete medium was replaced daily. MC3T3-E1 cells inside
the hydrogel at day 1, day 3, day 7 and day 14 were stained by
Live/Dead Viability/Cytotoxicity Assay Kit. Then the samples
were observed using a QCapture 5 Imaging System through
uorescent microscope.

The cell proliferation inside the hydrogels in vitro culture for
day 1, day 3, day 7, and day 14 was determined by the MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide)
assay. In brief, 0.5 mgml�1 MTT solution in serum-free medium
was added to each well containing the cell-laden hydrogel.
Active mitochondria metabolize the tetrazolium salt to form an
insoluble formazan salt. Aer 6 hours of incubation at 37 �C, the
solution was removed and DMSO was added to extract the for-
mazan salts. The absorbance was measured at 490 nm with an
Enzyme-labeled Instrument (MK3, Thermo, USA).
Results
Characterization of aldehyde dextran and amino gelatin

Dextran was oxidized by sodium periodate through a compli-
cated two-step reaction as illustrated in Fig. 1A. In the rst step,
the adjacent hydroxyl groups of glucopyranose ring were
oxidized generating two aldehyde groups. Since the aldehyde in
position C3 has a vicinal hydroxyl group, it was further oxidized
to form formic acid and a dialdehyde group. Dextran was
oxidized by an excess of sodium periodate and aer 6 hours
incubation at room temperature, the excess of unreacted peri-
odate was removed by adding ethylene glycol. Aer 3 days
dialysis against ultrapure water to remove the formic acid, the
reagent was lyophilized to obtain aldehyde dextran. For con-
rming the oxidation reaction of dextran, the FTIR spectrum
(Fig. 1B) was used. We found that dialdehyde absorption peak
(1733 cm�1) which associate with the C]O group appeared in
the IR curve of aldehyde dextran. In the 1H NMR spectra of
dextran and aldehyde dextran reacted with tert-butyl carbazate
(Fig. 1C), the solvent (HOD) proton resonated at 4.67 ppm. The
peaks at 3.4–4.0 ppm were assigned to protons at positions C2,
C3, C4, C5 and C6. The anomeric proton from the glucopyr-
anose ring of dextran with a-1, 6 linkages was found at d

4.9 ppm while the peak at d 5.3 ppm was attributed to the
anomeric proton in dextran with a-1, 3 linkages.17,20–22 The
signal at d 1.3 ppm was assigned to the proton of the tert-butyl
group. The oxidation degree was calculated as the ratio of
This journal is © The Royal Society of Chemistry 2015



Fig. 1 (A) the corresponding reaction of preparing aldehyde dextran; (B) FTIR spectra of dextran and aldehyde dextran; (C) 1H NMR spectra of
dextran and aldehyde dextran treated with tert-butyl carbazate.

Paper RSC Advances
integrals of the peak at 1.3 ppm (tert-butyl) to 4.9 ppm (dextran),
which was approximately 41%. Generally, Type B gelatin
maintains a solid state at room temperature (Fig. 2A). By
altering carboxyl groups to amino groups through the reaction
with ethane diamine (Fig. 2D), the intermolecular forces
between amino and carboxyl groups would be weaken. As a
consequence, amino gelatin with different concentrations
shows obviously lower sol–gel transition temperature than
gelatin (Fig. 2C). Amino gelatin at concentration of 20 wt% stays
uid at room temperature and can be injected to the tissue
defect sites. The amino content of amino gelatin was deter-
mined as approximately 0.802 mmol g�1 by the TNBS method.
Gel formation and gelation time of aldehyde dextran and
amino gelatin

Gelation occurred quickly aer mixing the two components
(Fig. 3A). As shown in Fig. 3B, storage modulus (G0) and loss
modulus (G00) were at a very low level in the beginning. G0 was
lower than G00 and the mixture system exhibited the behavior of
a viscous uid. With the proceeding of Schiff-based reaction
between aldehyde groups and amino groups, both moduli
increased quickly and the solutions begin to crosslink. Due to
the higher growing rate of G0 than that of G00, there was a
crossover point normally considered as “gel point” (tgel). It
indicated that the ald-dex/ami-gel system transformed from a
This journal is © The Royal Society of Chemistry 2015
viscous behavior dominated liquid-phase to an elastic behavior
dominated solid-phase. At last both moduli leveled off,
implying the cross-linking process ended and the three-
dimensional network was formed. h* of the system also
increased rapidly at the beginning and leveled off eventually.
From the insert graph we can see that tgel of ald-dex/ami-gel
(ratio of 5 : 5) hydrogel was approximately 95 s.

In the tube tilting test, conspicuous difference was found in
gelation time when changing the blending ratio of aldehyde
dextran and amino gelatin (Fig. 3C). With the increase of ald-
dex's content, the gelation time decreased dramatically and
then increased slightly. The 5/5 hydrogel had the shortest
gelation time due to the fact that the highest rate of Schiff-base
crosslink formation occurred at the ratio of 5/5. In the ald-dex/
ami-gel mixture system, ald-dex served as a macromolecular
crosslinker for ami-gel bearing free amino groups to form
hydrogels. Due to the increasing content of crosslinker, Schiff-
base crosslink formed at an increasing rate and nally
reached at a steady rate. So the gelation time decreased
dramatically from 3/7 to 5/5 and then there is no decrease
among the hydrogels at 5/5, 6/4, and 7/3. Furthermore, there is
slight increase in the gelation time among the hydrogels at 5/5,
6/4, and 7/3 on account of the lower content of ami-gel. Thus,
the gelation speed could be modulated by adjusting the
proportion of ald-dex and ami-gel.
RSC Adv., 2015, 5, 40820–40830 | 40823



Fig. 2 Illustration of the state of gelatin (A) and amino gelatin (B); (C) sol–gel transition temperature of gelatin and amino gelatin; (D) the
corresponding reaction of preparing amino gelatin.
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Morphology of hydrogels and swelling analyses

From gross observation, the freeze-dried ald-dex/ami-gel hydro-
gel was porous and yellowish in color (Fig. 4A). The ash-frozen
technique, which can better preserve the morphology, has been
used to obtain a good manifestation of microstructural changes
among different hydrogel samples. All samples possessed
interconnected and homogeneously distributed pores, but with
obviously different pore sizes (Fig. 4). Hydrogels with different
ratio of ald-dex/ami-gel at 3/7, 4/6, 5/5, 6/4, 7/3 exhibited a pore
size of 221.7 � 26.42 mm, 182.9 � 19.57 mm, 109.9 � 20.71 mm,
129.1 � 22.64 mm, 139.3 � 21.36 mm. 5/5 hydrogel had the
smallest pore size of 109.9 � 20.71 mm and was more compact
than other hydrogels. The high interconnected structure is
necessary for scaffolds to retain tissue uid and possess high
oxygen and nutrient permeability. Therefore, the hydrogels
might be suitable for cell delivery in tissue engineering.

Fig. 5A indicated the equilibrium swelling ratio of freeze-
dried hydrogels and revealed the relationship between the
swelling ratio and the dextran's content. First, the swelling ratio
decreased rapidly with the increase of dextran's content (3/7 to
5/5). Thereaer, with the dextran's content increased (5/5 to
7/3), the swelling ratio increased slightly. This can be ascribed
40824 | RSC Adv., 2015, 5, 40820–40830
to the variation of crosslinking degree in the hydrogels and
distinct water take-up capacity of dextran and gelatin. When the
aldehyde dextran and amino gelatin were mixed at the ratio pf
5/5, the crosslinking density reached its maximum and thus the
swelling ratio got its minimum value. A further increase in
aldehyde dextran or amino gelatin resulted in an excess of
aldehyde groups or amino groups, which led to a lower cross-
linking degree and a higher swelling ratio. Due to the stronger
capacity of gelatin to hold water compared with dextran, the
increase in swelling ratio is slight with more dextran incorpo-
rated while that is obvious with more gelatin incorporated. In
this regard, the variation of the swelling ratio corresponds well
with the results of the gelation time and pore sizes of hydrogels
depicted in Fig. 3C and 4.

Degradation of hydrogels

Fig. 5B indicated the degradation of different formulated
hydrogels and revealed the relationship between degradation
and the dextran's content. The hydrogel at 7/3 ratio exhibited
the lowest degradation rate compared with other formulated
hydrogels. Its remaining mass was approximately 60% of the
initial dry weight at 28 days. By simply altering the ratio of
This journal is © The Royal Society of Chemistry 2015



Fig. 3 (A) Gelation occurred quickly after mixing the two components;
(B) time sweep of storage modulus (G0) and loss modulus (G00) for ald-
dex/ami-gel (5/5) hydrogels at 37 �C; (C) different gelation time of
hydrogels obtained by altering the ratio of dextran and gelatin.
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constituents various degradation property could obtained.
Through decreasing dextran's content, the hydrogel possessed a
higher degradation behavior and almost fully degraded aer
28 days at the ratio of 5/5 and 4/6. The 3/7 hydrogel exhibited the
highest degradation prole (totally degrade at 7 days, which is
not shown in Fig. 5B). Not only the crosslinking degree in the
hydrogel but also the monomer concentration, inuence the
erosion prole and the overall time for degradation.23 It seems
This journal is © The Royal Society of Chemistry 2015
obvious that the higher crosslinking density due to the higher
content of oxidized dextran results in lower degradation rate.
During the degradation process more cross-links require more
time to be hydrolyzed. On the other hand, it seems that a
fraction of unbound molecules was physically entrapped in the
matrix at the time of gelation. From 3/7 to 7/3, nonpolymerized
monomer in the ald-dex/ami-gel hydrogel transferred mainly
from amino gelatin to aldehyde dextran. Due to the easier
hydrolyzation of amino gelatin than aldehyde dextran in
aqueous environment, the mass losses rate slows down from
3/7 to 7/3. When the crosslinks are hydrolyzed, the hydrogel
network becomes looser, imbibing more water and leading to
further hydrolysis.24 A severe mass loss occurs over time,
culminating in the complete dissolution of the gels. Thus, aer
28 days the remaining mass of hydrogels at the 4/6 and 5/5 ratio
is much smaller than that at the 6/4 and 7/3 ratio. As a conse-
quence, the degradation rate of the ald-dex/ami-gel hydrogels
could be modulated by altering the dextran's content of
hydrogel to synchronize the degradation rate with cellular
growth and extracellular matrix accumulation.
Cytotoxicity measurement

In this study, MC3T3-E1 cells varied greatly in their ability to
adhere, spread and survive with the changing of the ald-dex and
ami-gel ratio (Fig. 6). With the ratio of ald-dex/ami-gel change
from 3/7 to 7/3, the matrix became adverse to cell responses
such as the attachment, spreading and survival of cells. For
groups of 6/4 and 7/3, even dead cells emerged. With the
decrease of gelatin's content, the mean spreading areas gradu-
ally decreased from 29 044.65 � 8281.80 pixels2 to 13 594.48 �
6997.20 pixels2 and the percentage of spread cells decreased
from 87% to 22%. Poor attachment property was exhibited in
the groups (6/4 and 7/3). Meanwhile, 22% and 33% cells
remained round and less than 50% cells spread for groups
(6/4 and 7/3). Accordingly, when the gelatin increased to 50% or
higher than 50%, there were rarely round cells. One possible
explanation is that the toxicity caused by the aldehyde groups in
aldehyde dextran hampered the adhesion of cells on matrix
surface. Most tissue-derived cells require attachment and
spreading on a solid surface for viability, growth, migration and
differentiation. So the remaining of round cells and poor
attachment (6/4 and 7/3) was consistent with the emergence of
dead cells.
Viability of encapsulated cells in hydrogels

When employing ald-dex/ami-gel hydrogels (5/5) as extracellular
matrix mimics, it is necessary to assess the growth of cells
within the hydrogel. At day 1 there were only round cells in the
hydrogels (Fig. 7A2). Aer 3 days of culture (Fig. 7B2), some cells
had spread and the extent of spreading of individual cells was
increased over time. At day 7 and day 14, clear evidence could be
found that more cells have a spread morphology compared with
day 3 (Fig. 7C2 and D2). This may be caused by the formation of
extension space to allow cells to spread and proliferate with the
degradation of ald-dex/ami-gel hydrogels.
RSC Adv., 2015, 5, 40820–40830 | 40825



Fig. 4 Morphology of different formulated hydrogels measured by lyophilization. (A) Gross observation of the freeze-dried ald-dex/ami-gel
hydrogel; (B)–(F) showed the SEM micrographs of freeze-dried hydrogels at the ratio of 3/7, 4/6, 5/5, 6/4 and 7/3.

Fig. 5 (A) Swelling ratios of different formulated hydrogels after immersing into PBS for 24 h; (B) degradation property of different formulated
hydrogels at different time points.
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The viability of MC3T3-E1 cells in hydrogels was stained by
Live/Dead Viability Assay Kit as shown in Fig. 7. Aer 1 day and
3 days of culture, the overwhelming majority of encapsulated
cells was alive and stained as green. At day 7 and day 14, there
were also rarely dead cells stained as red indicating that the ald-
dex/ami-gel hydrogels possess a good biocompatibility. The
number of viable cells in samples increased with culturing time.
Most of the living MC3T3-E1 cells were homogeneously encap-
sulated within the hydrogels aer culture. In addition, MTT
tests were performed to quantitatively assess the proliferation of
MC3T3-E1 cells encapsulated in ald-dex/ami-gel hydrogels at 1,
3, 7 and 14 days (Fig. 8). During the entire experimental period,
cells inside hydrogels displayed a signicant increased viability
prole. The results of MTT were consistent with the increasing
cell number stained by Live/Dead Viability Assay Kit. There was
signicant difference in optical density for ald-dex/ami-gel
hydrogels among 1, 3, 7 and 14 days. The optical density
40826 | RSC Adv., 2015, 5, 40820–40830
obviously increased with culturing time, further indicating that
the ald-dex/ami-gel hydrogels have no toxicity on cell viability.
Discussion

Developments in tissue engineering have led to a large demand
for a variety of injectable space-lling agents, as they can be
injected to the tissue defect sites in a minimally invasive
manner. In this study, injectable hydrogels were synthesized
from aldehyde dextran and amino gelatin through Schiff-based
reaction. Firstly, the dextran molecule is a polymer formed by
glycosidic bonds linking the carbon atoms (C1 and C6) of
consecutive a-D-glucopyranose rings. The dextran monomer has
two sites that are cleaved by periodate oxidation (C2–C3 and C3–
C4), breaking the structure of the glucopyranose ring. So the
oxidation reaction cleaved glucopyranose ring and resulted in
the increasing of cross-linking aldehyde groups. Then the
This journal is © The Royal Society of Chemistry 2015



Fig. 6 MC3T3-E1 cells cultured on tissue culture plate (A) and different
formulated hydrogels ((B) 3/7; (C) 4/6; (D) 5/5; (E) 6/4; (F) 7/3) at 3 days.
Live cells were stained green, while dead cells were red. Scale bar
represents 100 mm.
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amination reaction altered carboxyl groups into amino groups
in gelatin, leading to the increasing of cross-linking amino
groups. These allowed for the formation of Schiff-based reac-
tion between aldehyde groups in aldehyde dextran and amino
groups in amino gelatin. Moreover, carboxyl groups of gelatin
were changed into amino groups leading to the decrease in
intrinsic viscosity. As a result, the ald-dex and ami-gel are
readily available in aqueous solution. They are injectable into
This journal is © The Royal Society of Chemistry 2015
irregular-shaped defects and can be easily contoured to the
dimensions of the defects.

In the selection of hydrogels to be used in tissue engineering,
the rst consideration should be tness for purpose with regard
to characteristics and properties of the biomaterials. These
include chemical, toxicological, physical and morphological
properties. Five formulated hydrogels with different ratios (3/7,
4/6, 5/5, 6/4, 7/3) were prepared. Since rapid gelation is a
prerequisite for minimally invasive procedure, we focused on
the gelation time of the ald-dex/ami-gel space-lling systems.
For the aldehyde dextran and amino gelatin system, mixing
10 w/v% ald-dex and 20 w/v% ami-gel solutions at volume ratio
of 5/5 was found to be fastest to form hydrogel. This is ascribed
to the higher cross-linking density than other formulated
samples, which can be revealed in the SEM morphology of
hydrogels.

Due to large water content, hydrogels have tissue-like prop-
erties, allowing them to encapsulate cells and give appropriate
structural growth cues to cells. High water-absorbency may
facilitate maintaining signicant amounts of tissue uid and
nutrients for tissue regeneration. In this study, a decrease in
swelling with an increasing ald-dex/ami-gel ratio from 3/7 to 5/5
is due to increased crosslinking density. The 5/5 hydrogel has
the highest crosslinking density and lowest swelling ratio,
which is implied by gelation time. This is in agreement with a
reported dependency of swelling ratio on the aldehyde dextran's
content of a hydrogel containing N-carboxyethyl chitosan.18 On
the other hand, the correlation between the swelling ratio of
lyophilized hydrogels and crosslinking density is also in
agreement with the literature.25 A high degree of swelling
implies limited crosslinking density and is consistent with the
looser structure. Obviously, ald-dex/ami-gel (3/7) hydrogel had a
porous structure with larger pores than others. The looser
network might result in a higher swelling ratio compared with
others.

The surface properties of the hydrogels also play an impor-
tant role because the unfavorable interaction between hydrogel
and the surrounding tissue rstly occurs at the interface. The
scaffold surface should be designed to enhance benecial cell
responses such as the attachment, spreading and proliferation.
In this study, the increase of gelatin elevated the percentage of
spread cells and contributed to cell viability. Gelatin is a
partially hydrolyzed form of collagen, which is the most abun-
dant protein found in the ECM. It contains Asp-Gly-Arg-like
sequences that have been shown to improve cell attachment.
Modulation of the biologic activity of gelatin has been shown in
other studies in which the gelatin can mediate attachment and
spreading of cells on many surfaces and enhance cell
growth.26–28 The addition of gelatin could greatly promote cell
spreading and proliferation in 3-D cell culture, which gave us
the thought that by using gelatin as the major section of the
scaffold, a distinct matrix for tissue engineering could be
obtained. So the cell responses on the surface of ald-dex/ami-gel
hydrogels can be varied by gelatin content. Good surface
biocompatibility can be achieved and cells can migrate more
easily from the surrounding tissue into the hydrogels.
RSC Adv., 2015, 5, 40820–40830 | 40827



Fig. 7 MC3T3-E1 cells encapsulated in ald-dex/ami-gel (5/5) hydrogels at different time points ((A) day 1; (B) day 3; (C) day 7; (D) day 14). Live cells
were stained green, while dead cells were red. Scale bar represents 100 mm.

Fig. 8 MTT assay of encapsulated cells at different time points (1, 3, 7,
14 days).

RSC Advances Paper
Hydrogels are promising since the native tissue composed of
cells and extracellular matrix can be well simulated by hydrogels
encapsulating therapeutic cells and drugs.29 Various biomole-
cules could be incorporated to functionalize hydrogels and
40828 | RSC Adv., 2015, 5, 40820–40830
control cell adhesion, proliferation and extension. The key
property of a useful hydrogel is the growth of cells within the
hydrogel. Aer 14 days of culture, there were rarely dead cells
within the hydrogels (5/5) indicating that the ald-dex/ami-gel
hydrogels are suitable as carriers for cell delivery in tissue
engineering. It is promising that cells can migrate from the
surrounding tissue into the ald-dex/ami-gel hydrogels and
proliferate within the hydrogels, which produce new tissue with
appropriate structure and properties, thus provide a natural
repair that can later become integrated with the patient's
tissues.
Conclusion

Aldehyde dextran and amino gelatin were prepared to fabricate
a tunable injectable hydrogel. The physical properties including
rheological, swelling ratio, gelling time, degradation rate, and
morphology of the lyophilized hydrogels could be modulated
through simply changing the proportion of ald-dex and ami-gel.
This journal is © The Royal Society of Chemistry 2015
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Surface adhesion and spreading of cells have also been testied
by using MC3T3-E1 cells. Benecial cell responses such as the
attachment, spreading and proliferation of cells are exhibited
with the increase of amino gelatin's content. Furthermore,
MC3T3-E1 cells encapsulation demonstrated that the ald-dex/
ami-gel hydrogel can sustain cell spreading and promoted cell
proliferation in vitro.
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