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Abstract   Injectable  hydrogels  as  an  important  class  of  biomaterials  have  gained  much  attention  in  tissue  engineering.  However,  their

crosslinking degree is difficult to be controlled after being injected into body. As we all  know, the crosslinking degree strongly influences the

physicochemical properties of hydrogels. Therefore, developing an injectable hydrogel with tunable crosslinking degree in vivo is important for

tissue engineering. Herein, we present a dual crosslinking strategy to prepare injectable hydrogels with step-by-step tunable crosslinking degree

using Schiff base reaction and photopolymerization. The developed hyaluronic acid/poly(γ-glutamic acid) (HA/γ-PGA) hydrogels exhibit step-by-

step tunable swelling behavior, enzymatic degradation behavior and mechanical properties. Mechanical performance tests show that the storage

moduli of HA/γ-PGA hydrogels are all less than 2000 Pa and the compressive moduli are in kilopascal, which have a good match with soft tissue. In

addition, NIH 3T3 cells encapsulated in HA/γ-PGA hydrogel exhibit a high cell viability, indicating a good cytocompatibility of HA/γ-PGA hydrogel.

Therefore, the developed HA/γ-PGA hydrogel as an injectable biomaterial has a good potential in soft tissue engineering.
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INTRODUCTION

Injectable  hydrogels  have  attracted  much  attention  in  tissue
engineering  due  to  their  unique  advantages,  such  as  filling
irregular  shaped defects  completely, in  situ corporation of  bio-
active molecule and the potential in minimally invasive surgical
procedures.[1,2] Generally,  the  crosslinking  degree  of  injectable
hydrogels  is  adjustable before injection,  once the hydrogels  or
precursor  solutions are injected into the body,  the crosslinking
degree  will  be  difficult  to  be  adjusted.  For  example,  for  the
thermosensitive  injectable  hydrogels,  their  crosslinking  degree
is  hardly  to  change  due  to  the  constant  body  temperature.[3]

While  for  the  covalent  crosslinked  injectable  hydrogels  (e.g.,
Schiff base reaction, click chemistry, Michael addition reaction),
their  crosslinking  degree  can  only  be  adjusted  before  gelation
by changing polymer  concentration,  content  of  reactive  active
groups,  molar  ratio  of  reactive  groups, etc.[4−6] It  is  well  known
that  the  crosslinking  degree  has  a  strong  effect  on  the
physicochemical properties of hydrogel (e.g., swelling behavior,
degradation  behavior,  mechanical  properties).  Therefore,  it  is
important  to  develop  an  injectable  hydrogel  with  tunable

crosslinking degree in vivo for tissue engineering.
Among  the  covalent  chemistry,  photopolymerization  has

gained more attention in the preparation of injectable bioma-
terials  because  of  its  spatial  and  temporal  adjustability.[7,8]

Their  crosslinking  degree  can  be  conveniently  adjusted  by
the  ultraviolet  (UV)  light.[8,9] However,  since  the  crosslinking
network cannot be formed spontaneously, the precursor solu-
tions are easy to diffuse at the injection site before UV irradi-
ation.  Schiff  base  reaction  has  also  been  widely  used  in  bio-
medical applications due to the mild reaction conditions and
avoidance of crosslinking agents.[10−12] Previous reports show-
ed  that  by  adjusting  the  proportion  and  content  of  reactive
groups, hydrogels could be formed within a few seconds us-
ing  Schiff  base  reaction,  showing  a  rapid  gelation  ability.[13]

Therefore,  combining  the  advantages  of  photopolymeriza-
tion and Schiff base reaction, we expect to develop an inject-
able hydrogel with step-by-step tunable crosslinking degree.

Natural polymers (e.g., polysaccharides, polypeptides) have
more  advantages  than  synthetic  polymers  due  to  the  in-
herent biological activity,  biocompatibility and biodegradab-
ility.[14−16] Hyaluronic acid (HA) is an important component of
human  extracellular  matrix.[17] As  a  naturally  existing  linear
polysaccharide, HA possesses good biodegradability, biocom-
patibility and biofunctionality, which makes HA and its deriv-
atives been widely applied for drug carrier,[17,18] tissue engin-
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eering,[19,20] bioprinting,[21,22] etc.  Poly(γ-glutamic  acid)  (γ-
PGA)  is  a  anionic  polypeptide  with  a  biomimetic secondary
structure  similar  to  natural  proteins.[23,24] It  also has  good
biocompatibility and biodegradability. Moreover, previous re-
searches  have  confirmed  that γ-PGA-based  biomaterials  can
improve  cell  adhesion  and  stimulate  cell migration.[23,25] Our
recent  work  also  found  that γ-PGA-containing  hydrogel  ex-
hibited superior  tissue repair  capability.[26,27] Hence, γ-PGA is
an excellent biomaterial for tissue engineering.

Herein,  an  injectable  hydrogel  with  step-by-step  tunable
crosslinking  degree  was  prepared via a  dual  crosslinking
strategy  using  HA  and γ-PGA.  Firstly,  the  methacrylated  HA
and γ-PGA were synthesized (denoted as M-HA and M-γ-PGA),
then  the  aldehyde  group  and  hydrazide  group  were  further
introduced into M-HA and M-γ-PGA, respectively (denoted as
OM-HA  and  HM-γ-PGA).  As  shown  in Scheme  1,  the  primary
HA/γ-PGA  hydrogel  was  rapidly  formed via Schiff  base  reac-
tion.  Then,  it  was  irradiated  by  UV  light  to  form  dual  cross-
linked HA/γ-PGA hydrogel. The physicochemical properties of
both single and dual crosslinked HA/γ-PGA hydrogels (such as
swelling, degradation, mechanical properties, etc.) were stud-
ied. Finally, the cytocompatibility of NIH 3T3 cells in HA/γ-PGA
hydrogel was explored.

EXPERIMENTAL

Modification of Polymers
To  prepare  M-HA  and  M-γ-PGA,  the  glycidyl  methacrylate
(GMA)  reacted  with  HA  and γ-PGA  under  acidic  conditions
according to  previous  report.[28] The  percentages  of  methacry-
late  functionalization  were  29%  and  17.5%,  respectively.
Through  the  oxidation  of  M-HA  using  sodium  periodate,  we
prepared  OM-HA  with  16.5%  oxidation  degree.[29] HM-γ-PGA
was synthesized via a carbodiimide coupling reaction between
adipic acid dihydrazide (ADH) and M-γ-PGA, and the hydrazide

functionalization  was  32%.[4] The  detailed  experimental  proc-
edures  are  described  in  the  electronic  supplementary
information (ESI).

Preparation of Hydrogels
For the preparation of dual crosslinked hydrogels, the individual
solutions  of  OM-HA  and  HM-γ-PGA  were  prepared  in  PBS
(10  mmol/L,  pH=7.4)  containing  0.2  wt%  of  2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone  (I2959),  respectively.
Then,  the  individual  solutions  were  mixed  under  continuous
agitation  to  form  single  crosslinked  hydrogels  (molar  ratio  of
―NHNH2/―CHO  was  1/1).  Afterwards,  the  formed  single
crosslinked hydrogels were further irradiated for 3 min under UV
light  at  365  nm  (5  mW/cm2,  OMRON,  Japan)  to  prepare  dual
crosslinked hydrogels.

Characterization of Hydrogels
Scanning  electron  microscopy  (SEM,  Hitachi,  SU1510,  Japan)
was  used  to  study  the  morphologies  of  hydrogels.  The
hydrogel  samples  were  frozen  at  –80  °C  and  vacuum
lyophilized  at  –50  °C  for  48  h.  Prior  to  imaging  the  samples
were coated with gold.

Gelation time of single crosslinked hydrogels was tested by
a tube inversion method. In a vial, the OM-HA and HM-γ-PGA
solutions were mixed,  and the gelation time was denoted as
the period from the beginning to the point when the mixture
stopped flowing.

The  swelling  behavior  was  tested  in  PBS  (10  mmol/L,
pH=7.4)  at  37  °C.  Firstly,  a  small  amount  of  hydrogel  sample
was  freeze-dried  and  weighed  (Wd).  Then  it  was  dipped  in
PBS, and at different time intervals, the weight of swollen hy-
drogel  (Ws)  was noted after  removing the surface water.  The
swelling ratio of  hydrogel was denoted as (Ws – Wd)/Wd.  The
crosslinking  degree  of  HA/γ-PGA  hydrogel  was  evaluated  by
the swelling ratio of hydrogel at equilibrium.

For  the  enzymatic  degradation,  a  small  amount  of  hydro-
gel  was  freeze-dried  and  the  weight  (W0)  of  dried  hydrogel
was  noted.  Then  it  was  incubated  in  a  PBS  solution  contain-
ing  hyaluronidase  (0.1  mg/mL)  and  papain  (0.25  mg/mL)  at
37  °C.  At  certain  time  intervals,  the  hydrogel  was  collected,
freeze-dried, and the weight (Wt) of freeze-dried hydrogel was
noted.  The  weight  remaining  (%)  was  denoted  as  (Wt/W0)  ×
100%.

The  OM-HA,  HM-γ-PGA  and  freeze-dried  hydrogel  were
used  for  thermal  analysis.  The  measurement  was  carried  out
over a temperature range of 35−700 °C by heating samples at
10°C/min  under  nitrogen  atmosphere  on  a  thermogravi-
metry analyzer (TGA, Hengjiu, China).

The  rheological  and  unconfined  compression  tests  were
carried out to assess the mechanical properties of hydrogels.
The  rheological  properties  were  determined  by  using  Anton
Paar  rheometer  (MCR302,  Austria)  with  a  parallel-plate  geo-
metry  (25 mm diameter)  at  25 °C.  For  oscillatory time sweep
experiments,  the  constant  frequency  and  strain  were  fixed
at  1  Hz  and  1%,  respectively.  For  oscillatory  frequency
sweeps, the strain was fixed at 10%. The compressive proper-
ties were evaluated by an MTS universal material testing ma-
chine (CMT2103, USA). 500 μL of hydrogel samples were pre-
pared in  a  cylindrical  mold  (diameter=10 mm),  and then the
compression  tests  were  performed  with  a  controlled  rate  of
10 mm/min at 25 °C.

 
Scheme  1    Schematic  illustration  of  single  and  dual  crosslinked
HA/γ-PGA  hydrogels.  OM-HA  and  HM-γ-PGA  solutions  were  added
into  two  syringes,  respectively,  then  they  were  injected  by  a  dual
chamber syringe equipped with a mixing tip for tissue engineering.
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Cytotoxicity Assay
Cytocompatibility  of  functionalized  polymers  was  evaluated
using  NIH  3T3  mouse  fibroblast  (National  platform  of
experimental  cell  resources  for  science-technology,  Shanghai,
China).  Firstly,  the  functionalized  polymers  were  dissolved  in
DMEM  enriched  with  fetal  bovine  serum  (FBS, V/V,  10%)  and
penicillin-streptomycin  (V/V,  1%),  respectively.  Then  the  cells
were  seeded  in  a  96-well  plate  and  incubated  in  an  incubator
(HERA cell 150i, Thermo, USA) for 12 h. Afterwards, the medium
was  replaced  with  the  prepared  functionalized  polymer
solutions.  Further  cultured  for  24  h,  the  cell  viabilities  were
evaluated  by  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium  bromide  (MTT)  assay.  Later,  cells  were  stained  with
acridine orange (AO)/ethidium bromide (EB),  and the live/dead
behavior  and  morphology  of  cells  after  1-,  2-  and  3-days
cultivation were observed by the fluorescence images.

3D Cell Culture
The  dual  crosslinked  HA/γ-PGA  hydrogel  with  solid  content  of
5 wt% was used to encapsulate NIH 3T3 cells for 3D cell culture.
Firstly,  RGD  and  I2959 were  added  into  PBS  (6.7  mmol/L,
pH=7.0−7.2)  at  a  concentration  of  5×10–3 mol/L  and  0.2  wt%,
respectively.  Then,  a  separate  5  wt%  solution  of  OM-HA  and
HM-γ-PGA  was  prepared  by  dissolving  the  corresponding

polymers  in  the  above  solution  and  passed  through  0.22  μm
syringe filter for sterilization. Afterwards, the NIH 3T3 cells were
added into HM-γ-PGA solution (1×107 cells/mL) and then mixed
with  OM-HA  solution  (―NHNH2/―CHO  molar  ratio=1/1)  to
form  a  single  crosslinked  cell-laden  hydrogel.  Later,  the  dual
crosslinked cell-laden hydrogel  was  obtained by  UV irradiation
for  3  min  and  carefully  removed  to  a  petri  dish  with  DMEM
medium.  After  incubation  for  48  h,  cells  were  stained  with
AO/EB and analyzed by confocal microscopy images.

Statistical Analysis
Obtained  data  are  shown  as  mean  ±  standard  deviation.
Tukey’s  multiple  comparison  test  is  applied  to  analyze  sig-
nificant differences, and p<0.05 indicates statistical significance.

RESULTS AND DISCUSSION

Modification and Characterization of Polymers
To prepare the dual crosslinkable macromers to form hydrogels,
methacrylate  group  was  introduced  onto  the  HA  and γ-PGA
backbones by the ring-opening reaction between epoxy group
and  the  carboxyl.  Then  the  synthesized  M-HA  was  oxidized  to
introduce  aldehyde  group  (Fig.  1a),  and  hydrazide  group  was
introduced  onto  the  M-γ-PGA  backbone  through  a
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Fig. 1    Synthesis of (a) OM-HA and (b) HM-γ-PGA. (c, d) 1H-NMR spectra of OM-HA and HM-γ-PGA.
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carbodiimide  coupling  reaction  (Fig.  1b).  Later,  the  structural
characterizations  of  the  synthesized  polymers  were  confirmed
by  their 1H-NMR  spectra  (Figs.  1c and 1d).  The  characteristic
peaks of vinyl group protons at δ 5.74−6.27 ppm were observed
in  OM-HA  and  HM-γ-PGA  spectra,  which  indicated  that  the
methacrylate group was successfully grafted onto the HA and γ-
PGA backbones, respectively.[30] The aldehyde group in OM-HA
was  confirmed  by  the  new  peaks  at  4.95−5.25  ppm  in  OM-HA
spectrum.[31,32] The  methylene  protons  at  1.46  ppm  in  HM-γ-
PGA spectrum confirmed the successful conjugation of ADH to
γ-PGA.[4]

Preparation and Characterization of Hydrogels
The dual  crosslinked hydrogels  were fabricated by using Schiff
base  reaction  and  photo-initiated  free  radical  polymerization.
Firstly,  OM-HA  solution  was  mixed  with  HM-γ-PGA  solution  to
form  single  crosslinked  hydrogels via Schiff  base  reaction
between  aldehyde  and  hydrazide.  The  formation  of  single
crosslinked  hydrogel  was  studied  through  an  oscillatory  time
sweep test.  As shown in Fig.  2(a),  in the first  100 s,  the storage

modulus  (G')  was  lower  than  the  loss  modulus  (G″),  and  the
value  of G″ was  close  to  zero,  showing  a  viscous  fluid
behavior.[33] This fluid behavior demonstrated the injectability of
mixture  before  gelation.  The  inset  of Fig.  2(a) shows  that  the
precursor  solutions  could  be  injected  and  mixed  to  form  a
hydrogel  through  a  double-chamber  syringe  equipped  with  a
mixing  tip,  indicating  that  the  HA/γ-PGA  hydrogel  was  an
injectable material. The G' and G″ increased with an increase of
time,  and  at  300  s,  a  crossover  point  (G'=G″)  can  be  observed,
indicating an increase in crosslinking degree and transformation
from a liquid state (G'<G″) to a gel state (G'>G″). Subsequently, G'
is  higher  than G″,  and  both G' and G″ increased  significantly,
indicating the formation of  elastic  single  crosslinked HA/γ-PGA
hydrogels.[33] At this step, the initial  crosslinking degree can be
adjusted by polymer concentration.[13] Then, the formed single
crosslinked  hydrogels  were  further  crosslinked  by  UV  light  to
form the dual crosslinked hydrogels.

Injectable  hydrogels  should  gelate  rapidly  at  injection  site
to  avoid  the  diffusion  of  precursor.  As  shown  in Fig.  2(b),  at
3 wt% of solid content, the gelation time of single crosslinked
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Fig. 2    (a) Time dependence of G′ and G″ for the in situ formation of single crosslinked hydrogel with solid content of 3 wt%, and the inset is the
photos  of  single  crosslinked  hydrogel  prepared  by  using  a  dual  chamber  syringe  equipped  with  a  mixing  tip.  (b)  Gelation  time  of  single
crosslinked hydrogels. SEM images of freeze-dried (c1)  single and (c2)  dual crosslinked hydrogels with solid content of 5 wt%. (d) Swelling ratio
and (e−g) enzymatic degradation of single and dual crosslinked HA/γ-PGA hydrogels. (h) TGA curves of functionalized polymers and freeze-dried
HA/γ-PGA hydrogels. (n=3, *p<0.05).
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hydrogel was about 320 s.  When the solid content increased
up  to  5  wt%  and  7  wt%,  the  gelation  time  decreased  to  50
and 15 s,  respectively, which indicated the controllable rapid
gelation  ability  of  single  crosslinked  hydrogels.  The  SEM  im-
ages of two representative single and dual crosslinked hydro-
gel samples were shown in Fig. 2(c). It is clear that the single
crosslinked  hydrogel  shows  a  thin  layer  and  loose  porous
structure  with  some  collapse  (Fig.  2c1).  In  contrast,  the  dual
crosslinked hydrogel shows a denser structure,  and the layer
density  of  pores is  thicker  than that  of  single crosslinked hy-
drogel  (Fig.  2c2),  which  suggested  a  higher  crosslinking  de-
gree of dual crosslinked hydrogels.

The  swelling  behaviors  of  single  and  dual  crosslinked  hy-
drogels  are  shown in Fig.  2(d).  Apparently,  all  samples  had a
rapid  swelling  rate  within  the  first  10  h,  later  the  increase  in
swelling rate was insignificant and gradually reached equilib-
rium. Compared to the single crosslinked hydrogels, the dual
crosslinked  hydrogel  samples  shows  a  lower  swelling  ratio,
which  indicated  that  the  swelling  behavior  of  HA/γ-PGA  hy-
drogel could be further adjusted by UV light. It is worth men-
tioning  that  the  swelling  ratios  of  low-concentration  HA/γ-

PGA  hydrogels  (3  wt%  and  5  wt%)  at  equilibrium  reduced
from  45.5  to  32.5  and  44.2  to  24.5,  respectively,  indicating  a
significant change in the crosslinking degree before and after
UV  irradiation.  But  for  the  high-concentration  single  cross-
linked  HA/γ-PGA  hydrogels  (7  wt%),  the  swelling  ratios
change a  little  (from 29.3  to  26.6)  after  UV irradiation,  which
indicated that the crosslink degree changed little. In addition,
owing to  the  high-water  sorption capacity  of  HA and γ-PGA,
the single and dual crosslinked HA/γ-PGA hydrogels all exhib-
it high swelling levels.[34,35] This high swelling ratio will be be-
neficial  to  cell  migration,  oxygen  and  nutrition  diffusion,  in-
dicating their potential in tissue engineering.[36,37]

The  degradation  of  single  and  dual  crosslinked  hydrogels
by  external  enzymes  was  investigated in  vitro at  37  °C.  As
shown  in Figs.  2(e)−2(g),  all  hydrogel  samples  could  be  de-
graded  in  enzyme  solutions.  With  the  increasing  solid  con-
tent of hydrogels, the degradation time increased due to the
increased  crosslinking  degree  and  compact  network  struc-
ture.[38] Compared with the single  crosslinked hydrogels,  the
dual  crosslinked  hydrogels  show  a  longer  degradation  time
because of the strong crosslinking state, which indicated the
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Fig. 3    (a−c) Frequency sweep of single and dual crosslinked hydrogels. (d) Storage moduli of single and dual crosslinked hydrogels at 10 rad/s.
(e−g) Stress-strain curves of single and dual crosslinked hydrogels, and the inset is the partial enlarged image. (g) Compressive moduli of single
and dual crosslinked hydrogels. (n=3, *p<0.05).
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degradation  behavior  of  HA/γ-PGA  hydrogel  could  also  be
further adjusted by UV light. Additionally, the single and dual
crosslinked  hydrogels  with  solid  content  of  7  wt%  did  not
show  significant  difference  in  degradation  time,  which  sug-
gested  that  their  crosslinking  degree  changed  little  before
and  after  UV  irradiation.  The  thermal  stability  of  functional-
ized  polymers  as  well  as  lyophilized  HA/γ-PGA  hydrogel  was
measured via TGA analysis. From the Fig. 2(h), the thermal de-
composition  temperatures  of  OM-HA,  HM-γ-PGA  and  HA/γ-
PGA hydrogel were around 230, 260 and 225 °C, respectively,
which  indicated  that  functionalized  polymers  and  HA/γ-PGA
hydrogels had good thermostabilities to meet clinical require-
ments.  Compared  with  the  single  crosslinked  hydrogels,  the
dual crosslinked hydrogels showed a lower weight loss rate at
700  °C,  also  indicating  the  formation  of  a  more  stable  net-
work structure.[39]

Mechanical Properties of Hydrogels
The  mechanical  properties  of  single  and  dual  crosslinked
hydrogels  were  examined  by  using  rheological  and  compres-
sion tests.  As shown in Figs.  3(a)−3(c),  the G' values are slightly
increased  with  the  increase  of  angular  frequency,  and  were
larger  than G″ by  one  order  in  magnitude,  but  the  G' values
were all lower than 2000 Pa (Fig. 3d), which indicated that both

single  and  dual  crosslinked  HA/γ-PGA  hydrogels  possessed  a
soft  stable  network.[40,41] Compared  with  the G' of  single
crosslinked  hydrogels,  those  of  the  dual  crosslinked  hydrogels
exhibited a remarkable increase of about 3 times, indicating that
the UV irradiation could further adjust the rheological properties
of  the  single  crosslinked  hydrogels  in  a  wide  range.  However,
there was no significant difference in the values of G' between
the single  and dual  crosslinked HA/γ-PGA hydrogels  with  solid
content  of  7  wt%,  which  was  consistent  with  the  trends  of
swelling and degradation behaviors.  This  can be assumed that
compared  to  the  single  crosslinked  hydrogel  with  a  low  solid
content,  the  high-concentration  hydrogel  has  a  higher
crosslinking  degree,  and  the  polymer  chains  are  difficult  to
stretch  or  move.  When  the  high-concentration  single
crosslinked hydrogel is irradiated by UV light, the generated free
radicals prefer to react with adjacent radicals and are difficult to
react with the distant ones, so the crosslinking degree does not
change  much,  thus  showing  a  narrow  range  of  property
adjustment.

The anti-compression ability was evaluated by unconfined
compression  test.  From  the Figs.  3(e)−3(g),  the  single  cross-
linked  HA/γ-PGA  hydrogels  with  solid  content  of  3  wt%  and
5 wt% could tolerate a stress of more than 50 kPa and a strain
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Fig. 4    Viability of NIH 3T3 cells cultured in different contents of (a) OM-HA solution and (b) HM-γ-PGA solution for 24 h. (c) Fluorescence images
of  NIH  3T3  cells  cultured  in  functionalized  polymer  solutions  (2  mg/mL).  Cultures  in  medium  without  functionalized  polymer  were  used  as
control. The living cells were green color and the dead cells were red color. (n=3, *p<0.05).
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of around 70%. Owing to the increase of crosslinking degree,
the  maximum  fracture  strains  of  high-concentration  single
crosslinked hydrogel and dual crosslinked hydrogels reduced,
but could still reach about 50%. As shown in Fig. 3(h), the dual
crosslinked hydrogels showed a larger compressive modulus
than  that  of  the  single  crosslinked  hydrogels.  Especially,  for
the  single  crosslinked  hydrogel  with  solid  content  of  5  wt%,
its compressive modulus increased from 14.4 kPa to 29.6 kPa,
which revealed that  the UV irradiation could also further  ad-
just the anti-compression ability of the single crosslinked hy-
drogels  in  a  wide range.  Additionally,  the  compressive  mod-
uli of single and dual crosslinked hydrogels were in kilopascal,
which  could  meet  the  mechanical  requirements  of  soft  tis-
sues.[42,43] Therefore, the dynamic and static mechanical tests
indicated that  the developed HA/γ-PGA hydrogels  had good
potentials in soft tissue engineering.

In Vitro Cytotoxicity and 3D Cell Culture
The  biocompatibility  of  precursor  solutions  is  an  important
factor for the injectable biomaterials. Herein, the cytotoxicity of
precursor  solutions  was  examined  by  using  MTT  assay  and
live/dead analysis of NIH 3T3 cells. From the Figs. 4(a) and 4(b),
the  NIH  3T3  cells  cultured  at  various  polymer  concentrations
exhibited  a  high  cell  viability;  even  at  a  high  polymer  concen-
tration  (2.0  mg/mL),  the  cell  viability  was  still  above  85%.  The
fluorescence  images  corresponding  to  the  live/dead  analysis
of  NIH  3T3  cells  cultured  in  functionalized  polymer  solutions
were  depicted  in Fig.  4(c).  The  NIH  3T3  cells  incubated  with
polymer solutions exhibited a spindle morphology similar to the
control group, and with the increase of culture time, more green
points  were  observed,  which  revealed  the  normal  grow  and
proliferation of NIH 3T3 cells in polymer solutions.

The  3D  cell  culture  experiment  was  performed  to  explore
the promising opportunities of HA/γ-PGA hydrogels in tissue
engineering as a cell scaffolding material. The 3D microscop-
ic image of NIH 3T3 cells loaded in the dual crosslinked HA/γ-
PGA  hydrogel  is  presented  in Fig.  5.  The  hydrophilic  nature
and polyanionic  structure of  HA and γ-PGA enabled them as
non-conducive materials towards cell adhesion,[44] so the ad-
hesive  polypeptide  RGD  was  introduced  into  the  dual  cross-
linked  HA/γ-PGA  hydrogels.  The  NIH  3T3  cells  loaded  in  the
single  crosslinked  HA/γ-PGA  hydrogel  was  used  as  a  control
(Fig. S5 in ESI). After incubation for 48 h, very few red fluores-
cent  points  could  be  found,  which  revealed  the  excellent
cytocompatibility  of  HA/γ-PGA  hydrogels  and  tolerance  of
NIH  3T3  cells  towards  3D  encapsulation  process  of  the  dual

crosslinked  HA/γ-PGA  hydrogels.  The  above  results  con-
firmed  the  excellent  cytocompatibility  of  OM-HA  and  HM-γ-
PGA solutions and the potential of HA/γ-PGA hydrogels in tis-
sue engineering.

CONCLUSIONS

In  summary,  we  presented  a  dual  crosslinking  strategy  for
preparing  injectable  hydrogels  with  step-by-step  tunable
crosslinking  degree  by  using  Schiff  base  reaction  and  photo-
polymerization.  The  prepared  HA/γ-PGA  hydrogels  had  step-
by-step  tunable  swelling,  enzymatic  degradation  and  mecha-
nical  properties,  and  compared  with  high-concentration  HA/γ-
PGA  hydrogels,  the  low-concentration  HA/γ-PGA  hydrogels
exhibited  better  adjustability.  Moreover,  the  mechanical  prop-
erties of HA/γ-PGA hydrogels had a good match with soft tissue.
In  addition,  the  HA/γ-PGA  hydrogels  fabricated  from  the
biocompatible  polymers  (HA  and γ-PGA)  possessed  excellent
cytocompatibilities. Therefore, the developed HA/γ-PGA hydro-
gels  will  be  a  promising  candidate  as  injectable  cell  scaffold
materials for soft tissue engineering.
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