
FU
LL P

A
P
ER

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1wileyonlinelibrary.com

maintain the integrity of network struc-
tures and mechanical properties of bulk 
gels, leading to their long-term use with 
stable functionality. [ 9–13 ]  

 The scientifi c community nowadays 
focus on two major approaches, based 
on dynamic covalent bond [ 14–17 ]  and non-
covalent bond, [ 18–28 ]  to design self-healing 
hydrogels. Dynamic covalent bond inte-
grates both the stability of covalent bond 
and the reversibility of noncovalent bond 
in one system. [ 29 ]  These dynamic cova-
lent bonds can build an intrinsic dynamic 
equilibrium of bond generation and dis-
sociation in hydrogel networks, endowing 
self-healing performance to the hydrogels. 
Despite a few examples of self-healing 
hydrogels based on the dynamic covalent 
bonds (e.g., phenylboronate esters, [ 30–32 ]  
acylhydrazone bonds, [ 29,33 ]  disulfi de 

bonds, [ 34–36 ]  and Diels-Alder reactions, [ 37,38 ]  the diffi culty of 
manipulating in vivo due to their nonautonomous self-healing 
characteristics, impedes their applications. For instance, self-
healing hydrogel based on dynamically restructuring of phe-
nylboronic esters needs an acid environment (pH 4.2), [ 30 ]  while 
hydrogel based on dynamic disulfi de bonds usually needs an 
alkali environment (pH 9), [ 34 ]  to trigger the corresponding 
healing process. Moreover, complicated synthetic procedures 
and unconfi rmed biocompatibility of these self-healing hydro-
gels may limit their applications. For instance, the self-healing 
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  1.     Introduction 

 As one of the most attractive soft materials with 3D network 
structure and tunable physical and chemical properties mim-
icking natural extracellular matrices, hydrogels fi nd widespread 
applications in various biomedical fi elds, e.g., as scaffolds for 
tissue engineering, and as delivery vehicles for cells, drugs, 
proteins, or genes. [ 1–8 ]  Recently, self-healing hydrogels capable 
of autonomously repairing cracks, offer substantial benefi ts to 
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hydrogel based on reversible Diels-Alder reaction needs to syn-
thesize specifi c diene and dienophile, [ 39 ]  which may involve the 
potential issue of cytotoxicity. It is still challenging to synthesize 
autonomous self-healing hydrogels (without need of external 
stimulus) with promising biocompatibility in a facile way. 

 The biocompatible oxidized sodium alginate (OSA)-based 
hydrogel offers a solution to these existing challenges since it 
contains dynamic covalent bond, acylhydrazone, which is obti-
aned by the condensation reaction between OSA and adipic 
acid dihydrazide (ADH, the cross-linker). [ 40–42 ]  However, the 
dynamic acylhydrazone bonds can only proceed the reversible 
reaction in a slightly acidic environment (pH = 4.0–6.0). [ 43,44 ]  
In neutral conditions, the dynamic reaction slows down sig-
nifi cantly, [ 45–47 ]  deteriorating the self-healing performance of 
the hydrogels. Furthermore, since the OSA is obtained by 
periodate-oxidation of sodium alginate, the molecular weight 
of sodium alginate sharply declines after the oxidation. [ 40 ]  This 
leads to a brittle network of the OSA-based hydrogel, which 
severely limits their practical applications. To address these 
issues and develop polysaccharide-based hydrogels for real 
biomedical applications, cross-links of the network need to be 
more sensitive in neutral conditions, and the resultant hydrogel 
should exhibit enhanced mechanical properties, which has not 
yet been explored. 

 In this contribution, we designed a novel polysaccharide-
based self-healing hydrogel, CEC-l-OSA-l-ADH (“l” means 
“linked-by”), which is in situ formed by adding OSA solution 
into the mixture of  N -carboxyethyl chitosan (CEC) and ADH. 
The self-healing capability of the hydrogel is attributed to the 
two dynamic bonds coexisting in the hydrogel networks, i.e., 
imine bonds obtained by Schiff base reaction between OSA 
and CEC, as well as acylhydrazone bonds derived from reac-
tion between OSA and ADH. The imine bonds are more active 
than acylhydrazone bonds, which can undergo dynamic reac-
tion under neutral conditions. [ 48–50 ]  In addition, the mechanical 
property of the CEC-l-OSA-l-ADH hydrogel can be enhanced 
by adding the high molecular weight CEC (Mw = 200 000 Da). 
The CEC-l-OSA-l-ADH hydrogel can perform excellent self-
healing performance under physiological conditions without 
any external stimulus, and also exhibit good cytocompatibility 
in 3D cell encapsulation test. The investigation opens the door 
of polysaccharide-based self-healing hydrogels for applications 
in biomedical fi elds, such as tissue engineering or cell/drug 
delivery.  

  2.     Results and Discussion 

  2.1.     Preparation of the CEC-l-OSA-l-ADH Hydrogel 

 The OSA with aldehyde groups was simply prepared via peri-
odate-oxidation of sodium alginate, [ 51,52 ]  and water-soluble 
CEC with amino groups was synthesized by the Michael’s 
reaction of chitosan with acrylic acid, following the reported 
procedures. [ 53–55 ]  The in situ formation of CEC-l-OSA-l-ADH 
hydrogel was fabricated through homogeneously mixing OSA 
solution with the solution of CEC and ADH at room tempera-
ture (25 °C), by using phosphate buffer saline (PBS, pH 7.0 or 
6.0) as solvent. The total concentration ( C  t ) of polymers (OSA 

and CEC) and cross-linker (ADH) was fi xed as 7.4 wt%. It is dif-
fi cult to obtain a homogeneous hydrogel above this concentra-
tion, because the viscosity of the solution goes up signifi cantly 
with increasing weight percent of CEC polymers. 

 The gelation of the CEC-l-OSA-l-ADH hydrogel was con-
fi rmed through vial tilting method. Shortly after homogene-
ously mixing OSA with CEC and ADH solution for 20 s, the 
fl uidic mixture transformed into hydrogel ( Figure    1  a, see 
the video in the Supporting Information). According to our 
design, the hydrogel networks are composed of two dynamic 
bonds, i.e., imine bonds and acylhydrazone bonds, which are 
obtained via the reaction of aldehyde groups (from OSA) with 
the amino groups (from CEC) and hydrazides (from ADH), 
respectively (Figure  1 b). To confi rm this, we performed infrared 
spectroscopy (IR) analysis of OSA and CEC polymers as well 
as freeze-dried OSA-l-ADH and CEC-l-OSA-l-ADH hydrogels 
(Figure S1, Supporting Information). The absorption from alde-
hyde symmetric vibration (C=O) of OSA at 1732 cm −1  fully dis-
appeared in the spectrum of freeze-dried OSA-l-ADH gel, while 
a new peak of carbonyl band of acylhydrazone bonds (C=O) 
at 1639 cm −1  appeared on this curve, verifying the reaction 
between OSA polymer and ADH cross-linker. [ 52 ]  In addition, 
amide bending vibration (N–H) at 1573 cm −1  derived from CEC 
was detected in the spectrum of CEC-l-OSA-l-ADH dried gel. 
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 Figure 1.    Synthesis scheme of the CEC-l-OSA-l-ADH hydrogels. a) The 
photographs of before and after gelation of CEC-l-OSA-l-ADH hydrogel 
( R  = 0.5) in PBS (pH 7.0). b) Chemical structures of the CEC-l-OSA-l-ADH 
hydrogel obtained by condensation reaction of the aldehyde groups (from 
OSA) with the amino groups (from CEC) and hydrazides (from ADH), 
resulting in dynamic imine and acylhydrazone bond, respectively.
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Subsequently, a new absorption of imine stretching vibration 
(C=N) at 1644 cm −1  was observed, indicating that condensation 
reaction between CEC and OSA forms a Schiff's base.  

 To analyze the infl uence of CEC concentration on the 
mechanical properties of the CEC-l-OSA-l-ADH hydrogel, we 
measured the rheological properties of the hydrogels with dif-
ferent molar ratios of amino groups (from CEC) to aldehyde 
groups (from OSA),  R  = M-NH 2 :M-CHO (0 ≤  R  ≤ 1). We con-
trolled the concentration of hydrazide groups (from ADH), to 
ensure that the residual aldehyde groups completely reacted 
(i.e., M-CHO = M-CONHNH 2  + M-NH 2 ). As a result, when 
 R  increases, CEC and associated imine bonds concentration 
increases, but ADH and corresponding acylhydrazone bonds 
concentration reduces. Oscillatory frequency sweep experi-
ments conducted at 25 °C under constant strain was used 
for evaluating mechanical strength of the CEC-l-OSA-l-ADH 
hydrogels (Figure S2, Supporting Information). The storage 
modulus ( G ′) of the hydrogels increased steeply from 717 ± 113 
to 5814 ± 166 Pa with  R  varying from 0 to 0.5, due to the sig-
nifi cant increase of CEC with high molecular weight. The G′ 
reached a plateau of 6044 ± 224 Pa and then slightly dropped 
to 5316 ± 318 Pa when  R  continuously increased from 0.5 to 1 
( Figure    2  a). This is probably because the concentration of more 
dynamic imine bonds (compared with acylhydrazone bonds) 
increases with  R , resulting in an instable polymer networks. 
The CEC-l-OSA-l-ADH hydrogels with shear moduli in a range 
of 10 2 –10 3  Pa can potentially be used in tissue engineering for 
repairing soft nerve and brain tissues with similar moduli. [ 60 ]    

  2.2.     Self-Healing Performance of the CEC-l-OSA-l-ADH Hydrogel 

 To assess the self-healing behaviors of the CEC-l-OSA-l-ADH 
hydrogel, we performed the rheological recovery tests with 
fi xed  R  = 0.5. From the results of strain amplitude sweep of 
the CEC-l-OSA-l-ADH hydrogel, the  G ′ and the loss modulus 
( G ″) curve intersects at the strain of 80%, indicating that the 
state of hydrogel is between solid and fl uid near this critical 
point. With further increase of the strain to 800%, the  G ′ dra-
matically decreased from ≈5880 Pa to ≈79 Pa due to the col-
lapse of the hydrogel networks (Figure  2 b). Based on the strain 
amplitude sweep results, the continuous step strain measure-
ments were performed to test the rheology recovery behavior 
of the CEC-l-OSA-l-ADH hydrogel. As the oscillatory shear 
strain stepped from 1% to 80% and maintained for 100 s, the 
 G ′ and  G ″ overlapped, while they immediately recovered their 
original values after the strain back to 1% (Figure  2 c). Similarly, 
when the larger strains (300% and 800%) and small strain (1%) 
were alternatively applied later, the  G ′ also quickly restored the 
initial value. Moreover, fi xing step strain to 800% but varying 
the loading period from 100 to 300 s, the effect of the dura-
tion of the breaking strain on the rheological recovery behavior 
was investigated thoroughly (Figure  2 d). The data showed that 
the  G ′ immediately recovered after the breaking strain was 
removed, regardless of loading period. These results suggest 
that polymer networks of CEC-l-OSA-l-ADH hydrogel exhibit 
rapid recovery when the hydrogel is subject to oscillatory shear 
strain. 
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 Figure 2.    The rheological measurement of CEC-l-OSA-l-ADH hyrogel. a) The storage moduli ( G ′) of CEC-l-OSA-l-ADH hyrogels with  R  = 0.2, 0.5, 
0.8 1.0. The data are extracted from the plateaus of variation of storage moduli versus angular frequency (1 rad s −1  to 10 rad s −1 ). Error ranges are 
standard deviations over  n  = 3 samples. b) The  G ′ and  G ″ of the hydrogel from strain amplitude sweep ( γ  = 10%–800%) at a fi xed angular frequency 
(10 rad s −1 ). c) The  G ′ and  G ″ of the hydrogel when alternate step strain switched from small strain ( γ  = 1.0%) to large strain ( γ  = 80%, 300%, and 
800%) at a fi xed angular frequency (10 rad s −1 ). Each strain interval was kept as 100 s. d) The cyclic  G ′ and  G ″ values of the hydrogel for a large strain 
level ( γ  = 800%) and different loading period from 100 to 300 s.
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 To further evaluate the self-healing ability of the CEC-l-
OSA-l-ADH hydrogel ( R  = 0.5), we performed macroscopic 
self-healing test ( Figure    3  a). In details, the two disk-shaped 
hydrogels with red (stained with rhodamine B) and blue colors 
(stained with methylene blue) were cut into equal 8 pieces by a 
razor blade, respectively (Figure  3 a 1 ,a 2 ). Subsequently, the total 
16 pieces of broken hydrogels were combined into two blended 
integral hydrogel disks with alternate colors. After 6 h at 25 °C 
without any external intervention, the boundaries between the 
different colored pieces turned obscure, and the blended inte-
gral hydrogel disks could stand up by themselves (Figure  3 a 3 ), 
demonstrating the self-healing performance of the hydrogel. 
Moreover, the healed hydrogel disks can maintain their shape 
and no splitting were observed after being immersed in PBS 
(pH = 7.0) for 3 h (Figure  3 a 4 ,a 5 ). This reveals that dynamic 
reaction among the dynamic functional groups rather than the 
simple adhesion takes place at the interfaces of broken hydro-
gels. The existence of dynamic covalent bonds in the hydrogel 
networks is thus crucial for the self-healing behavior.  

 To determine the self-healing effi ciency, we performed 
the beam-shaped strain compression test of the CEC-l-OSA-l-
ADH hydrogel ( R  = 0.2, 0.5, 0.8) (Figure  3 b). [ 23,24 ]  The healing 

effi ciency ( HE ) is defi ned as the ratio of healing strength ( S  h ) at 
breaking point of the healed sample over initial strength ( S  i ) of 
pristine samples, i.e.,  HE  = ( S  h / S  i ). [ 9 ]  After healing for 12 h at 
25 °C, the measured  HE  of the hydrogels was 86 ± 3.4% when 
 R  = 0.5, while it dropped to 68 ± 5.2% and 62 ± 2.7% when 
 R  = 0.2 and 0.8, respectively. These results can be explained 
by the appropriate balance between the mobility of polymer 
chains and the dynamics of the cross-links, which both affect 
the self-healing performance of the hydrogels. In the case of 
 R  = 0.8 sample with high CEC content, although the number 
of more dynamic imine bonds increased in the polymer cross-
links, a large amount of CEC with high molecular weight led 
to poor mobility of the polymer chains due to an increased vis-
cosity of the hydrogel system, resulting in a low  HE . On the 
other hand, in the case of  R  = 0.2 sample with low CEC con-
tent, although the viscosity of hydrogel system was reduced, the 
increased number of acylhydrazone bonds with the relatively 
slow exchange and equilibrium kinetics in neutral PBS at room 
temperature mainly limit the  HE . [ 45–47 ]  

 Therefore, to improve the  HE  of the CEC-l-OSA-l-ADH 
hydrogel, prolonged healing time and increased tempera-
ture were adopted. In the case of  R  = 0.5, as expected,  HE  
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 Figure 3.    Photographs of self-healing process and beam-shaped compression test of the CEC-l-OSA-l-ADH hydrogel. a) Two disk-shaped hydrogels 
(one stained with rhodamine B and the other stained with methylene blue) (a 1 ); hydrogels were cut into equal 8 pieces (a 2 ); the self-healed hydrogel 
disks can stand after healing for 6 h at 25 °C without any external intervention (a 3 ); after immersed in PBS (pH 7.0) for 3 h, the healed hydrogel disks 
can retain their shape (a 4 ,a 5 ). b) The beamed-shape strain compression curves of the hydrogels with  R  = 0.2, 0.5, 0.8 prepared in pH 7.0 PBS before 
and after healing for 12 h. c) Enhance the healing effi ciency of the hydrogel ( R  = 0.5) by prolonging the healing time to 48 h and increasing the healing 
temperature to 37 °C.  p  < 0.05 versus healing 12 h at 25 °C. Error ranges are standard deviations over  n  = 3 samples.
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went up to 90 ± 2.7% when the healing time was prolonged 
to 48 h, but there was no signifi cant increase compared with 
the  HE  of 12 h. On the other hand, the  HE  can reach as high 
as 95 ± 2.2% when the healing temperature increased to 37 °C 
(physiological temperature) (Figure  3 c). This demonstrates that 
the hydrogel exhibits excellent self-healing capability under 
physiological conditions. The  HE  of the hydrogel shows a sig-
nifi cant increase, nearly 10%, as compared with that at room 
temperature, which is due to the effect that higher temperature 
can enhance the dynamic kinetics of the reversible bonds. [ 56 ]  

 Besides, to probe the effect of pH on  HE , the weakly acidic 
PBS (pH 6.0) as solvent instead of neutral PBS were adopted 
to prepare the CEC-l-OSA-l-ADH hydrogel ( R  = 0.2, 0.5, 0.8). 
When pH decreased to 6.0, the  HE  experienced a sharp rise to 
91% ± 4.5% from 68% ± 5.2% for the  R  = 0.2 sample, and could 
reach up to 94% ± 4.2% when  R  reached to 0.5 (Figure S3a,b, 
Supporting Information). However, when  R  increased to 0.8, 
the  HE  only slightly rose to 69% ± 3.1% from 62% ± 2.7%. The 
hydrogel with more acylhydrazone cross-links (low  R ) exhib-
ited a large growth of  HE , because the weakly acid condition 
(pH 4–6) accelerate the dynamic exchange reaction of acylhy-
drazone bonds. [ 33,34 ]  Moreover, the  HE  of  R  = 0.2 and 0.5 sam-
ples are similar under pH 6.0 condition although the mobility 
of polymer chains in  R  = 0.2 sample is higher than that of 
 R  = 0.5 sample, because imine bonds are more dynamic than 
acylhydrazone bonds.  

  2.3.     Injectability of the Self-Healing CEC-l-OSA-l-ADH Hydrogel 

 The self-healing hydrogels can also be used as injectable 
hydrogels for cell therapy and drug delivery. [ 57,58 ]  Unlike 
the traditional injectable hydrogels, self-healing hydrogels 
have the capability to be injected after gelation. The broken 
hydrogel pieces squeezed from the needle can self-assemble 

and self-heal into an integral hydrogel at the target site. This 
injectability of self-healing hydrogels has been confi rmed to 
offer more uniform distributions of cargos (drug/cell etc.) 
and more controllable placement of hydrogels in vivo. [ 49,59 ]  To 
prove the injectability of our CEC-l-OSA-l-ADH hydrogel, two 
pieces of hydrogel disks stained with different colors were put 
into needle tubing ( Figure    4  a,b), then injected into a 10 mL 
beaker and compacted in the bottom of the beaker (Figure  4 c). 
After healing at 25 °C for 6 h, the self-healed hydrogel disk can 
stand up by itself and maintain its integrity even after being 
immersed in PBS (pH = 7.0) for another 3 h (Figure  4 d–f). 
Moreover, we also proved the drug release behavior of the self-
healed hydrogel. The rhodamine B and methylene blue were 
used as two small molecular model drugs. Figure S4 (Sup-
porting Information) plots the release curves of the two model 
drugs between the self-healed hydrogel and the other two as-
prepared hydrogels. The minor difference between these curves 
indicates that self-healing process has nearly negligible effects 
on drug release ability.   

  2.4.     Cytocompatibility and Cell Release of the Self-Healing 
CEC-l-OSA-l-ADH Hydrogel 

 To explore the cytocompatibility and cell release of CEC-l-OSA-
l-ADH hydrogel ( R  = 0.5), we perform the test of 3D encap-
sulation of NIH 3T3 fi broblasts. From the Live/Dead staining 
of cells, we found that the cell viability of NIH 3T3 fi broblasts 
encapsulated in CEC-l-OSA-l-ADH hydrogel was 98.5% ± 1.2%, 
97.6% ± 4.0%, and 95.3% ± 3.4% after 12, 24, and 48 h in vitro 
culture, respectively ( Figure    5  a,b). When cultured for 72 h, the 
hydrogel was partially degraded, hydrolytic degradation and 
enzymes produced by the cells may contribute to the degra-
dation of the polymer networks. Then the encapsulated cells 
could be released from the hydrogel. We continuously cultured 
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 Figure 4.    The injectable process of the self-healing CEC-l-OSA-l-ADH hydrogel ( R  = 0.5). a) Two disk-shaped hydrogels (one stained with rhodamine 
B and the other stained with methylene blue), b,c) separately injected into a 10 mL small beaker from needles and compacted at the bottom of the 
beaker. d) The self-healed hydrogel disk can stand after healing for 6 h at 25 °C without any external intervention. e,f) After immersed in PBS (pH 7.0) for 
3 h, the healed hydrogel disks can maintain their integrity.
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them on the tissue culture polystyrene plates for other 3 days. 
The released NIH 3T3 fi broblasts exhibited normal cell mor-
phology and could proliferate with culture time (Figure  5 c). The 
results illustrate the cytocompatibility CEC-l-OSA-l-ADH hydro-
gels exhibit excellent cell release behavior. [ 60 ]     

  3.     Conclusion 

 In summary, we developed a novel polysaccharide-based self-
healing CEC-l-OSA-l-ADH hydrogel. The dynamic imine and 
acylhydrazone bonds coexist in the hydrogel networks, ena-
bling occurrence of dynamic reaction under mild conditions. 
This dynamic nature of the system imparts the self-healing 
capability to the hydrogel, as confi rmed by the rheological 
recovery test, macroscopic self-healing test, and beam-shaped 
strain compression measurement. The healing effi ciency of 
the CEC-l-OSA-l-ADH hydrogel can achieve 95% under physi-
ological conditions. With the good self-healing property and 
cytocompatibility, the hydrogel could be potentially used as cell 
and drug delivery carrier as confi rmed by drug release and cell 
encapsulation. We anticipate that this polysaccharide-based bio-
compatible self-healing hydrogel might offer diverse applica-
tions in biomedical fi elds.  

  4.     Experimental Section 
  Materials : Sodium alginate (>350 mpa s), acrylic acid, and sodium 

periodate were purchased from Alfa Aesar. Chitosan (degree of 
deacetylation 86%, Mw = 200 000 Da) was from Tokyo Kasei Kogyo Co., 
Ltd. Methylene blue and rhodamine B (95%) were supplied by Sigma-
Aldrich. All other chemicals were analytical grade and used without 
further purifi cation. 

  Synthesis of N-Carboxyethyl Chitosan (CEC): N -carboxyethyl chitosan 
was prepared by the previous method of Michael’s reaction. [ 53–55 ]  Briefl y, 
chitosan (1.0 g, 6.2 mmol) was dissolved in 50 mL distilled water 
containing acrylic acid (1.46 mL, 21.3 mmol), and the mixture was 
magnetically stirred at 50 °C for 3 days. Then the pH of the solution 
was adjusted to 10–12 by 1 mol L −1  NaOH. Thereafter, the solution was 
dialyzed (MWCO 8000) against distilled water for 3 days with repeated 
change of water, followed by freezing dried to obtain the pure CEC 
powder. Typical yield of the products was ≈77%.  1 H NMR (400 MHz, 
D 2 O, δ): 1.94 (s, 3H, COCH 3 ), 2.83 (s, 2H, CH 2 CO 2 Na), 3.30–4.87 
(m, glucosamine). The degree of substitution was 38%, which was 
determined according to the  1 HNMR spectra by comparing the peak 
area of the acetamide methyl protons (δ = 1.94) in chitosan and the 
methylene protons (δ = 2.83) of acrylic acid in CEC. 

  Synthesis of Oxidized Sodium Alginate (OSA) : The synthesis of OSA 
was based on a reported method with a slight modifi cation. [ 42 ]  Sodium 
alginate (1.0 g, 5 mmol) was dissolved in 100 mL distilled water, then 
sodium periodate (1.08 g, 5 mmol) was added, and the solution was 
magnetically stirred in the dark at 25 °C for 5 h. The reaction was 
terminated by adding ethylene glycol (1.5 mL) and stirring for additional 
1 h. After reaction, the mixture was dialyzed (MWCO 3000) against 
distilled water for 3 days with repeated change of water, followed by 
lyophilizing to obtain the products of OSA. Typical yield of the products 
was ∼70%. 

  Determination of the Degree of Oxidation (DO) : The DO was evaluated 
by the iodometry through determining the concentration of unconsumed 
periodate after the oxidized reaction. [ 51 ]  The 20% potassium iodide 
solution (2 mL) was added to the reaction mixture (5 mL) after it was 
neutralized by adding 10 mL of 10% sodium bicarbonate solution. 
The reaction was stirred in the dark at 25 °C for 30 min, and then the 
liberated iodine was titrated with standardized sodium thiosulphate 
solution (0.01 mol L −1 ) using starch (1%) as the indicator. The value of 
DO is 84.2%, which is averaged from triplicate oxidation experiments. 

  Preparation of CEC-l-OSA-l-ADH Hydrogel : The PBS solutions of 
OSA (10 wt%) were mixed with PBS solution containing CEC and ADH 
at different molar ratios ( R  = M-NH 2  : M-CHO, M-CHO = M-NH 2  
+ M-CONHNH 2 ) of 0, 0.2 0.5 0.8 1.0, respectively. The total weight 
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 Figure 5.    3D cell encapsulation of the CEC-l-OSA-l-ADH hydrogel ( R  = 0.5). a) Live/Dead staining of the encapsulated NIH 3T3 fi broblasts for 12, 24, 
and 48 h, respectively. b) The cell viability versus different culture times. c) The released NIH 3T3 cells from 3D cell encapsulation were cultured on 
tissue culture polystyrene plates for 3 days.
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concentrations were set as 7.4 wt%. The mixture was mixed uniformly by 
vortex and eventually homogeneous hydrogels were obtained. 

  FT-IR Spectra : FT-IR spectra were recorded using FT-IR spectrometer 
(Nicolet 5700, Thermo nicolet, USA). After OSA powder, CEC powder, 
dried OSA-l-ADH gel, and CEC-l-OSA-l-ADH gel ( R  = 0.5) were 
compressed into fi lms with KBr, the samples were tested. 

  Rheological Measurements : (1) The storage moduli ( G ′) of CEC-l-
OSA-l-ADH hydrogel disks (15 mm in diameter, 7.4 wt%) with different 
 R  (0, 0.2, 0.5, 0.8, and 1) were tested by rheometer fi tted with parallel 
dentate antiskid plates (both upper and underside plates are 15 mm in 
diameter). Under a fi xed strain level, 1.0%, the angular frequency was 
swept from 0.01 rad s −1  to 100 rad s −1 . (2) The CEC-l-OSA-l-ADH hydrogel 
disks (15 mm in diameter, 7.4 wt%) with  R  = 0.5 was measured under 
strain amplitude sweep ( γ =  10%–800%) at a fi xed angular frequency 
(10 rad s −1 ). (3) The alternate step strain sweep of CEC-l-OSA-l-ADH 
hydrogel disk (15 mm in diameter, 7.4 wt%) with  R  = 0.5 was measured 
at a fi xed angular frequency (10 rad s −1 ). Amplitude oscillatory strains 
were switched from small strain ( γ  = 1.0%) to subsequent large strain ( γ  
= 80%, 300%, and 800%) with 100 s for every strain interval. (4) Similar 
experiments were carried out for a fi xed large strain ( γ  = 800%) with 
loading period changed from 100 to 300 s for each strain level. 

  Macroscopic Self-Healing Experiments : (1) Two pieces of  R  = 0.5 CEC-
l-OSA-l-ADH hydrogel disks (15 mm in diameter) stained by rhodamine 
B and methylene blue, were cut into equal 8 pieces, respectively. Then 
the total 16 pieces of alternate colors were alternate combined into two 
blended integral hydrogel disks, and were kept for 6 h at 25 °C. Then, 
the two healed hydrogel disks were immersed in PBS (pH 7.0) for 3 h 
for checking their stability. (2) Healing effi ciency ( HE ) of the CEC-l-OSA-
l-ADH hydrogel ( R  = 0.2, 0.5, and 0.8) prepared in PBS (pH 7.0 and 6.0) 
was calculated by beam-shaped strain compression measurements. Two 
identical hydrogel samples were prepared as mentioned above. One of 
them was cut by razor and then healed for 12 h at 25 °C. Both the intact 
and the self-healed hydrogels were compressed by the beam-shaped 
mold until rupture occurred and the fracture strength of the intact ( S  i ) 
and healed ( S  h ) samples were recorded. Then the  HE  was calculated as 
 S  h / S  i . The same compression experiment was used to determine the  HE  
of CEC-l-OSA-l-ADH hydrogel ( R  = 0.5) with different healing conditions 
(e.g., extending the healing time to 48 h, increasing the healing 
temperature to 37 °C). 

  Injectable Model Drug Delivery System : (1) The rhodamine B and 
methylene blue were used as two small molecular model drugs in this 
case. Two pieces of CEC-l-OSA-l-ADH hydrogel ( R  = 0.5) disks (15 mm in 
diameter, 2 cm 3 ) containing rhodamine B (0.1 mg cm −3 ) and methylene 
blue (0.1 mg cm −3 ) were prepared, respectively. Then, the hydrogels 
incorporated different model drugs were separately immersed in 10 mL 
PBS (pH 7.0) at 25 °C. 1 mL of release medium was extracted 3 times at 
certain intervals for UV detection at 666 nm (methylene blue) and 554 
nm (rhodamine B), and then replenished with 1 mL fresh PBS. (2) Two 
pieces of CEC-l-OSA-l-ADH hydrogel disks with two stains, rhodamine 
B and methylene blue, were synthesized as described above. They were 
separately put into two needles and then injected into a 10 mL small 
beaker. After compressing the hydrogel pieces in the bottom of the 
beaker and healing for 6 h at 25 °C, the self-healed hydrogel disk was 
immersed in 10 mL PBS (pH 7.0). Thereafter, the UV analyses were used 
to detect the release solutions by the above-mentioned approach. 

  3D Cell Encapsulation and Cell Release : The mouse NIH 3T3 fi broblasts 
were encapsulated in the CEC-l-OSA-l-ADH hydrogels ( C  t  = 7.4 wt%). The 
3T3 cells were fi rst suspended in the PBS solutions of OSA (10 wt%), 
and this cell suspension was then added into PBS mixture containing 
CEC and ADH ( R  = 0.5). The cell loaded hydrogel (2.5 million cells mL −1 ) 
was formed within 20 s and incubated at 37 °C for 5 min. Thereafter, the 
cell loaded hydrogel was put into a 6-well tissue culture polystyrene dish 
containing 5 mL cell culture medium (DMEM containing 10% FBS) per 
well. The medium was changed after incubating 1 h at fi rst time and then 
changed every 12 h. Cell viability was evaluated by Live/Dead staining 
after 12, 24, and 48 h, respectively. Incubating for 72 h, the hydrogel 
was partially degraded and the encapsulated cells were released from 
the culture medium. After centrifuged, 5 mL fresh medium was added 

into the released cells for further cultivation. The cell morphology was 
monitored by phase contrast microscope (Olympus IX 71, Tokyo, Japan) 
after culturing for 3 days.  
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