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A B S T R A C T   

Hydrogel adhesives with high tissue adhesion, biodegradability and biocompatibility are benefit for promoting 
surgical procedures and minimizing the pain and post-surgical complications of patients. In this paper, an 
injectable mussel inspired double cross-linked hydrogel adhesive composed of thiolated mussel inspired chitosan 
(CSDS) and tetra-succinimidyl carbonate polyethylene glycol (PEG-4S) was designed and developed. CSDS was 
synthesized with thiol and catechol groups inspired by the synergistic effect of mussel foot proteins (mfps). The 
double cross-linked hydrogel was first formed by the addition of sodium periodate (or Fe3+) and then double 
cross-linked with PEG-4S. The results showed that the mechanical and adhesion properties of the double cross- 
linked hydrogels were significantly improved by the synergistic effects of the functional groups. And the pre
pared hydrogels showed good cytocompatibility which evaluated by determining the viability of L929 cells and 
human umbilical vein endothelial cells (HUVECs). Additionally, the biodegradability and biocompatibility in vivo 
were further confirmed by subcutaneous implantation in mice model, and the histological analysis results 
identified that the prepared hydrogels were in vivo biocompatible. This work presents an injectable mussel 
inspired double cross-linked hydrogels that can use as a potential hydrogel adhesive for biomedical application.   

1. Introduction 

The application of tissue adhesives is an effective strategy for 
bleeding control, wound closure and reconnection of injured soft tissues 
with much lower cohesiveness, for example, spleen, liver and kidney 
[1–3]. Fibrin sealant and cyanoacrylate are the two main commercial 
tissue adhesives for clinical surgical, but they are hampered by the ad
hesive strength or/and biocompatibility [4]. It was reported that the 
basic characteristics of an ideal tissue adhesive should include strong 
adhesion in moisture tissue environment, easy to operate and good 
biocompatibility, and so on. Currently, hydrogel adhesives have 
attracted much attention due to their advantages of in situ rapid 
cross-linkable, injectable, multi-functional, biodegradability and good 
biocompatibility [5–7]. What’s more, it can achieve a significant level of 
adhesion by various physical or chemical interactions with the specific 

tissues in the wet environment [8,9]. Literatures have been proved that 
physical interactions and chemical reaction are important for promoting 
the adhesion strength of the hydrogel adhesive, such as hydrophobic 
association, diffusion bond, π− π interaction and Michael addition re
action [10–12]. Therefore, it is important to promote the interfacial 
interactions between the functional groups of the adhesives and the 
presence of tissue surface biomolecules with specific functional group 
[13–15]. 

Mussel foot proteins (mfps, at least 6 types) are secreted by Marine 
mussels to enable them to firmly stick to various matrix surfaces under 
turbulent and salty environment [16,17]. It was believed that 3, 4-dihy
droxyphyenylanine (DOPA) that present in mfps is responsible for the 
exceptional adhesive performance, because the catechol groups of DOPA 
is participating in various possible physical interactions or chemical 
reactions, such as π− π interaction, electrostatic interactions, hydrogen 
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bonds, Michael addition reaction and Schiff base reaction [18–20]. 
Additionally, active o-quinone is the oxidized product of DOPA and 
readily interact with nucleophiles (ex, -NH2, -SH, or -OH) or coordinate 
with cations of the surrounding tissues, resulting in strong adhesion to 
biological tissues [21,22]. Therefore, the DOPA residues group-catechol 
groups, or its derivative have been utilized to achieve high adhesive 
property. Meanwhile, it is identified that the other amino acids in mfps, 
such as glycine, 4-hydroxyarginine, and asparagine cysteine, are also 
play an important role for the high adhesion in wet environment of 
Marine mussels [12]. Especially, the high content of thiol groups in the 
cysteine exhibited the ability to enhance the adhesion properties by 
controlling the redox chemistry of catechol groups [23,24]. Therefore, 
the synergistic effects of the functional mfps could promote the adhesive 
properties of the adhesive plaque. 

Further studies proved that the hydrophobic, density of charge and 
hydrogen bond of the polymer are crucial for enhancing the adhesion 
properties [25–28]. In this paper, Chitosan (CS) and polyethylene glycol 
(PEG) were chosen to prepare hydrogel adhesives due to their superior 
characteristics. Hydrogels based on CS/PEG have been studied in 
numerous biomedical applications, such as tissue adhesive, hemostatic 
materials, drug and gene carrier tissue engineering and wound dressing 
lately [29–31]. CS have abundant amino groups on the backbone due to 
the partial deacetylation of chitin, and it is a natural positive charged 
and the second abound polysaccharide with low solubility in liquid so
lution due to its molecular structure. Additionally, CS is readily func
tioned with reactive groups or functional polymers [32]. Our previous 
studies have successful prepared the functional chitosan modified with 
thiol group and catechol group [33,34]. PEG is a biocompatible, ease in 
incorporating various functionalities, non-immunogenic and hydro
philic polymer, and it have been utilized for developing biomaterials, 
biotechnology and medicine [35]. Therefore, CS/PEG based hydrogels 
are prepared through the physical or chemical reaction strategies and 
broadly applied in biomedicine. 

When hydrogel adhesives are used as tissue adhesives to adhere the 
trauma tightly, the cohesive of the hydrogel that act as the “glue layer” 
of adhesive system are also important for the hydrogel adhesive [36,37]. 
In our paper, inspired by the functions and contributes of mfps, we 
designed an injectable double cross-linked hydrogel adhesive based on 
tetra-succinimidyl carbonate polyethylene glycol (PEG-4S) and 
thiol-grafted mussel inspired catechol conjugated chitosan (CSDS). As 
seen from Fig. 1, to achieve high adhesive and mechanical strength, the 

double cross-linked hydrogels were prepared by the sequential two-step 
cross-linking procedure. The first cross-linked network was formed by 
the catechol groups with the addition of sodium periodate (NaIO4) or 
FeCl3 solution, and the second cross-linked network was formed by the 
reaction between thiol group and succinimidyl carbonate ester through 
Michael addition reaction. The gelation time, equilibrium water content, 
in vitro degradation, morphology, mechanical properties and adhesive 
properties of the hydrogel adhesives were evaluated. In addition, MTT 
assay and CCK-8 assay was used to determine the viability of L929 cells 
and human umbilical vein endothelial cells (HUVECs), respectively. 
Furthermore, in vivo biodegradation and biocompatibilities of the pre
pared hydrogel adhesives were also studied by subcutaneous implan
tation in mice model. This double cross-linked hydrogel adhesive system 
may be useful for a wide range of biomedical applications. 

2. Experimental section 

2.1. Materials 

Chitosan (CS, medium molecular weight, with an 85 % nominal 
degree of deacetylation) and N-acetyl-L-cysteine (NAC) were purchased 
from Sigma-Aldrich. 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC•HCl), sodium periodate and 4-(Dimethylamino) 
pyridine (DMAP) were from Sinopharm Chemical Reagent Co., Ltd. 4- 
arm polyethylene glycol (4-arm-PEG, 10000 Da) was purchased from 
Creative PEGWorks company. 3,4-dihydroxyhydrocinnamic acid was 
brought from Energy Chemical company. N, N’-Disuccinimidyl car
bonate (DSC) was brought from Shanghai Wo Kai Co., Ltd. 3-(4,5- 
dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) and CCK- 
8 were from Biosharp, Fetal bovine serum (FBS) and Trypsin-EDTA (0.25 
%) were bought from Gibco, Dulbecco’s modified eagle medium 
(DMEM, high glucose), RPMI culture medium, Penicillin (1000 units/ 
mL) and streptomycin (1000 μg/mL) solution were from Hyclone. Other 
chemical reagents were from Sinopharm Chemical Reagent Co., Ltd and 
used as received. 

2.2. Synthesis of PEG-4S 

PEG-4S was synthesized as the literature description [38]. 4-arm PEG 
(0.40 mmol) was dissolved in 30 mL of dry dioxane (molecular sieve) 
with under stirring at 60 ◦C. The clear solution was then cooled to room 

Fig. 1. Schematic of the preparation of the injectable double cross-linked hydrogel adhesive composed of PEG-4S and CSDS. Firstly, hydrogel was rapid formed by 
the reactions between catechol groups and Fe3+ or NaIO4, and then the double cross-linked hydrogel was prepared by the reactions between PEG-4S and thiol groups. 
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temperature. DSC (4.0 mmol) in 10 mL of dry acetone and DMAP 
(4.0 mmol) in 10 mL of dry acetone were added slowly under stirring. 
Reaction proceeded for 8 h at room temperature. After 8 h, the reaction 
solution was precipitated into excess cold diethyl ether. To purify the 
product, it was re-dissolved in acetone, and precipitated in ether, this 
cycle was repeated three times. 

2.3. Thiolation of bio-inspired catechol conjugated chitosan (CSDS) 

The synthesized CSDS was obtained by two steps carbodiimide 
coupling method. Firstly, catechol conjugated chitosan (CS-dopa) was 
synthesized. Typically 1.0 g of CS was dissolved in 100 mL of acetic acid 
(pH = 5.0) under stirring for 30 min, then 15 mL of 3,4-dihydroxyhydro
cinnamic acid (3.44 mmol) solution was added to the CS solution, sub
sequently 30 ml EDC•HCl (10.32 mmol) solution with 1:1 v/v mixture of 
water and ethanol was added. Reaction proceeded for 24 h at room 
temperature under stirring. The pH of the reaction solution was 
controlled at 4–5 during the reaction period. After 24 h, the solution was 
dialyzed against ultrapure water for 3 days and lyophilized. The 
lyophilized product was CS-dopa. 

Secondly, 0.5 g of CS-dopa was added into the bottle containing 
50 mL of ultrapure water and dissolved under stirring by adjusting the 
pH to 5.0. Then 5.16 mmol NAC was added to the CS-dopa solution 
followed by the addition of 10.32 mmol EDC•HCl. Reaction proceeded 
for 12 h under stirring at room temperature, the pH value of the solution 
was controlled at 4–5. After 12 h, the reaction solution was transferred 
into the dialysis tube (MWCO: 10000 DA) to dialyze against ultrapure 
water for 3 days, and then lyophilized. The obtained product was CSDS. 

2.4. Characterization of PEG-4S and CSDS 

To confirm the synthesis of 4-arm PEG-4S and CSDS, Attenuated 
Total Reflection Fourier transform infrared spectroscopy ((ATR-FTIR) 
was used to test the sample in the wavenumber range of 
600 − 4000 cm− 1. Additionally, PEG-4S and CSDS were dissolved in 
deuterated chloroform (CDCl3) and deuterated heavy water (D2O), 
respectively, and then measured on Bruker NMR spectrometer 
(600 MHz), the substitute degree of succinimidyl carbonate ester was 
calculated by the 1H NMR spectra of PEG-4S. Furthermore, the quanti
ties of catechol groups and thiol groups grafted onto CSDS were deter
mined by Waite and Benedict’s test [39] and Ellman’s test, respectively. 
To calculate the contents of thiol groups and catechol groups in CSDS, 
the standard curve at 412 nm to thiol groups and standard curve at 
500 nm to catechol groups were established with known standard 
sample concentration. 

2.5. Preparation and gelation of the double cross-linked hydrogels 

To prepare the hydrogels, 4% (g/mL) CSDS solution and 60 % (g/ 
mL) PEG-4S precursor solution was prepared respectively. Then the two 
solutions were mixed in one syringe of the dual-syringe injector, the 
other syringe was added with the fast cross-linker (10 μmol/L NaIO4 or 
20 μmol/L FeCl3 solution), subsequently hydrogels were prepared by 
pushing the solutions from the dual-syringe injector and then placed in 
an incubator for 3 h at 37 ◦C to complete the covalent cross-linking with 
PEG-4S, thus the double cross-linked hydrogels were prepared. The 
double cross-linked hydrogel that containing NaIO4 was denoted as 
CSDS-P-I, and that containing Fe3+ was denoted as CSDS-P-Fe. Two 
types of single cross-linked hydrogels, CSDS-P and CSDS-Fe was also 
prepared, CSDS-P was prepared by placing the CSDS and PEG-4S solu
tion into the incubator for 3 h, and CSDS-Fe was prepared by adding 
FeCl3 solution into CSDS solution. The molar ratio of thiol group (-SH) to 
succinimidyl carbonate group was 1:1, NaIO4 to catechol group was 
0.75:1, and Fe3+ ion to catechol group was 1:3. 

To study the gelation process of the hydrogel adhesive, three cross- 
linkers, 60 % (g/mL) PEG-4S solution, 10 μmol/L NaIO4 or 20 μmol/L 

FeCl3 solution was mixed with equal volume of 4% CSDS solution, and 
then formed 2%CSDS-P, 2%CSDS-Fe, and 2%CSDS-I hydrogels, respec
tively. The time-sweep experiments were performed to monitor the 
gelation time of 2%CSDS-P, 2%CSDS-Fe, and 2%CSDS-I hydrogels at 
25 ◦C by using a rotating rheometer (ARES-RFS, TA Instruments). The 
frequency was set at 1.0 Hz and strain was set at 5%. 

2.6. Morphological observation, swelling properties and in vitro 
degradation 

The internal morphologies of the prepared hydrogels were observed 
via scanning electron microscope (SEM, Phenom XL, Phenom World, the 
Netherlands). Before SEM observation, all samples were lyophilized and 
exposed the internal structure, and then coated with platinum for 30 s to 
observe. To assess the equilibrium water content and in vitro degrada
tion, disc-shaped samples (diameter = 12 mm, thickness = 2.5 mm) 
were prepared. The prepared hydrogels (n = 5) for equilibrium water 
content testing were lyophilized to measure the weight of dry hydrogel 
(Wd), and then, samples were immersed in PBS solution (pH = 7.4) and 
incubated for 24 h at 37 ◦C. The swelling equilibrium samples were 
weighed (Ws). The equilibrium water content (EWC) of hydrogel was 
calculated as follows: 

EWC(wt%) =
Ws − Wd

Ws
× 100% (1)  

Where Ws is the weight of the swelling equilibrium hydrogel, Wd is the 
weight of the dry hydrogel. 

The in vitro degradation of hydrogel adhesives (n = 3) was also 
measured by weighing methods at predetermined time points. The 
hydrogels were incubated in PBS solution (pH = 7.4) at 37 ◦C. The initial 
time of the hydrogel degradation was taken at the point when the weight 
(Wi) reached the swelling equilibrium. The degraded hydrogel samples 
were measured at predetermined time intervals after removal the 
additional PBS solution, and these values were recorded and denoted as 
Wt. The PBS solution were refreshed after the testing hydrogels were 
weighed. The remaining weight ratio of testing hydrogels was calculated 
as follows: 

Remaining weight ratio(wt%) =
Wt

Wi
× 100% (2)  

Where Wt is the weight at time t of the testing hydrogel and Wi is the 
initial weight of the testing hydrogel. 

2.7. Rheological experiment 

The rheological measurements of samples were performed by using a 
rotating rheometer (ARES-RFS, TA Instruments) equipped with 25-mm 
stainless steel parallel plate. CSDS-Fe, CSDS-P, CSDS-P-Fe and CSDS-P- 
I hydrogels were fresh prepared as described in 2.5 section of this 
paper and they were incubated for 3 h at 37 ◦C to complete the cross- 
linking reaction. After the testing sample was placed on the lower 
plate of the rheometer, the upper plate was carefully lowered to a gap 
size (~1 mm), then measurement started. The testing hydrogel was 
analyzed under oscillatory dynamic strain analysis first in order to 
ensure the liner viscoelastic of the rheological measurement, for the 
oscillatory dynamic strain analysis, the measured frequency was 1.0 Hz, 
and the strain was increased from 0.1%–100%. Finally, the strain was 
5% for the frequency sweep measurement. Then the testing data of 
elastic modulus (G’, solid-like behavior) and loss modulus (G", liquid- 
like behavior) were recorded by conducting dynamic frequency anal
ysis in the range of 0.1–100 rad/s. All the experiments were operated at 
25 ◦C. 
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2.8. Measurement of adhesion strength 

The adhesion strength of hydrogel adhesives was analyzed by lap 
shear testing and pork skin was used as adherend. Fresh pork skin 
purchased from local slaughterhouse was scraped off the abound fat 
under the dermal tissue. Then rectangular pork skins (10 mm × 30 mm) 
were prepared for testing. The CSDS and PEG-4S solution was applied to 
the rectangular pork skin, and covered with the other rectangular piece 
of pork skin containing fast cross-linker (NaIO4 or Fe3+), the overlapping 
area was maintained 10 mm × 10 mm and the hydrogel adhesive was 
cured rapidly. For a comparative study, adhesion strength of the single 
cross-linked hydrogel adhesives, CSDS-Fe and CSDS-P, were also tested. 
Samples were stored in a incubator for 30 min or 3 h at room temper
ature, then the adhesiveness of hydrogel adhesive was evaluated by 
using a universal tensile testing machine (HY-940FS, Shanghai Hengyu 
Co., Ltd) and the moving speed was set at 5 mm per minute. 

2.9. In vitro cytotoxicity test 

The cytotoxicity of the adhesives was studied according to ISO 
10993-5 standard test method. MTT assay and CCK-8 assay were used to 
determine the viability of L929 cells and HUVECs, respectively. The 
hydrogel samples were sterilized by using 75 % ethanol for 5 h and then 
washed 3 times with PBS solution to remove the ethanol. Subsequently, 
samples were moved to the centrifuge tube containing 20 mL DMEM and 
the concentration was 5.0 mg/mL, then they were incubated in the 
incubator set at 37 ◦C and 100 rpm for 24 h. The extractions were pre
pared by filtration (filter diameter = 0.22 μm). Then 10 % fetal bovine 
serum (FBS) and 1% of penicillin and streptomycin (pen/strep) solution 
were added into the extractions for the cytotoxicity test. 100 microliters 
1.0 × 105 cells/mL L929 cells suspensions were pipetted into 48-well 
culture plates. The plates were transformed to the cell incubator under 
standard culture conditions at 37 ◦C and 5% CO2. After 24 h, the medium 
of the plates was replaced with the prepared extractions, and cultured 
for a predetermined time interval in the cell incubator. Additionally, 
L929 cells cultured with fresh culture medium was regard as the nega
tive control. Thereafter, the culture medium of the measurement was 
removed at the predetermined time, and 200 μL of DMEM supplemented 
with 20 μL MTT solution (5 mg/mL) was pipetted into each well and 
incubated for another 4 h. The culture medium with unreacted MTT was 
replaced by adding 200 μL of dimethyl sulfoxide and dissolved the 
forming formazan crystal for 15 min at 37 ◦C. ELISA microplate reader 
(Multiscan GO, Thermo Scientific) was used to measure the optical 
density values at a wavelength of 570 nm. 

The CCK-8 assay was also performed to evaluate the cytotoxicity of 
the hydrogel extractions on HUVECs, and the experimental operation 
was similarity to MTT assay. Briefly, HUVECs were seeded in 48-well 
cell culture plates at a density of 1.0 × 104 cells per well and cultured 
for 24 h in RPMI culture medium, then it was replaced with hydrogel 
adhesive extractions. The extractions were removed at predetermined 
time point (24 h, 48 h, and 72 h), and replaced with a mix solution of 
200 μL of CCK-8 in RPMI culture medium. After the plates were incubate 
for another 2 h, the optical density values were measured at the wave
length of 450 nm using ELISA microplate reader (Multiscan GO, Thermo 
Scientific). HUVECs were seeded to the fresh culture medium as the 
negative control. 

2.10. In vivo study 

To assess the degradation behaviors and biocompatibility of the 
prepared hydrogels in vivo, CSDS-Fe, CSDS-P, CSDS-P-Fe and CSDS-P-I 
hydrogels subcutaneously implanted in the backs of ICR mice. All ani
mal studies were performed in compliance with guidelines set by na
tional regulations and approved by the local animal experiments ethical 
committee. ICR mice (Male, 200 g, Jiesijie Laboratory Animal Co. Ltd, 
Shanghai, China) was anesthetized by sodium pentobarbital (30 mg/kg). 

After their back were shaved, a skin incision 2.0 cm long and enough 
skin thickness deep was made for implanting hydrogel sample. Then the 
prepared weighed hydrogels were subcutaneously implanted and in
cisions were closed by suture quickly. ICR mice were euthanasia at 
predetermined time intervals and the implantation sites with the sam
ples were harvested. For in vivo degradation assessment, the hydrogel 
adhesive explants were carefully dissected from surrounding skin tissue 
and weighed after remove the tissues on the surface. The average weight 
of sample before implanted was defined as the initial weight (W0) and 
assigned a value of 1.0. The remaining weight (Wr) of sample on day 5 
and 10 were normalized to W0, therefore, the remaining weight ratio 
(%) = Wr/W0. Photographs of the remaining hydrogels were obtained 
with a digital camera. For histological evaluation, skin tissues were fixed 
in 10 % (g/mL) formaldehyde solution, and stained using hematoxylin 
and eosin (H&E) and Masson’s trichrome staining for analyzing the 
degree of tissue response, typically inflammation and fibrosis. 

2.11. Statistical analysis 

Statistical analysis was conducted by using Origin 8.0 software with 
one-way analysis of variance (ANOVA), followed by a Bonferroni test. It 
was considered statistically significant when p-value < 0.05. 

3. Results and discussion 

3.1. Synthesis and characterization of the functional PEG-4S and CSDS 

In our study, we have designed and prepared a double cross-linked 
hydrogel adhesive composed of PEG-4S and CSDS, and the synthesized 
PEG-4S and CSDS were identified by ATR-FTIR, 1H NMR and UV–vis 
spectroscopy (Fig. 2 and Fig. S1, Supporting Information). The PEG-4S 
was synthesized by grafting the succinimidyl carbonate ester onto the 
chain end of PEG via esterification reaction (Fig. S2, Supporting Infor
mation). As shown in Fig. 2A, compared to PEG, PEG-4S showed a new 
band at 1715 cm− 1 which could be assigned to the ester bond, and the 1H 
NMR spectra have further studied to confirm the existence of succini
midyl carbonate ester. In Fig. 2C, the multiple peaks at 3.98− 3.36 ppm 
were assigned to the methylene protons of the PEG backbone, while the 
single peak at 8.32 ppm belong to the methylene protons of succinimidyl 
carbonate ester. The substitute degree of succinimidyl carbonate ester in 
PEG-4S was about 75 % that calculated according to the integral area of 
1H NMR spectra. 

The mussel inspired CSDS was synthesized by functioned CS with 
catechol group and thiol group via EDC/NHS chemistry, and the syn
thetic route of CSDS was shown in Fig. S3 (Supporting Information). The 
chemical structure was confirmed by ATR-FTIR and 1H NMR, as shown 
in Fig. 2B and D. In Fig. 2B, the new band at 3112 cm− 1 was assigned to 
the stretch vibrations of S–H, and the band at 1640 cm− 1 was assigned 
to the C––O stretch vibrations of amide bond, and the intensity of CSDS 
was higher than CS. The 1H NMR spectra of CSDS further confirmed the 
catechol group and thiol group grafted onto the backbone of CS 
(Fig. 2D). Compared with CS-Dopa, the peaks of CSDS at 7.32− 7.03 ppm 
were assigned to protons of phenyl group, while the peaks of CS-Dopa 
assigned to protons of phenyl group was showed at 6.82− 6.52 ppm, 
and the peak at 4.49 ppm can be assigned to protons of methylene group 
(marked with an asterisk) close to phenyl group in dopamine, the peak at 
3.55 ppm can be assigned to protons of methyne group of NAC, the peaks 
at 2.06− 1.70 ppm were assigned to the protons of methylene group 
close to the thiol group, the peaks at 0.93− 0.61 ppm were assigned to 
the protons of methyl group of NAC. The content of catechol groups and 
thiol group in the CSDS was 100 μmol/g and 400 μmol/g, respectively, 
which were calculated from the established standard curves (Fig. S1, 
Supporting Information). 
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3.2. Preparation and characterization of injectable hydrogel adhesives 

In this paper, two types of double cross-linked hydrogels, CSDS-P-Fe 
and CSDS-P-I were prepared. NaIO4 or Fe3+ ion was designed as the fast 
cross-linker, while PEG-4S was designed as the slower cross-linker. It 
was reported chitosan was hard to dissolve in the liquid water or PBS 
solution, however, the solubility would be promoted by grafting cate
chol group and thiol group [31,40]. Therefore, to prepare the hydrogels, 

the flowing CSDS/PEG-4S solution was injected from the dual-syringe 
injector, meanwhile, the fast cross-linker was also injected from the 
other syringe of the dual-syringe injector. As illustrated in Fig. 3A, B and 
C, the gelation time of 2% CSDS with NaIO4, Fe3+ ion or PEG-4S was 
evaluated by using a rotating rheometer. The crossover points of elastic 
modulus (G’) and loss modulus (G”) was usually regarded as the onset of 
gelation. It was showed that the gelation time of the 2%CSDS-Fe and 2% 
CSDS-I were less than 1 min due to the rapid cross-linking reaction. The 

Fig. 2. The FTIR spectra and 1H NMR spectra of the synthesized PEG-4S and CSDS.  

Fig. 3. The gelation time of (A) 2%CSDS-Fe, (B) 2%CSDS-I, (C) 2%CSDS-P. (D) The representative SEM image of hydrogel morphology: (I) CSDS-Fe (II) CSDS-P, (III) 
CSDS-P-Fe, (IV) CSDS-P-I. (E) The EWC of CSDS-Fe, CSDS-P, CSDS-P-Fe and CSDS-P-I. (F) The degradation test of CSDS-Fe, CSDS-P, CSDS-P-Fe and CSDS-P-I. “*”: p- 
value<0.05, it was considered statistically significant. 
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2%CSDS-Fe hydrogel was the fastest of all, which was formed via 
forming catechol-Fe3+ complexes (bis- or tris-, Fig. S4, Supporting In
formation), and the gelation time of 2%CSDS-I hydrogel was a bit longer 
than 2%CSDS-Fe hydrogel due to the oxidation of catechol groups 
(Fig. S5, Supporting Information). Additionally, the gelation time of 2% 
CSDS-P hydrogel was about 4.5 min that was much longer than the 
others. The gelation time of the double cross-linked hydrogels also tested 
and the results showed it was similarity to the single cross-linked 
hydrogels (Fig. S6, Supporting Information). Thus, for the double 
cross-linked hydrogels, the Michael addition reaction between thiol 
groups of CSDS and succinimidyl ester of PEG-4S was cross-linked to 
form the second network structure (Fig. S7, Supporting Information). 

As presented in Fig. 3D, the inner morphologies of CSDS-Fe, CSDS-P, 
CSDS-P-Fe and CSDS-P-I were observed by SEM. It was showed the 
morphology and porosity of the hydrogel network were dependent on 
the cross-linked density. For example, CSDS-Fe hydrogel network 
showed the loose sponge-like structure with biggest pore diameter. With 
the addition of PEG-4S to form double cross-linked hydrogel, the pore 
diameter of the CSDS-P-Fe hydrogel network tended to be smaller than 
the single cross-linked hydrogel network. As shown in Fig. 3E, The EWC 
of CSDS-Fe was about 93 % that was the most of all the testing samples. 
CSDS-P-I hydrogel contained least water, and its EWC was about 79 %. 
Compared to CSDS-Fe hydrogel, the EWC of the other CSDS-P, CSDS-P- 
Fe and CSDS-P-I was significant lower. The in vitro degradation of the 
prepared hydrogels was also evaluated (Fig. 3F). The results showed that 
the prepared hydrogels were degradable, and the degradation rate was 
dependent on the cross-linker. After 24 days, the remaining weight ratio 
of CSDS-Fe hydrogel was less than 20 % while CSDS-P-I hydrogel was 
about 60 %, it proved that the double cross-linked hydrogel was more 
stable, and the CSDS-Fe hydrogel easily broke down and degraded. 

3.3. Analysis of mechanical properties 

The rheological studies were conducted to characterize the me
chanical properties of the prepared hydrogels. Hydrogels showed both 
liquid-like properties (loss modulus, G”) and solid-like behaviors (stor
age modulus, G’). At first, dynamic strain analysis was used to analyze 

the hydrogels to decide the liner viscoelastic of the prepared hydrogels 
(Fig. S8, Supporting Information). As can be seen, the G’ values of CSDS- 
P-Fe and CSDS-P-I hydrogels were bigger than CSDS-Fe and CSDS-P due 
to the high cross-linking density of double cross-linked hydrogels. 
However, The G’ values of CSDS-P hydrogel was going down at high 
shear strain, which indicated that the network structure of CSDS-P broke 
down. Based on these data, 5% strain was determined for dynamic fre
quency sweep analysis of the hydrogel samples which performed to 
study the mechanical strength, and the results were displayed in Fig. 4. 
The G’ of CSDS-P-Fe was increased from 690 Pa at 0.1 rad/s to 900 Pa at 
100 rad/s. Compared with CSDS-Fe and CSDS-P hydrogels, the double 
cross-linked hydrogels showed higher values of G’, which means that the 
mechanical strength of double cross-linked hydrogels was higher. In 
addition, the G’ of CSDS-P-I was the highest of all the testing samples 
that was reached up to 1100 Pa, and G’ of CSDS-P was the lowest that 
ranged from 180 Pa to 300 Pa, when the testing frequency was analyzed 
between 0.1 and 100 rad/s. It is noteworthy that the mechanical 
strength of CSDS-P-I was higher than CSDS-P-Fe due to the generation of 
covalent bond of CSDS-P-I, and CSDS-Fe hydrogel showed higher values 
of loss modulus (G”) than the other prepared hydrogels which indicate 
that it was softer at lower frequencies. The results indicated that poly
mer network was important for the viscoelastic behaviors of hydrogels, 
and the viscoelastic behavior was controlled primarily by the nature of 
imposed mechanical motion and the flexibility of chains. 

3.4. Evaluation of adhesion properties 

Adhesion strength of the prepared hydrogels was evaluated by lap 
shear test that used porcine skin as an adherend (Fig. 5A). Porcine skin 
with biological similarity to human dermis was commonly used for 
various biomedical experiments. As seen from the Fig. 5B and C, the 
adhesion strength of double cross-linked hydrogels was bigger than the 
CSDS-Fe and CSDS-P hydrogels. After incubated for 30 min, CSDS-P-I 
showed the largest adhesion strength which was 53.32 ± 3.53 kPa, it 
was much larger than other mussel inspired hydrogel adhesives that 
reported [29–31]. The adhesion strength of CSDS-Fe was the smallest of 
all the prepared hydrogels which was 26.62 ± 3.12 kPa, but it was a 

Fig. 4. Storage modulus (G’) and viscous modulus (G") of the prepared hydrogels were measured by performing dynamic frequency sweep between 0.1 and 100 rad/ 
s: (A) CSDS-Fe, (B) CSDS-P, (C) CSDS-P-Fe, (D) CSDS-P-I. 
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little higher than ~25 kPa of fibrin glue reported by Dongyeop X. Oh 
[41]. Furthermore, the adhesion strength of hydrogel adhesives was 
significant increasing after incubated for 3 h when compared with 
samples incubated for 30 min, especially for the double cross-linked 
hydrogel adhesives. For example, after incubated for 3 h, the adhesion 
strength of CSDS-P-Fe and CSDS-P-I was increased from ~46 kPa and 
~53 kPa to ~75 kPa and ~86 kPa, respectively, while the adhesion 
strength of CSDS-Fe and CSDS-P was increased from ~26 kPa and 
~35 kPa to ~37 kPa and ~43 kPa, respectively. It is notable that the 
adhesion strength of CSDS-P-I was higher than CSDS-P-Fe due to cova
lent bond generated by the oxidation reaction. The result showed that 
the adhesion strength was enhanced by the formation of double 
cross-linked network and the reactive groups, such as catechol groups, 
thiol groups, and reactive succinimidyl ester, and the controlling of 
redox reaction between thiol groups and catechol groups was also play 
an important role due to storing the catechol groups. On one hand, these 
groups were reacted to form double cross-linking networks to enhance 
the mechanical properties, on the other hand, they were bonding with 

the surrounding tissues through various interactions that reacted with 
the specific functional groups (ex, -NH2, -SH, -OH, -COOH) within sur
rounding tissues (Fig. 5D). Therefore, considering the synergistic effects 
of the reactive groups and mechanical strength of hydrogels, the pre
pared double cross-linked hydrogel exhibited high adhesive strength. 

3.5. In vitro cytocompatibility 

For hydrogel adhesives, except the high adhesive properties, 
biocompatibility is one of the most important properties. In vitro cyto
compatibility was evaluated to study the biocompatibility of the double- 
cross-linked hydrogels. It was carried out by determining cellular 
growth and survival of L929 cells and HUVECs using MTT assays and 
CCK-8 assays, respectively. As shown in Fig. 6A, L929 cells cultured in 
the prepared hydrogel extractions and negative group (fresh culture 
medium) showed significantly proliferation with the culture time 
increasing from 24 h to 72 h. Compared to the negative group, L929 cells 
cultured in hydrogel extractions showed lower cell viabilities after 24 h 

Fig. 5. (A) Adhesion strength of the prepared hydrogels was evaluated by lap shear test. (B) The representative adhesive strength-strain curves of the hydrogel 
adhesives. (C) The adhesive strength of CSDS-Fe,CSDS-P, CSDS-P-Fe and CSDS-P-I hydrogels incubated for 30 min and 3 h, respectively. (D) The double cross-linked 
hydrogel was formed by the reaction of groups with cross-linker, meanwhile they were also bonding with the surrounding tissues through various interactions. 

Fig. 6. (A) Cytotoxicity of the prepared hydrogel extractions on L929 was evaluated by MTT assays. (B) Cytotoxicity of the prepared hydrogel extractions on HUVECs 
was evaluated by CCK-8 assays. 
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while it was higher after 72 h. Furthermore, at the same cultured time 
point, the cell viability of L929 cells cultured in different hydrogel ex
tractions was unequal, but the statistical analysis proved the difference 
of them was not statistically significant. It was indicated that the 
hydrogel samples (CSDS-P-I, CSDS-P-Fe, CSDS- Fe and CSDS-P) had 
almost no negative impact on the L929 cells. 

The in vitro good cytocompatibility of the prepared hydrogels was 
validated via determining the HUVECs viability by CCK-8 assays. As can 
be seen from Fig. 6B, the cultured HUVECs were significant proliferated 
with the increasing cultured time. The statistical analysis result showed 
that the testing optical density of HUVECs cultured in the prepared 
hydrogel extractions was close to the negative group, and the difference 
of the cell viability was not statistically significant at the same culture 
time. Previous literatures have reported that reactive oxygen spices that 
harm to cells were generated during the catechol oxidation process [42]. 
However, this paper showed the mussel inspired hydrogels was nontoxic 
to the cells, it may be contributed to the special redox mechanism of 
thiol group to catechol group [23,24]. Therefore, both the MTT assays 
and CCK-8 assays showed the double cross-linked hydrogel adhesive was 
a good cyto-compatible biomaterial. 

3.6. In vivo degradation 

Fresh cylindrical hydrogel samples were subcutaneously implanted 
in the back of ICR mice in order to preliminarily assess the degradation 
in vivo and biocompatibilities (Fig. 7A). The degradation ratio in vivo and 
the degree of the tissue responses to the prepared hydrogel implants 
were evaluated over the implantation time. The residual implanted 
hydrogels were dissected from the tissues after implanted for 5, 10, 15 
days, and the obtained hydrogel samples was evaluated using a digital 
camera and weighed by the analytical balance, as shown in Fig. 7B and 
C. Fig. 7B showed the typical global images of the hydrogels before and 
after implantation on days 5, 10. It was showed the size of hydrogels 
were dropped after being subcutaneously implanted. The hydrogels 

were not break into pieces, so the in vivo degradation of the samples was 
seemed to be controlled by the surface erosion. To assess the degrada
tion more clearly, in vivo degradation of the hydrogels was quantified by 
measuring the residual implanted hydrogels weights, and the results was 
showed in Fig. 7C. After 5 days implantation, the remaining ratio of 
CSDS-P-I was ~55 % which was the largest while the remaining ratio of 
CSDS-Fe, CSDS-P and CSDS-P-Fe were ~34 %, ~39 % and ~45 %, 
respectively. Samples were degraded fast after 5 days implantation 
because of the big contact area with the surrounding tissues, the 
degradation rate was dropped. The degradation ratio of double cross- 
linked hydrogels (CSDS-P-I < CSDS-P-Fe) were lower than the single 
cross-linked hydrogels (CSDS-P < CSDS-Fe), and the remaining weight 
of CSDS-P-I (~29 %) was the biggest of all the samples after implanta
tion on days 10. In addition, after 10 days implantation, the remaining 
ratio CSDS-Fe, CSDS-P and CSDS-P-Fe was ~19 %, ~21 % and ~24 %, 
respectively. The in vivo degradation of hydrogels was faster than the in 
vitro degradation of hydrogels (Fig. 3F) due to the complex body liquid 
containing enzymes and other chemical spices that promoting the 
degradation. And at day 15, the microscope size of prepared hydrogel 
was not observed, which indicated that the hydrogels could be thor
oughly degraded in vivo, and the degradation rate was consistent with 
that needed for skin healing phases I–II (2–3 weeks) [43]. 

3.7. Histological evaluation 

The histological sections of the tissues attached to the hydrogels were 
harvested and stained with H&E to further evaluate the biocompati
bility. As shown in Fig. 8, after implanted in subcutaneous tissue of ICR 
mice for 5 days, 10 days and 15 days, the H&E staining images were 
obtained to study the effect of implantation materials and its degrada
tion products on tissue response. Because the component CSDS of 
hydrogel was bearing positive charges, the hydrogels displayed red in 
the H&E staining images. After 5 days of implantation, some inflam
matory cells containing a major part of nuclei and small contents of 

Fig. 7. In vivo degradation of 4%CSDS- P-Fe, 4%CSDS-P-I, 4%CSDS-Fe and 4%CSDS-P hydrogels using a rat subcutaneous model on days 0, 5 and 10 of implantation. 
(A) Schem of subcutaneously implantation of the cylindrical hydrogel samples in the back of ICR mice. (B) Representative images and (C) remaining weight ratio of 
the implanted hydrogels. 
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cytoplasm, are emigrated from the blood vessels and accumulated in the 
surrounding tissues of the hydrogels, indicating a minor local host in
flammatory response, and CSDS-Fe showed more inflammatory cells 
around it than the double cross-linked hydrogels. After 10 days of im
plantation, inflammatory cells were increasing and infiltrated into the 
hydrogels due to the degradation of the implanted hydrogels. After 15 
days of implantation, these inflammatory cells were significant 
reducing, it has demonstrated the disappearance of the inflammatory 
reaction. Additionally, the collagens were deposited, which confirmed 
by the Masson’s trichrome staining (Fig. S9, Supporting Information). 
Therefore, these results proved the biodegradability and biocompati
bility in vivo of the mussel inspired double-cross-linked hydrogels. 

4. Conclusions 

Inspired by the high adhesive and synergistic effects of mfps, in this 
study, we designed and prepared an injectable double cross-linked 
hydrogel adhesive composed of CSDS and PEG-4S by the sequential 
two-step reaction. CSDS with catechol groups and thiol groups and PEG- 
4S were successful synthesized and they were rapidly formed double 
cross-linked networks by adding the fast cross-linker. The mechanical 
and adhesion properties were enhanced due to the synergistic effects of 
the functional groups. Furthermore, it was demonstrated that the 
adhesion was promoted by controlling the redox reaction between the 
reactive groups. The results of subcutaneous implantation proved that 
the double cross-linked hydrogel was biodegradable and biocompatible. 
This research provides a potential hydrogel adhesive for biomedical 
application. 
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