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A robust biodegradable hydrogel is constructed from the two 

components containing G4.0 PAMAM and DOPA, which displays 

excellent interconnected porous 3D networks, higher mechanical 

strength, low and stable swelling and well biocompatibility. 

Mouse CSD model in vivo evidences that moderate bone-like 

tissue and extensive bony tissue are observed when the hydrogel 

implanted.  

 

Hydrogels either from naturally derived polymers
1
 or synthetic 

polymers
2
 are the certain promising materials in a diverse range of 

applications including tissue repair,
3
 drug delivery

4
 and regenerative 

medicine.
5
 The superiorities of hydrogels from natural polymers are 

their high biocompatibility and the structural resemblance to other 

macromolecules found in the body, which enable them to simulate 

native tissue microenvironments.
6
 In comparison, the hydrogels 

from synthetic polymers are known with the advantages of 

modifiable chemical structures and tunable properties. However, 

the inherent weak mechanical strength, poor deformability, 

unstable swelling feature and lack of bioactivity are the crucial 

defects, thus leading to severe restriction of their biomedical 

applications.
7
 To improve the situation, a variety of hydrogel 

systems have been developed in recent years, such as topological 

(TP) gels,
8
 nanocomposite gels,

9
 double-network (DN) gels,

10 

polymer-peptide gels,
11

 macromolecular microsphere composite 

(MMC) hydrogels,
12

 etc.  

Recent studies revealed that a bio-inspired ingredient from mussel, 

3, 4-dihydroxy-L-phenylalanine (DOPA),
13

 displayed a remarkable 

effect on reinforcing hydrogel’s strength and performed chemical 

multifunctionality to adhere on varied substrates from organic to 

metallic. This gives a new picture of constructing biocompatible 

hydrogels with desirable physical properties. A series of reports 

have been presented by P. B. Messersmith et al., who 

demonstrated that the incorporation of DOPA allowed constructing 

adhesive hydrogels with high toughness.
14

 

Poly (amido amine) (PAMAM) dendrimers are considered as one of 

the most promising polymer architectures in biomedical 

Fig. 1. (a) Schematic description of the hydrogel from 1 and 

OPD. (b) Photograph of the hydrogel at room temperature. (c) 

SEM image of the hydrogel with scale bar of 50 μm. The 

hydrogel was prepared from 1/OPD (at a 1/2 ratio, OPD: 15% 

(w/v)) and fully swelled at 37
o
C after 48 h. 
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applications as a result of their size reaching to nano-objects with 

dimensions similar to nature proteins.
15

 Several examples have 

proved that the dendrimer-based hydrogels are of great values as 

drug delivery carriers.
16

 However, limited reports deal with the 

hydrogels from dendrimers for potential applications in tissue 

engineering,
17 

such as the skeletal tissue regeneration, the 

replacement of bone and cartilage, etc. The previous study showed 

that PAMAM molecules, in particular, the higher generations played 

a key role in upgrading the nature of hydrogels.
18

 The well-defined 

architecture and the easily functionalized periphery groups of 

PAMAM dendrimers make them an excellent new type of 

cross-linking agent for fabricating the gel phase networks with more 

compact structure. 

Inspired by previous results mentioned above, we designed and 

produced a high performance hydrogel by integrating two 

nanosphere-like components, a bioactive fragment modified G4.0 

PAMAM dendrimer (named 1) and a DOPA-terminated 8-armed 

PEG (named OPD). The superiorities of the hydrogel from these two 

components are believed: (1) the multi-branched and sphere-like 

topology of PAMAM molecules may provide more cross-linking sites 

to construct a dense cross-linking network with a possible 

cross-linking homogeneity in the gelation process; (2) the strong 

interfacial adhesion strength of DOPA may provide the hydrogel 

with enhanced adhesion to tissue and increased mechanical 

strength; and (3) the biocompatibility and bioactivity of the 

peptides modified on the periphery of PAMAM molecules may 

meet the requirements to implant in the physiological environment. 

As expected, the obtained hydrogel showed much higher 

mechanical strength, low and stable swelling ratio and 

biodegradable properties. The two components, in particular the 

nanosized sphere-like PAMAM dendrimers, showed noteworthy 

influence on reducing the hydrogel’s swelling and enhancing the 

mechanical stiffness. Furthermore, the in vitro test evidenced that 

the hydrogel exhibited good biocompatibility with no cytotoxicity. 

The mouse calvarial critical size defect (CSD) model assay in vivo 

demonstrated the possibility of the hydrogel used for bone 

regeneration. To the best of our knowledge, this is a rare report of a 

high performance hydrogel from the combination of two 

nanosphere-like components of PAMAM dendrimer and 

DOPA-terminated 8-armed PEG. 

Fig. 1a depicts the fabrication of the hydrogel from the two 

nanosphere-like components. For the dendritic component 1, we 

initially connected maleimide-PEG-succinimidyl carbonate ester 

(MAL-PEG5000-NHS) and methoxy-PEG-succinimidyl carbonate 

ester (mPEG1000-NHS) on the surface of PAMAM molecules. It 

aimed to enhance the biocompatibility and dissolution properties, 

and to covalently conjugate the bioactive peptide of 

arginine-glycine-(aspartic acid)-(D-tyrosine)-cysteine (RGDyC) 

through an effective Michael addition reaction (Scheme S1). The 

symbols “y” and “C” in the abbreviation of RGDyC represent the 

crosslinkable group of D-tyrosine and the thiol group of cysteine 

used for grafting with PEG, respectively. Another component, OPD 

was prepared by reacting thiol-terminated-8-armed PEG with 

4-nitrophenyl (3-(pyridin-2-yldisulfanyl) propyl) carbonate activated 

dopamine hydrochloride (Scheme S2). For a comparison, the 

hydrogels from OPD alone and from G4.0 PAMAM dendrimers with 

PEG and arginine-alanine-alanine-(aspartic 

acid)-(D-tyrosine)-cysteine (RAADyC) fragments on the surface 

(named 2, Scheme S1) were synthesized as the control samples. The 

cross-linking networks were fabricated via an oxidation-induced 

reaction mainly between the catechol groups of OPD and the 

phenol groups of RGDyC on the periphery of 1 in the presence of 

NaIO4, from which a degradable hydrogel could be achieved 

because of the disulfide bonds in the structure of OPD. 
1
H NMR measurements were carried out to quantify the grafting 

ratio of DOPA units on OPD and of mPEG and RGDyC on the 

periphery of G4.0 PAMAM molecules. It showed that each arm of 

8-armed PEG (MW 20 kDa) was ended by a DOPA unit (Fig. S1), and 

that about 15 RGDyC groups and 44 mPEG1000 moieties (for 1), 14 

RAADyC groups and 45 mPEG1000 moieties (for 2) were conjugated 

onto the exterior of each PAMAM molecule (Fig. S2). These results 

indicated that the conjugating reaction for modifying PAMAM 

molecules was quantitatively controlled with high efficiency. The 

UV-Vis, FT-IR and Differential scanning calorimetry (DSC) 

measurements were performed (Fig. S3, S4 and S5). The results of 

distinct crystallization temperatures (Tc) and melting points (Tm) of 

8-armed PEG, OPD, G4.0 PAMAM, 1 and 2 supported the 
1
H NMR 

data. The detailed synthetic procedures and characterizations of 

OPD, 1 and 2 are described in the Supporting Information. 

For affording a robust gel, OPD was screened in a range of 

concentrations from 5% to 20% (w/v), and the mass ratios of 1/OPD 

were explored within 1/10, 1/5 and 1/2 (Table S1 and S2). As a 

result, we found that OPD was essential for the gelation. No 

hydrogel but nanogel was observed by dendritic component 1 alone 

(Fig. S6), indicating that the two components connected alternately 

with each other to construct the porous networks. It was 

established that the tough hydrogel could be obtained with the 

concentration of OPD at 15% and the ratio of 1/OPD in 1/2 (Fig. 1b). 

Besides, the gelation time could be controlled from several minutes 

to half an hour by adjusting the amount of OPD and NaIO4. 

Fig. 2. Photographs of the hydrogel (a) before (b) after swelling 

at 37
o
C after 48 h. (c) Equilibrium swelling ratio of OPD alone, 

1/OPD and 2/OPD at the ratio of 1/2, measured on the 

indicated days. Plots of the angular frequency (ω) versus 

storage modulus (G’) of (d) 1/OPD hydrogels with different 

ratios; and (e) OPD alone, 1/OPD and 2/OPD hydrogels at the 

ratio of 1/2 (measured at a strain of 10%). All the samples 

involved were fully swelled at 37
o
C after 48 h. (f) Degradation 

of hydrogels from OPD, 1/OPD and 2/OPD at the ratio of 1/2. 

The complete degradation period in PBS buffer is 45, 51 and 48 

day, respectively. Concentration of GSH: 4 µM, OPD: 15% (w/v). 
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Porous hydrogels with the pores sizes ranging from submicron to 

micro are ideal for maintaining cell activity and nutrient exchange. 

The interconnected 3D pore networks can also provide an ideal 

environment for tissue growing and cell adhering and 

proliferating.
19

 We performed scanning electron microscopy (SEM) 

measurement to visualize and confirm the gel phase structure of 

1/OPD. The gel phase networks exhibited a highly permeable 

interconnected porous morphology with a rather dense and refined 

porous structure (Fig. 1c, S7a and S7b). The networks were 

composed of numerous small holes with the sizes ranging from 5 

μm to 30 μm. The similar structure could also be found for 2/OPD 

(Figure S7c). It might be due to the sphere-like topology, flexible 

conformation and multi-branched structure of the two components, 

which facilitated them to contact each other and densely 

cross-linked.  

The suppression of swelling is regarded as an efficient strategy to 

attain a tough hydrogel.
20

 In the swelling property examination of 

1/OPD hydrogel, 1 displayed more prominent impact on lowering 

and stabilizing the hydrogel’s swelling (Fig. 2a, 2b and 2c). As 

compared to a swelling ratio beyond 1500% for the hydrogel 

consisting of only OPD, 1/OPD hydrogel dramatically reduced the 

swelling ratio to below 248% (Table S3). As shown in Fig. 2a and 2b, 

it is visible that not only the gel’s volume but also its shape were 

well-maintained after the sample was fully swelled. This result 

illustrates the “dendritic effect” of PAMAM molecules, which act as 

the discrete multivalent junction points to scaffold the networks 

and suppress the swelling. The less swelling property is beneficial to 

retain the strength of the hydrogels and highly encounters the 

criteria in clinical applications such as surgery usage for avoiding the 

applied hydrogel to exceed the trauma boundaries and detach from 

the wound sites.  

The rheological behaviors such as storage modulus G’, loss modulus 

G’’ (Fig. S8) and compressive modulus were measured to assess the 

mechanical stiffness of the hydrogel. The robust hydrogel was 

obtained as a result of mixing 1 and OPD at the mass ratio of 1/2, 

otherwise lower G’ values were observed (Fig. 2d). The G’ value of 

1/OPD hydrogel achieved 84 kPa, much higher than the hydrogel 

from OPD alone (36 kPa) (Fig. 2e, S9, and Table S4). The 

compressive modulus of 1/OPD hydrogel also increased to about 30 

kPa that was superior to OPD hydrogel (Fig. S10 and Table S5). This 

observation results in the following conclusions. (1) The stiffness of 

the hydrogel may mainly ascribe to the high cross-linking density 

owing to the PAMAM dendrimers with multiple cross-linking sites 

on the periphery. Increasing the crosslinking density has been 

reported in recent advances as an efficient strategy to reach the 

mechanical properties of native tissue.
17

 (2) The DOPA residues in 

OPD are crucial for enhancing the mechanical strength of the 

hydrogel as compared with other hydrogels made from eight armed 

PEG polymers.
21

 This result is also consistent with the report of 

Messersmith et al.,
14

 who found that the G’ value of hydrogels 

crosslinked by DOPA was much higher than the ones without DOPA. 

(3) The nanosphere-like components of 1 and OPD are unlike the 

conventional building blocks in the hydrogel systems. We assume 

that the two multi-branched components, in particular, the 

dendritic architecture of 1 is likely to be the impenetrable 

nanospheres having the non-entangling nature in solution. Such 

property may conduce to less inhomogeneous distribution of 

cross-links in the gel phase. This situation is possibly similar to the 

‘non-swellable’ gel system from two tetra-armed PEG polymers 

with high mechanical strength and toughness.
20b

 

The hydrogels were degradable through the breakage of disulfide 

bonds by glutathione (GSH) at different concentrations, which is a 

common way to be applied for mimicking ECM and bone 

regeneration.
22

 All the hydrogels could gradually degrade in 50 days 

in the presence of 4 µM GSH (Fig. 2f), while maximizing the 

concentration to 10 mM, the hydrogel immediately degraded to 

become a liquid (Fig. S11), indicating a controllable manner of 

degradation corresponding to the concentration of GSH in the 

physiological environment.  

For the hydrogel of 1/OPD, evidence of cell toxicity was not 

observed within the 72 h in vitro by showing more cell viability than 

the control samples of OPD and 2/OPD when the mouse bone 

marrow mesenchymal stem cells (mMSCs) were incubated in the 

hydrogels (Fig. S12). Moreover, the mouse calvarial critical size 

defect (CSD) model was constructed to preliminarily test the 

possibility of the hydrogel for bone regeneration in vivo. No 

noticeable toxic side effects were found after implantation of the 

1/OPD hydrogel into the surgery sites of mice in 6 weeks. All the 

mice recovered well with the body weight remained stable and no 

visible signs of head unhairing. Micro-CT (μCT) measurements 

revealed that moderate new bone-like tissue and extensive bony 

tissue were observed in 4 weeks and in 6 weeks in the 1/OPD mice 

group (Fig. S13). Histological analysis supported the enhanced bone 

formation in 1/OPD mice group. It showed the preosteoblastic-like 

cells lining on the newly formed bone tissue with osteocytes 

embedded within lacuna from H&E staining (Fig. 3a, 3b, 3c, 3g, S14a, 

S14b and S14e). The woven bone tissues at the peripheral of defect 

and also in the center of graft were presented from Masson’s 

thrichrome staining (Fig. 3d, 3e, 3f, 3h, S14c, S14d and S14f). 

In conclusion, we constructed a new biodegradable hydrogel by 

combining two components of a bioactive fragmnets modified G4.0 

PAMAM and a DOPA-terminated-8-armed PEG, which exhibited an 

excellent interconnected porous 3D network structure, a higher 

mechanical strength, a low and stable swelling ratio, well 

biocompatibility and in vivo performance of a scaffold for mouse 

Fig. 3. Histology of treated bone defect with 1/OPD hydrogel 

after 4 weeks (a-f) and 6 weeks (g, h). H&E (a-c, g) and Masson’s 

trichrome staining (d-f, h) were applied to show the defect 

repair. 1/OPD is at the ratio of 1/2 and the concentration of 

OPD is 15% (w/v). 
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cranial defect repair. This dendrimer-based hydrogel may serve as a 

model for potential clinical applications and provide a new way for 

developing advanced biomaterials in tissue engineering. 
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