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A B S T R A C T   

Polysaccharide hydrogels are widely used in tissue engineering because of their superior biocompatibility and 
low immunogenicity. However, many of these hydrogels are unrealistic for practical applications as the cost of 
raw materials is high, and the fabrication steps are tedious. This study focuses on the facile fabrication and 
optimization of agarose-polydopamine hydrogel (APG) scaffolds for skin wound healing. The first study objec
tive was to evaluate the effects of polydopamine (PDA) on the mechanical properties, water holding capacity and 
cell adhesiveness of APG. We observed that APG showed decreased rigidity and increased water content with the 
addition of PDA. Most importantly, decreased rigidity translated into significant increase in cell adhesiveness. 
Next, the slow biodegradability and high biocompatibility of APG with the highest PDA content (APG3) was 
confirmed. In addition, APG3 promoted full-thickness skin defect healing by accelerating collagen deposition 
and promoting angiogenesis. Altogether, we have developed a straightforward and efficient strategy to construct 
functional APG scaffold for skin tissue engineering, which has translation potentials in clinical practice.   

1. Introduction 

Hydrogels with a high percentage of water in their three-dimen
sional network have been shown to mimic the extracellular matrix 
(ECM) better [1–3]. They play an essential role in the development of 
tissue engineering scaffolds because of their ability to provide micro
environments for cell adhesion, proliferation and migration, and to 
promote the exchange of biomolecules, while not affecting their bio
logical activity [4,5]. The mechanical parameters of hydrogel scaffolds 
will be sensed by cells and affect the cell behavior [6–8]. An idea hy
drogel scaffold requires to match the tissue and ECM mechanics 
[9,10,11]. As living tissues and ECMs exhibit complex, time/rate de
pendent mechanical behaviors, it is essential to construct a hydrogel 
platform with adjustable mechanical strength. 

Over the past decade, the use of hydrogel in wound dressing has 
been widely studied. Hydrogel dressings can create a moist wound 

environment that is beneficial for skin tissue regeneration [12,13]. Most 
of the reported hydrogel dressings are based on synthetic polymers and 
natural polymers (such as polysaccharide and protein) [14–17]. Un
fortunately, these polymers have certain drawbacks when used alone. 
For example, synthetic polymer hydrogel lacks biological activity and 
has a certain degree of cytotoxicity, polysaccharide hydrogels are 
usually difficult to control the mechanical properties and often needs 
additional crosslinking agents to improve the weak mechanical 
strength, and protein hydrogels are costly and unstable under human 
body conditions. 

An ideal wound dressing should be easy to prepare, biocompatible, 
cell adhesive and having appropriate mechanical properties. This study 
focuses on the design and optimization of agarose-polydopamine 
composite scaffolds for skin tissue engineering. Agarose is a fascinating 
polysaccharide due to its controlled self-gelling properties [18–20]. The 
formed agarose hydrogels have adjustable mechanical properties and 
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tunable water adsorption capacity, which hold great potentials for 
various tissue engineering applications. PDA, originating from the foot 
protein of mussels, is a powerful tool for the development of new 
functional hydrogels [21–23]. It has abundant functional groups (such 
as imine, amine and catechol groups) that can interact with various 
surfaces/molecules through hydrogen bonds, electrostatic interactions 
and π-π stacking [24–27]. Previous studies have confirmed that the 
incorporation of PDA can endow polysaccharide hydrogel material with 
appealing functions, such as controlled drug delivery, photo-thermal 
therapy and tissue/cell adhesive properties [24,28–30]. 

With these considerations in mind, herein we developed APG scaf
folds for skin tissue engineering. The APG was synthesized through 
simple step (Fig. 1). The mechanical properties of APG were easily 
controlled by adjusting the content of PDA in APG. Both in vitro and in 
vivo investigations demonstrated the biocompatibility and biodegrad
ability of APG3. The cell migration rate of MRC-5 and RS1 cells on the 
surface of APG3 is high and the cells can migrate from the surface to the 
inside of APG3. Moreover, such APG3 could facilitate wound healing by 
accelerating collagen deposition and promoting vascularization. These 
findings demonstrate its potential in skin tissue engineering, and also 
provide support for its application in drug delivery and regenerative 
medicine. 

2. Materials and methods 

2.1. Materials 

Agarose and sodium hydroxide (NaOH) were purchased from 
Aladdin (Shanghai, China). 3-Hydroxytyramine hydrochloride (dopa
mine hydrochloride, DAHC) was purchased from Energy Chemical 
(Shanghai, China). Cell Counting Kit (CCK)-8 and LIVE/DEAD Viability 
Kit were purchased from Beyotime Biotechnology (Shanghai, China). 

FITC Phalloidin and DiIC18(3) were purchased from Solarbio (Beijing, 
China). Rabbit antiβ1-integrin and goat anti-rabbit integrin were pur
chased from Abcam (Shanghai, China). Deionized water (DW) and 
phosphate-buffered saline (PBS) were used throughout this study. All 
reagents were used as received. 

2.2. Fabrication of pure agarose hydrogel (AHG) and APG 

The AHG and APG were fabricated by a simple process (Fig. 1). 
Briefly, the PDA solution was made by dissolving DAHC (0.2 mg/mL) in 
NaOH (aq, pH = 8), and the oxidation reaction was carried out under 
ambient conditions (25 °C, 24 h, with magnetic stirring). Then, the PDA 
solution was serially diluted in DW to obtain PDA solutions with dif
ferent concentrations (Table 1). Next, 0.2 g of agarose was added to 
each solution, and microwave heating was used to dissolve the added 
agarose. The resulting hot, thick, homogeneous solution transformed 
into a gel (within 10 min) when spontaneously cooled. 

To determine the PDA concentration in APG3, a series of PDA ca
libration solution standards was prepared and measured to plot the 
calibration curve (Figure S1A‒S1B). Then, 10 g of freshly prepared 
APG3 was soaked in 50 mL DW to remove the unchained PDA. This 
50 mL DW solution was changed once a day for 4 days, and the soaking 
solutions were collected and mixed. The concentration of PDA 
(0.0046 mg/mL) in the soaking solutions of APG3 was calculated using 
UV–vis spectroscopy (Figure S1C). The released weight of PDA after 
soaking was 0.92 mg, and this meant that we could assume that the 
content of PDA in APG3 was 1.08 mg. 

2.3. Characterization of APG 

FTIR spectra were recorded on a Bruker Tensor II spectrometer to 
confirm the structure and functional groups of the AHG and APG. The 
background was subtracted, and the scanning was performed in the 
range of 400–4000 cm−1. X-ray diffraction (XRD) measurements were 
performed on a Bruker D8 diffraction meter to assess the crystalline 
structure of agarose, AHG, and APG. The patterns of Cu Kα radiation at 
40 kV and 40 mA were recorded in the 2θ range of 5–70°. 
Thermogravimetric analysis (TGA) was performed on PerkinElmer 
TGA8000 thermal gravimetric analyzer under nitrogen atmosphere 
(50–600 °C, 10 °C/min). The TA DHR-2 rheometer was used to assess 
rheology. A frequency sweep was conducted with parallel plate geo
metry (25 mm diameter) and a 1 mm gap distance in the frequency 

Fig. 1. Schematic illustration of agarose-PDA hydrogels for cell culture and tissue engineering.  

Table 1 
Feeding ratio of agarose-PDA hydrogels with different compositions.       

Composition Designation 

AHG APG1 APG2 APG3  

Agarose (g) 0.2 0.2 0.2 0.2 
PDA solution (mL) 0.0 2.5 5.0 10.0 
DW (mL) 10.0 7.5 5.0 0.0 
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range of 0.1–100 Hz. Fixed strain (γ = 1%) was employed to ensure the 
linearity of viscoelasticity. To characterize the mechanical properties of 
the freshly prepared AHG and APG, a UPW2102 electronic universal 
testing machine was used. The hydrogels were made into a cylinder 
(3 cm in diameter and 5 cm in height), and compression tests were 
performed at a rate of 2 mm/min. The porous morphology of the xer
ogel was captured by field emission scanning electron microscopy 
(FESEM, HITACHI, SU8010). Before observation, all the samples were 
cut into cubes, freeze-dried, and sputter-coated with platinum. The pore 
sizes were calculated using the Nano Measurer 1.2.5 software (Fudan 
University). 

2.4. Swelling and de-swelling behavior 

2.4.1. Swelling test 
The lyophilized hydrogels were placed in four types of immersion 

fluid (DW, NaCl solution, MgCl2 solution, and AlCl3 solution). The 
weight of the sample was recorded before soaking (W0) and after 
soaking for time t (Wt). The swelling ratio (SR) was calculated as fol
lows: 

=SR W
Wt

0

2.4.2. De-swelling 
Dry AHG and APG were soaked in DW at room temperature until 

they reached the weight balance. The weights of the fully swollen hy
drogels were recorded (W0). Then these hydrogels were transferred to a 
wind-drying oven where the de-swelling process occurred at 37 °C. At 
specified time points, the weights of the samples were measured (Wt), 
and water retention (WR) was defined as follows: 

= ×WR W W(%) ( / ) 100t 0

2.5. Cell culture 

Four types of cells (MRC-5, RS1, NIH3T3, and DPSC) were used for 
these experiments. The culture medium was DMEM (Gibco, for MRC-5, 
RS1, and NIH3T3) and α-DMEM (Gibco, for DPSC), containing 10% 
fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (PS, 
Gibco). The cells were incubated at 37 °C and 5% CO2. 

2.6. Cytotoxicity 

The cytotoxicity of AHG and APG toward MRC-5 and RS1 was ex
amined by the CCK-8 assay. First, AHG and APG were soaked in 75% 
alcohol, and after sterilization, the hydrogels were separately immersed 
in PBS and DMEM to remove the residual alcohol. Cells were seeded 
onto 24-well plates at a density of 2 × 104 (for MRC-5) and 5 × 103 

(for RS1) cells per well with 1 mL of DMEM medium. After a 24 h in
cubation, sterilized hydrogels (3.4 mg/mL) were added into each well. 
Cells incubated without samples were used as controls. On days 1, 4, 
and 7, the medium was replaced with the serum-free medium that 
contained 10% CCK-8 solution. After a 2 h incubation, the optical 
density (OD) was measured at 450 nm. Cell viability was calculated 
using the following equation: 

= ×Cell viability OD (experiment blank)
OD (control blank)

100 %

2.7. Assessment of hemolysis 

For this study, 1 mL of prewashed rabbit blood (2% v/v in BSA) was 
incubated with 1 mL of 0.2% Triton X-100 (positive control), 1 mL PBS 
(negative control), and 660 μL PBS containing 340 mg of AHG or APG 
at 37 °C for 4 h. The vials were then centrifuged at 1000 rpm for 15 min. 

The OD values at 545 nm of the resulting supernatant were measured. 

2.8. Cell staining and confocal microscopy 

Briefly, a hot pre-gel solution made of agarose-PDA was dropped 
onto the center of the cell culture dish and cooled down under room 
temperature. After sterilization, cells (MRC-5/RS1) were seeded on the 
surface of the formed hydrogels (4 × 104 cells). 

Cell viability, adhesion, and cellular morphology were evaluated 
using a Calcein-AM/PI double stain kit. At days 1, 4, and 7, the cells 
were stained with PI (dead cells, red fluorescence) and Calcein-AM (live 
cells, green fluorescence) before observation. 

Cell spreading was confirmed by imaging filamentous-actin (F- 
actin), integrin-β1, and cell nuclei. Cell seeded hydrogels were fixed 
using 4% paraformaldehyde for 10 min at room temperature, washed 
three times with PBS (10 min), permeabilized with 0.25% Triton X- 
100/PBS for 10 min, and blocked with 1% BSA for 1 h. For F-actin 
staining, samples were incubated in the dark with FITC-phalloidin 
(diluted at 1:200) for 30 min. For integrin-β1 staining, samples were 
then incubated with rabbit antiβ1-integrin (ab134179, Abcam, diluted 
at 1:250) overnight at 4 °C. After washing, samples were incubated with 
goat anti-rabbit integrin secondary antibodies (ab150081, Abcam, di
luted at 1:500) for 1 h at room temperature on a shaker. Nuclear DNA 
was labeled with DAPI. Samples were washed with PBS (three times, 
10 min per wash) before observation. 

2.9. Evaluation of cell migration in vitro 

To assess cell migration by the scratch assay, either MRC-5 or RS1 
cells were seeded onto sterilized APG3 hydrogels and 6-well plates 
(control). Cells were kept at 37 °C until they achieved a 90% con
fluence. Each well was scratched with a 200 μL pipette tip and washed 
with PBS to remove the floating cells. Microscopic images were taken 
immediately after 1, 2, and 3 days scratching. The experiments were 
repeated three times, and representative images were selected. 

To evaluate the cell migration within hydrogels, cells were seeded 
on the surface of APG3 hydrogel (2 × 105 cells for MRC-5 and 
1 × 105 cells for RS1) in 20 mm glass-bottom cell culture dishes. After 
24 h of incubation, either RS1 or MRC-5 cells were stained with 
DiIC18(3) (Solarbio). DiIC18(3) working solution (10 μg/mL) was 
prepared and added to each dish (500 μL). After 1 h of incubation at 
37 °C, cells were washed with culture medium to remove the DiIC18(3)- 
containing medium. The stained cells were visualized after 1, 2, and 3 
days of culture. A series of images was collected through the z-direction 
from bottom to top, and 3D composite images were created. 

2.10. In vitro and in vivo degradation test 

In vitro degradation of APG3 was assessed in the following manner: 
Briefly, 40 mg of APG3 was immersed into PBS. The mixture was kept 
in a closed centrifuge tube and placed on a shaker (100 rpm) at 37 °C. 
The hydrogel was taken out and weighed every 10 days. Three parallel 
experiments were performed to confirm the results. 

To evaluate the biodegradability and biocompatibility, APG3 hy
drogel slabs (40 mg) were subcutaneously implanted into small pockets 
on the back of male C57BL/6 mice (8–12 weeks old) for 20 days. The 
experimental setup included three mice, and each mouse obtained one 
implant. The body weight of all mice was recorded every three days. 
After 20 days, the mice were euthanized by CO2 inhalation and cervical 
dislocation, and the implants were carefully removed and weighed. The 
surrounding tissue and vital organs were explanted and immediately 
fixed in 4% paraformaldehyde (Solarbio, Beijing) for subsequent ana
lysis. Following dehydration and embedding in paraffin, the fixed tissue 
was cut into 8 μm slice and stained with hematoxylin-eosin (H&E) and 
Masson's trichrome (MT). The stained samples were imaged by light 
microscopy (CKX53, Olympus, Japan). 
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2.11. Wound healing test 

The full-thickness skin wound model was used to evaluate the effect 
of APG3 on wound healing. First, male C57BL/6 mice (8–12 weeks old) 
were anesthetized and full-thickness round skin defects (8 mm) were 
created on their back using a hole punch. The wounds were then treated 
with PBS (control) or APG3 (40 mg), and the mice were individually 
housed in cages and allowed to heal for two weeks. The wounds were 
observed on days 0, 3, 7, and 14. On day 14, the mice were sacrificed 
for histopathological examination (H&E, MT and CD31). 

2.12. Statistical analysis 

Average  ±  standard deviation (SD) was used to express the ex
perimental values. One and two-way analysis of variance (ANOVA) was 
used for statistical analysis. A p-value < 0.05 was considered to be 
statistically significant (*, for p  <  0.05; **, for p  <  0.01 and ***, for 
p  <  0.001). 

3. Results and discussion 

The APG were successfully fabricated through a simple microwave 
heating-cooling process. The hydrogels were formed with different PDA 
concentrations (0, 0.05, 0.10, and 0.20 mg/mL), denoted as AHG, 
APG1, APG2, and APG3, respectively. During the microwave heating- 
cooling process, the native compact hydrogen bonding between agarose 
molecules was destroyed. New hydrogen bonding between agarose 
molecules and water molecules formed, along with the rearrangement 
of polysaccharide chains, which together led to the construction of a 3D 
hydrogel network. The APG were formed in less than 10 min (checked 
by inversion tests). 

3.1. Structure and properties of the agarose-PDA hydrogels 

3.1.1. Infrared spectroscopy 
The FTIR spectra for the pure agarose, PDA, AHG, and APG3 were 

compared (Fig. 2A). Agarose exhibited absorption bands at 769, 890, 
and 929 cm−1, attributed to the 3,6-anhydro-β-galactose skeletal 
bending. The bands of glycosidic linkage and C–O–C of agarose were 
observed at 1151 and 1040 cm−1 [31]. PDA exhibited a characteristic 
band at 1538 cm−1, which represents the C–N bending vibration of the 
indolequinone groups [32,33]. Considering the spectra of agarose de
rived hydrogels (AHG and APG3), it was evident that most adsorption 
bands were retained as compared with pure agarose. After combination 
with PDA (APG3), the peak at 1612 cm−1 (C–C stretching) became 
wider, and a new shoulder peak at 1549 cm−1 (C–N vibration) ap
peared. 

3.1.2. X-ray diffraction 
XRD spectra were recorded to determine the crystalline structure of 

pure agarose and agarose derived hydrogels (AHG and APG3). 
According to Figure S2A, an intense peak at 2θ = 18° was observed in 
the XRD patterns of pure agarose [34]. For AHG and APG3, peak shift 
was found in their XRD patterns (from 18° to 20°). This was mainly 
because of the rearrangement of the polysaccharide chains during the 
gel formation process, leading to a change in the crystalline structure as 
compared with pure agarose [35]. Also, the characteristic peaks of AHG 
and APG3 were much weaker compared with agarose, indicating that 
agarose derived hydrogel exhibited a more amorphous morphology 
than pure agarose [36]. 

3.1.3. TGA 
The pyrolysis behavior of pure agarose, PDA, AHG, and APG3 was 

evaluated using TGA (Fig. 2B). An initial loss (10%–15%) of superficial 
water occurred between 30 and 200 °C for all the samples. For pure 
agarose, the major weight loss (65%) occurred between 265 and 400 °C, 

and this was attributed to the decomposition of the polysaccharide 
chains. Pure PDA started to lose their weight at about 200 °C and 
possessed as high as 55.4% mass retention up to 600 °C. The mild 
pyrolysis process suggested that PDA had the greatest thermal stability 
among all the tested samples. 

The AHG and APG3 exhibited similar pyrolysis behaviors between 
230 and 425 °C, indicating the cracking of the polysaccharide chains 
and PDA chains. Compared with pure agarose, the onset temperature of 
AHG was postponed from 265 °C to 275 °C and the weight retention rate 
was decreased from 20.9% to 19.6%. The difference in onset tem
perature and weight retention rate could be attributed to the re
arrangement of agarose chains and newly formed hydrogen bonding 
inside the hydrogel network. APG3 had the highest content of PDA, 
resulting in the lowest decomposition temperature (250 °C) and the 
highest weight retention rate (22.1%) compared with agarose (20.9%) 
and AHG (19.6%). 

3.1.4. Rheological studies 
To assess the influence of PDA content on the rheological properties 

of APG, the corresponding curves of G′ (storage modulus) and G″ (loss 
modulus) as a function of frequency were recorded (Fig. 2C and Figure 
S2C). The successful formation of hydrogels was confirmed by G′  >  G″ 
[37–39]. We observed that the value of G′ decreased with the addition 
of PDA. This can be attributed to the hydrogen bonding interactions 
between PDA and agarose, which hindered the formation of hydrogen 
bonds between agarose chains and decreased the hydrogel rigidity [5]. 

3.1.5. Mechanical studies 
Two fundamental mechanical parameters of APG, the compressive 

strength, and elastic modulus, were assessed using compression tests. 
The APG exhibited high compressive stress, which resulted from the 
unique polysaccharide network structures within the agarose (Fig. 2D). 
The compressive fracture stresses of AHG, APG1, APG2, and APG3 were 
0.086, 0.069, 0.060, and 0.057 MPa, respectively. Additionally, the 
elastic modulus of AHG (0.196 MPa), APG1 (0.175 MPa), APG2 
(0.154 MPa), and APG3 (0.148 MPa) were shown in Figure S2C. In our 
findings, the fracture stress and elastic modulus tended to decrease with 
an increase in PDA. This result further confirmed that the presence of 
PDA reduced the strength of APG. 

3.1.6. Hydrogel morphology 
The FESEM images showed that all of the APG made up of biopo

lymers had 3D porous structures (Fig. 2E). Interestingly, the pore sizes 
increased with the rise in PDA content. The average pore size was 33.4, 
40.2, 54.7, and 60.1 μm for AHG, APG1, APG2, and APG3, respectively. 
By comparing these samples, it could be seen that AHG without PDA 
had the most compact structure. It is expected that the hydrogel with a 
more compact structure possesses more robust mechanical properties, 
which is in line with previous results [22,40–42]. The presence of PDA 
in APG3 was further confirmed by energy-dispersive X-ray (EDX) ele
mental mapping (Fig. 2E), where single particle analysis revealed the 
co-presence of carbon, oxygen, and nitrogen elements. 

3.1.7. Swelling and de-swelling 
The swelling behavior of APG was investigated because the swelling 

capacity of a hydrogel is related to its biomedical applications [41–44].  
Fig. 2F shows the swelling ratio of APG at 25 °C. All the hydrogels 
absorbed water rapidly at the initial stage (0–50 min) and reached 
equilibrium after 200 min. The equilibrium swelling value of AHG, 
APG1, APG2, and APG3 was 30.7, 33.5, 34.5, and 45.1, respectively. 
Significantly, the swelling capacity was proportional to the PDA con
tent. With increasing PDA content, the pore diameters of the poly
saccharide mesh increased, and more space was available for water 
storage (Fig. 2E). The swelling behavior of APG was further assessed in 
saline solutions (Fig. 2G and H). All samples revealed a decrease in the 
swelling degree when soaked in NaCl solutions. However, no significant 
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difference in the extent of swelling can be observed when increasing the 
concentration of NaCl or changing the type of salt from NaCl to MgCl2 

and AlCl3. This phenomenon can be ascribed to the salt tolerance of 
agarose, which is the characteristic of neutral polysaccharides [45–47]. 

The water retention properties of APG are shown in Fig. 2I. Gen
erally, the samples underwent a typical dehydration process and 
reached a maximum within 100 min. It was evident that the water 
retention was inversely proportional to the PDA content. At the final 
state, APG3, with the highest PDA content, had the lowest de-swelling 
capacity. The relatively loose porous structure might have facilitated 
the water release [44]. 

3.2. Biological properties 

3.2.1. In vitro biocompatibility evaluation 
Excellent biocompatibility of hydrogels is the primary requirement 

for their use in biological applications [48–50]. To this end, the in vitro 
cytotoxicity of APG was evaluated by the CCK-8 assay using fibroblast 
cell lines (MRC-5 and RS1, Fig. 3A and B, Figure S3). After 1, 4, and 7 
days of incubation with APG, cell viability of more than 70% was re
tained despite the dosage of dry APG being as high as 3.4 mg/mL. The 
hemocompatibility of APG was also evaluated, and after incubation of 
rabbit blood with APG, no hemolysis was observed (Fig. 3D). The 
quantitative data are presented in Fig. 3C. APG exhibited lower OD 
values compared with the negative control, indicating excellent 

hemocompatibility. These results confirmed that the APG possessed 
excellent cytocompatibility and blood compatibility, and they could 
serve as potential candidates for future biological applications such as 
tissue engineering and regeneration. 

3.2.2. Cell adhesion 
The APG possessed excellent biocompatibility, and their cell adhe

sion capabilities increased with the PDA content (Fig. 3F and Figure 
S4). MRC-5 and RS1 were seeded on the APG. It was observed that cells 
cultured on the AHG surface maintained a spherical shape (a morpho
logical sign of non-adherence and non-spreading) and weakly adhered 
to the gel surface throughout this test, indicating that the pure agarose 
hydrogel did not favor cell adhesion or spreading. However, the rapid 
spread and proliferation of cells with fibroblastic morphologies was 
observed with increasing PDA content. On day 4, the cells on PDA- 
containing hydrogels were elongated and exhibited a more spindle 
shape, showing structured cytoskeletal networks. The cells covered 
majority of the total APG3 surface on day 7, and this phenomenon was 
observed on all three of the other cell types tested (NIH3T3, RS1, and 
DPSC), and this is shown in Figure S5. It is essential to note that the 
concentration of PDA determined the adhesion between cells and APG. 

To understand how different amounts of PDA impacted cellular 
attachment to the hydrogel surface, the presence of F-actin and in
tegrin-β1 (transmembrane protein) in MRC-5 and RS1 was determined 
by fluorescence staining on day 3 of culture (Fig. 3E). As shown in  

Fig. 2. A) FTIR spectra and B) TGA spectra of agarose, AHG, APG3, and PDA. C) Storage modulus G′ and D) stress and strain curves of APG with different PDA 
content. E) Representative FESEM images of the lyophilized APG and the EDX mapping images of APG3. Scale bar: 50 μm. The swelling ratio of APG in F) DW, G) 
NaCl solutions, and H) saline solutions. I) Water retention curves of APG. 
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Fig. 3E, more typical F-actin fibers appeared in the cells adhered to 
APG3 compared with cells adhered to AHG. It was reported that in
tegrins governed the cell adhesion, and increasing integrin aggregation 
promoted the formation of F-actin fibers [10,28,51]. As expected, cells 
cultured on APG3 displayed prominent integrin clustering, while the 
cells on AHG displayed low levels of integrin clustering (Fig. 3E). These 
results pointed out the role of PDA in providing a hydrogel matrix for 
cellular attachment and signaling. The presence of PDA lowered the 
rigidity of APG, which in turn upregulated the formation of integrin-β1 
and F-actin fibers, and facilitated the cell adhesion on the hydrogel. 

3.2.3. Cell migration in vitro 
To investigate the effect of APG3 scaffolds on cell migration, we 

conducted an in vitro scratch assay. MRC-5/RS1 cells were seeded on 
APG3 and 6-well plates (control). After scraping, images of the wounds 
were taken after 0 h, 24 h, 48 h, and 72 h. For control and APG3 groups, 
both wounds were covered by cells after a 72 h (MRC-5) or 48 h (RS1) 
culture (Fig. 4A). Cell proliferation and migration at the wound edge 
co-occurred during wound healing. The cell migration rate of MRC-5 
(218 μm/day) and RS1 (327 μm/day) on the surface of APG were 
greater than that on the surface of cell culture flasks (MRC- 
5 = 200 μm/day and RS1 = 308 μm/day). 

Next, we evaluated the potential of the APG3 hydrogel to serve as a 
cell delivery vehicle. To do this, we assessed the cell migration of MRC- 
5 and RS1 inside APG3 (Fig. 4C and Figures S6‒S7). As can be seen 

from the z-stack images (Fig. 4C), cells migrated inside the hydrogel 
network after 3 days of incubation. The maximum migration rate of 
MRC-5 and RS1 through the surface to the inside of APG was 45 μm/ 
day. Together, these results collectively proved that our APG3 hydrogel 
supported cell adhesion, proliferation, and migration, demonstrating its 
great potential in tissue engineering. 

3.2.4. In vitro/in vivo degradation and biocompatibility of APG3 
The in vitro/in vivo degradability and biocompatibility of APG3 are 

critical for its use in vivo. The weights of APG3 in PBS were recorded for 
40 days (Fig. 5A). As shown in the hydrogel degradation profile, the 
weight retention ratio of APG3 after 10 days was 98%, after 20 days 
was 92% after 30 days was 89%, and after 40 days was 84%. These 
results indicate that the hydrogel progressively degrades at a slow rate. 
Subcutaneous implantation of the APG3 hydrogel was performed to 
assess biodegradation and biocompatibility (Fig. 5B and S9). The in vivo 
degradation rate was faster compared with that in vitro, and the weight 
retention ratio of APG3 after 20 days was 84%. The immune responses 
to the subcutaneously implanted APG3 were determined by H&E and 
MT stains. Microscope images of the stained surrounding tissue of APG3 
are shown in Figure S8. On day 20, full recovery was observed in the 
surrounding tissue, and inflammatory cells were only found close to the 
control group. Moreover, tissue morphology on vital organs of lab mice 
was evaluated through the H&E staining assay (Figure S10). The results 
showed that all the tissues appeared normal, demonstrating that the 

Fig. 3. Cell viability of A) MRC-5 and B) RS1 after 1, 4, and 7 days of incubation with AHG and APG. C–D) Hemolysis evaluation of the APG (340 mg/mL) after 
incubation with rabbit erythrocytes at 37 °C for 4 h. Negative control: PBS. Positive control: 0.1% Triton X-100. E) Representative images of MRC-5 and RS1 cells on 
the AHG or APG3 hydrogel surface visualized by FITC-phalloidin/integrin-β1 (green) and DAPI (blue) staining. F) LIVE/DEAD assay showing MRC-5 and RS1 cells 
adhered to the APG as a function of the PDA content and time. 
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APG3 hydrogel had no systemic toxic effect on the host vital organs. 

3.2.5. Wound healing in vivo 
The above results demonstrated that the APG3 had excellent bio

compatibility, cell adhesion, and biodegradability, which were bene
ficial for the skin tissue engineering. To further prove the potency of 
APG3 in this aspect, APG3 (PBS as control) was applied to full-thickness 
skin defect models (8 mm). Fig. 5D shows the macroscopic view of the 
wounds on day 3, day 7 and day 14. The wound closure rate was higher 

in the APG3-treated mouse than in the control group. Histological 
analysis was performed 14 days after wound dressing to observe the 
initial re-epithelialization and collagen production (Fig. 5F). Hema
toxylin and eosin (H&E) staining confirmed that the APG3-treated 
group induced thicker skin regeneration (1177 μm) compared with the 
control group (960 μm). Masson's trichrome (MT) staining revealed that 
the collagen density in the wound bed was increased in the APG3- 
treated mice (Fig. 5F‒5G) and the increased collagen deposition was 
essential for tissue remodeling and fibrosis. The angiogenic responses of 

Fig. 4. Cell migration of A) MRC-5 and B) RS1 cells on the surface of APG3 hydrogel and a 6 well plate (set as control). Scale bar: 200 μm. C) Laser scanning confocal 
microscope (LSCM) 3D stacking images of cell-laden APG3 hydrogels with a thickness of 130 μm, showing the distribution of MRC-5 and RS1 cells after 1, 2, and 3 
days of cell culture. 
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APG3 were determined by CD31 staining in the regenerated tissues on 
day 3 and day 7 (Fig. 5E). Compared to the control group, APG3 group 
showed higher CD31 expression on the day 3. With the prolongation of 
wound healing time, at day 7, both groups showed decreased CD31 
expression, and APG3 group still presented higher CD31 expression. We 
assumed that the APG3 hydrogel could maintain moist healing en
vironment, which prevented tissue dehydration and cell death. Besides, 
APG3 with good cell affinity might offer a good platform to facilitate 
cell adhesion, migration and growth, which in turn promoted collagen 
deposition and angiogenesis, thereby accelerating wound repair 
[52–55]. These results demonstrated that APG3 was an ideal scaffold 
for skin tissue engineering. 

4. Conclusions 

In summary, we have presented a flexible strategy to generate a 
functional APG scaffold with good cell adhesion, biodegradability and 
biocompatibility. Through the introduction of PDA, the rigidity of APG 
was decreased and APG was endowed with excellent cell adhesion 
capability. In vitro experiments proved that cell migration rate on the 
surface of APG3 was high, and cells could penetrate into the network of 
APG3. Notably, the wound healing process of full-thickness skin defect 
could be accelerated by using APG3 to promote collagen deposition and 
vascularization. The strategy outlined here is not only limited to repair 
skin wound, but also has great potential for application in other areas of 
tissue engineering. 
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days. Scale bars: 2000 μm. G）High magnification imaging of wound beds. Scale bars: 200 μm. 
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