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A B S T R A C T   

Tissue engineering scaffolds with tunable viscoelasticity and adaptability for cell behavior and fate regulation are 
highly desired. Here a dynamic interpenetrating polymer network (IPN) hydrogel was fabricated via photo-
polymerization and oxidation of methacryloyl gelatin (GelMA) and hyaluronic acid (HASH). The permanent 
GelMA network formed by C–C bonds provides stable support for cells while the dynamic HASH network formed 
by disulfide bonds provides an adaptable microenvironment for cell growth. The proposed IPN hydrogel exhibits 
extensive and tunable porosity, swelling, degradation, and mechanical properties. Remarkably, the dynamic IPN 
hydrogel mimics the viscoelasticity and adaptability of the extracellular matrix (ECM), which can regulate 
cellular behaviors such as morphogenesis, alignment, proliferation, migration while offering resistance to cell 
mediated shrinkage and enzymatic digestion, maintaining the structural integrity of the scaffold. Our results 
suggest that dynamic IPN 3/7 (HASH/GelMA) hydrogels had more similar physical properties to human skin and 
were more favorable for human skin fibroblasts (HSF) and human immortalized keratinocytes (HaCaT) growth. 
Moreover, bilayer tissue-engineered skin prepared using the dynamic IPN hydrogel exhibited satisfactory me-
chanical stability, dermal-epidermal stratification, matrix secretion, structural differentiation, and barrier 
functions. In addition, the bilayer tissue-engineered skin can significantly promote healing of full-thickness skin 
defects through accelerated wound re-epithelialization, collagen deposition, and angiogenesis, without causing 
non-specific or specific immune rejection. This work based on the novel dynamic IPN hydrogel with biomimetic 
viscoelasticity and adaptability demonstrates the promising application in tissue engineering.   

1. Introduction 

Tissue engineering is useful for replacing and repairing damaged 
tissues or organs, studying the disease pathogenesis, and drug screening 
[1,2]. Hydrogels have been extensively employed as tissue engineering 
scaffolds owing to their biocompatibility and for providing three- 
dimensional (3D) networks with a high water content, like that of nat-
ural tissues. [3]. Collagen contains RGD sequences that can bind to 
cellular receptors (integrins) to promote cell and align cells in the di-
rection of collagen fibers, playing an important role in tissue develop-
ment and regeneration [4,5]. Hence, collagen-based hydrogels are 
widely used in the construction of artificial organs such as skin, vascular, 
cartilage, and bone [6]. However, their poor mechanical strength, rapid 
degradation, and potential immunogenicity constrain the application of 

collagen-based hydrogel scaffolds [7]. Particularly, collagen is suscep-
tible to severe contraction due to collagenase hydrolysis and shrinkage 
during tissue culture of fibroblasts, which seriously influences the 
quality of tissue engineering products [8]. To resolve the above issues, 
non-extracellular matrix (ECM) natural and synthetic polymers have 
been explored as novel scaffolds [9–11]. Nevertheless, the lack of 
bioactive sites, low cytocompatibility, and uncontrolled degradation of 
these materials has hindered their broad application. Semi-synthetic 
materials with bioactive sites, such as alginate and spider proteins 
modified with RGD peptides, are available by chemical grafting. How-
ever, their tedious synthesis and high cost cannot be ignored. Hence, 
developing tissue engineering scaffolds based on ECM components is a 
promising strategy to solve the above issues [12–14]. 

For instance, a combination of chemical modification and 
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crosslinking reactions can improve the mechanical and degradation 
properties of hydrogels based on ECM components [15]. According to 
the type of crosslinked bonds, crosslinked networks can be either per-
manent or dynamic crosslinked networks [16]. Permanent crosslinked 
networks are typically formed by click chemistry and Michael addition 
reactions, which are more favorable to the mechanical properties of the 
scaffold. Cells grown in a 3D environment in vitro have been shown to 
have a distinct tendency to differentiate in different viscoelasticity 
media [17–19]. Thus, cell differentiation and tissue development can be 
manipulated by tuning the mechanical strength of the scaffold. How-
ever, hydrogels prepared by permanent networks generally have dense 
structures that restrict the metabolic function of the inoculated cells 
[20,21]. In contrast, dynamic network hydrogels with reversible struc-
tures provide adaptive space for the inoculated cells, improving cell- 
ECM and intercellular interactions, and facilitating complicated 
cellular functions [22–24]. However, hydrogels based on purely dy-
namic network structures generally suffer from unstable and uncon-
trolled mechanical properties [25–27]. Therefore, it is essential to 
develop scaffolds with both biomimetic viscoelasticity and adaptability 
for tissue engineering. 

In vivo, the microenvironment of cell growth is quite complicated 
[28]. In addition to viscoelasticity supporting cells, it can also interact 
with cells through remodeling structures, transducing cell mechanical 
signals, and promoting the normal cellular metabolism and behavior 
[29,30]. To simulate the cellular microenvironment in vivo, various dual 
or multiple network hydrogels have been developed as cellular scaffolds 
[31]. In particular, interpenetrating network (IPN) hydrogels, regarded 
as the “alloy” of polymers, have attracted considerable attention [32]. 
IPN hydrogels are formed by interpenetration of two crosslinked poly-
mers, which can synergize the excellent properties of each component 

[33,34]. IPN hydrogels show great potential for tissue engineering due 
to the bionic adaptability and viscoelasticity provided by its unique 
topology and synergistic effects [35,36]. However, the construction of 
bilayer tissue-engineered skin based on IPN hydrogel has been rarely 
reported, probably due to the high scaffold performance required for 
bilayer tissue-engineered skin. Generally, hydrogels with strong me-
chanical properties are dense, which can restrict the growth and pro-
liferation of dermal cells, thereby impairing the formation of the dermis 
[37,38]. On the contrary, hydrogels with low mechanical properties are 
prone to structural collapse during tissue culture, causing epidermal cell 
detachment [39]. For instance, scaffolds with low mechanical properties 
are prone to collapse during tissue culture, resulting in epidermis 
detachment. However, scaffolds with high mechanical properties can 
restrict the growth of dermis cells, thus affecting the formation of dermis 
[40]. In addition, the bilayer tissue-engineered skin could have impor-
tant applications in drug screening, wound repair, skin pathological 
model construction, and bio-robotics [41,42]. 

Here, a dynamic IPN hydrogel scaffold with both biomimetic ECM 
viscoelasticity and adaptability was developed for bilayer tissue- 
engineered skin construction (Scheme 1). The dynamic IPN hydrogels 
were fabricated by photocatalytic crosslinking of methacryloyl gelatin 
(GelMA) and oxidation crosslinking of sulfhydryl group modified hyal-
uronic acid (HASH). The permanent GelMA network formed by C–C 
bonds provides stable support for cells while the dynamic HASH 
network formed by disulfide bonds provides an adaptable microenvi-
ronment allowing for cell growth. As both GelMA and HASH derived 
from ECM components, they have excellent biocompatibility and 
bioactivity [43,44]. Notably, the viscoelasticity, adaptability, and 
bioactivity of the ECM could be reproduced in vitro by the inter-
penetrating structure of two networks and the combination of two 

Scheme 1. A) Synthesis of the GelMA and HASH. b) Preparation of the dynamic IPN HASH/GelMA hydrogel. c) Construction of tissue-engineered skin. d) Cultivation 
of HSFs in HASH/GelMA dynamic IPN hydrogels. e) Mature tissue-engineered skin. f) Application of tissue-engineered skin. 
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materials. The mechanical and physical properties of the proposed dy-
namic IPN hydrogel were investigated in detail. Meanwhile, the effect of 
IPN hydrogels on the cellular behavior of cultured human skin fibro-
blasts (HSFs) and human immortalized keratinocytes (HaCaTs) was 
investigated. In particular, bilayer tissue-engineered skin was con-
structed based on IPN hydrogel, and its properties such as dermal- 
epidermal stratification, collagen deposition, structural differentiation, 
and barrier function, were evaluated. Finally, the pro-healing effect of 
the bilayer tissue-engineered skin on full-thickness skin defects was 
evaluated in a Sprague-Dawley (SD) rat model. 

2. Results and discussion 

2.1. Synthesis and characterization of the dynamic IPN HASH/GelMA 
hydrogel 

The dynamic IPN hydrogels with biomimetic viscoelasticity and 
adaptability were prepared based on HASH and GelMA. Here, the HASH 
was synthesized from HA, which can regulate cell migration as ligands of 
homing cell adhesion molecule (CD44) and receptor for HA mediated 
motility (RHAMM) [45], and the GelMA was synthesized from gelatin, 
which contains RGD sequences recognizable by cells’ integrin receptors 
[46]. After successful GelMA synthesis, its methacrylation degree was 

calculated as 83.2 ± 0.6 % based on its 1H NMR spectrum (Fig. 1a). 
HASH was synthesized by grafting cysteine onto HA through amide 
bonds (Fig. 1b). Its thiolation degree was measured as 27.8 ± 1.2 % 
according to the standard cysteine curve (Fig. S1). HASH/GelMA 
hydrogels with interpenetrating structures were prepared by combining 
GelMA, HASH, and the photoinitiator phenyl (2,4,6-trimethyl benzoyl) 
lithium phosphate salt (LAP) by ultraviolet (UV) and oxidative cross-
linking (Fig. 1d, e). As shown in the FT-IR spectra of the crosslinked 
HASH/GelMA hydrogel, a new peak appeared at 578 cm− 1, corre-
sponding to the characteristic peak of the disulfide bond (Fig.e 1c). The 
uncrosslinked HASH/GelMA prepolymer had a minor peak at 1538 
cm− 1 related to the C––C bond. Compared to the uncrosslinked HASH/ 
GelMA prepolymer, the peak intensity of crosslinked HASH/GelMA at 
1538 cm− 1 decreased. These results indicated that HASH/GelMA 
hydrogels contain HASH networks formed by disulfide bonds and 
GelMA networks formed by the addition reaction of C––C bonds. 

Porous structures were observed in all hydrogel groups (Fig. 1f). The 
pore size of the hydrogel decreased with decreasing HASH content. The 
internal pore size of hydrogels was 110–350 μm (Fig. S2). Hydrogels 
with a pore size 20–200 μm have been reported to facilitate cell growth 
[47]. Thus, the 5/5 (HASH/GelMA), 3/7 (HASH/GelMA), and 100 % 
(GelMA) hydrogels were the more suitable as scaffolds. Similarly, the 
porosity of the different hydrogels was consistent with their internal 

Fig. 1. Preparation and characterization of the dynamic IPN HASH/GelMA hydrogel. a) 1H NMR (D2O) spectra of gelatin and GelMA. b) 1H NMR (D2O) spectra of HA 
and HASH. c) FT-IR spectra of HASH/GelMA hydrogel before and after crosslinking. d) Schematic diagram of the HASH/GelMA hydrogel synthesis process. e) 
Photographs of different hydrogels after UV crosslinking and oxidation crosslinking. f) Scanning electron microscope (SEM) images of different hydrogels. Ability of 
different hydrogels to resist degradation by g) dithiothreitol (DTT), h) collagenase, and i) dulbecco’s modified eagle medium (DMEM) culture medium. 
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structure (Fig. S3). Additionally, the hydrogel’s swelling rate gradually 
increased from 170 to 2200 % with increasing HASH content (Fig. S4); 
this was probably due to the inherent hydrophilicity of HASH. 

To evaluate the degradation resistance of hydrogels, dithiothreitol 
(DTT), collagenase, and culture medium were used to simulate a 
complicated environment in vivo (detailed steps in the supporting in-
formation). Hydrogel degradation in DTT and collagenase showed 
opposite trends (Fig. 1g, h). In DTT solutions, hydrogels with higher 
HASH content were more susceptible to degradation, because the di-
sulfide bond is easily reduced to free thiols by DTT [48]. In contrast, 
hydrogels with higher GelMA content showed faster degradation in 
collagenase solution, since gelatin is highly sensitive to collagenase. In 
addition, hydrogel degradation in culture medium showed higher sta-
bility of the GelMA network than of the HASH network (Fig. 1i), which 
confirmed the weaker binding strength of the crosslinked bonds in the 
HASH network. Significantly, all hydrogels incubated in culture medium 
maintained > 55 % of their weight at day 21, suggesting that their 
structure remained relatively unaltered, which would facilitate cell 
growth. Overall, the adjustable degradation properties of hydrogels 
make them promising as tissue engineering scaffolds. 

2.2. Viscoelasticity of dynamic IPN hydrogels 

Hydrogel viscoelasticity is a critical factor for tissue engineering, as it 
is associated with cell attachment, morphogenesis, and functional dif-
ferentiation in vitro. The viscoelasticity of IPN hydrogels was investi-
gated by the compression-tension and rheological tests. Images of 
compression-release and tension-release processes indicated the good 
elasticity of IPN hydrogels (Fig. 2a). The compression test results 
showed that the compression modulus of IPN hydrogels was positively 
correlated with a GelMA concentration between 20 and 120 kPa 

(Fig. 2b). This finding was explained by the single C–C crosslinked 
bonds of the GelMA network, which made permanent and stable struc-
tures. This way, the hydrogel group with higher GelMA content had a 
stronger compression modulus at the same strain. Moreover, the 
compressive modulus for 3/7 (HASH/GelMA) and 5/5 (HASH/GelMA) 
hydrogels was 76–107 kPa, within the range of that of natural human 
skin (80–200 kPa) [49]. The Young’s modulus and elongation at the 
break of hydrogels gradually increased with the content of GelMA 
components (Fig. 2c). Despite this, the 3/7 (HASH/GelMA) group 
showed the highest Young’s modulus, because the crosslinked bonds of 
the HASH network are disulfide bonds, susceptible to environmental 
influences and in a reversible free and bound state. Therefore, hydrogel 
groups with higher HASH content tended to be more easily tensioned 
and have longer elongation at breaks. In summary, the 3/7 (HASH/ 
GelMA) dynamic IPN hydrogel provides a high Young’s modulus 
combining the advantages of both the HASH and GelMA networks. In 
addition, the Young’s modulus of 3/7 (HASH/GelMA) and 5/5 (HASH/ 
GelMA) hydrogels were 20–32 kPa and their elongation at breaks 50–70 
%, comparable to natural human skin [50]. Accordingly, the 
compression-tension results indicated that 3/7 (HASH/GelMA) and 5/5 
(HASH/GelMA) hydrogels were similar to human skin in terms of their 
elastic properties. 

Hydrogel viscosity was evaluated by rheological tests. The storage 
modulus increased obviously in the oscillation scan and the loss modulus 
increased slightly with increasing GelMA content (Fig. 2d). The results 
indicated that IPN hydrogel elasticity was controllable by adjusting the 
GelMA and HASH ratio. Hydrogel viscosity was also examined by creep- 
recovery experiments (Fig. 2e). Hydrogel deformation increased with 
increasing HASH content at constant stress. Therefore, the incorporation 
of a dynamic HASH network increases the hydrogel’s susceptibility to 
deformation, improving its viscosity. 

Fig. 2. A) Compression and tension tests of hydrogels. b) Modulus of elasticity of different hydrogels at 60% strain. c) Young’s modulus of different hydrogels. d) 
Oscillation frequency scans of different hydrogels. e) Creep-recovery curve of different hydrogels. f) Stress relaxation curve of different hydrogels. g) Folding and h) 
torsion changes of dynamic IPN hydrogels. 
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Stress relaxation was evaluated by measuring the stress changes of 
hydrogels at step strains. Hydrogels with higher HASH content showed 
rapid stress relaxation at constant deformation (Fig. 2f), probably 
because the elastic deformation of the IPN hydrogel was partially 
transformed into inelastic deformation. This phenomenon also contrib-
uted to the dynamic structure of the HASH network. All results indicated 
that HASH/GelMA hydrogels possessed both viscosity and elasticity due 
to the presence of both HASH and GelMA networks. In addition, the 
flexibility evaluation showed excellent flexibility of folded and torsional 
dynamic IPN hydrogels (Fig. 2g, 2 h). Their excellent viscoelasticity 
allows them to completely recover their shape; this is an important 
property of natural skin, which protects it from damage [51]. 

2.3. HSF cultivation and characterization in dynamic IPN hydrogels 

The favorable cytocompatibility of IPN hydrogels was first demon-
strated by culturing HSFs on their surface (Fig. S5). Compared to 
collagen and GelMA hydrogels, IPN hydrogels significantly promoted 
lateral and longitudinal HSF migration (Fig. S6). Afterwards, the 
adaptability of IPN hydrogels to dermal cell growth was investigated by 
analyzing the behaviors of encapsulated HSFs. 

Live/dead staining showed that the HASH/GelMA hydrogel was 
more favorable for the growth of encapsulated HSFs than the GelMA and 
collagen hydrogels (Fig. 3a, Fig. S7). This results was further confirmed 
by cell proliferation tests (Fig. S8). Moreover, the CCK-8 assay results 

Fig. 3. Effects of dynamic IPN hydrogel on HSF proliferation and morphology. Live/dead fluorescence images of a) HSFs and b) individual amplified HSF. Quantified 
c) cell roundness and d) cell area. e) Schematic diagram of HSF morphology affected by the hydrogel’s network structure. f) Cytoskeleton of HSFs cultured in 
hydrogels on day 7 and h) quantified cell alignment of HSFs cultured in hydrogel at day 7. Cytoskeleton of HSFs cultured in hydrogels at day 7 and their quantitative 
cell alignment. Actin cytoskeleton and nuclei stained with phalloidin and 4′,6-diamidino-2-phenylindole (DAPI), respectively. h) Resistance of different hydrogels to 
HSF-mediated shrinkage. i) Shrinkage of different hydrogels and j) its quantitative analysis. * P < 0.05, ** P < 0.01. 

W. Wang et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 457 (2023) 141362

6

revealed that the good cytocompatibility of all hydrogel components 
(Fig. S9). HSF morphology was further analyzed on day 1 (Fig. 3b). More 
punctate HSFs were observed in GelMA hydrogels and collagen hydro-
gels. In contrast, significantly elongated cell morphology and larger cell 
extension area (P < 0.01) were found in dynamic IPN hydrogels (Fig. 3c, 
d). The effects of different hydrogels on cell roundness and cell area were 
mainly short-term. Because mature HSFs tend to be elongated spindle- 
shaped after long-term culture. However, it has been reported that cell 
morphology at early stages can regulate cytoskeleton and mechano-
transduction signals, thereby affecting cell functions such as migration, 
proliferation, differentiation, uptake, and apoptosis [52]. This elongated 
morphology could reflect a favorable growth state, which may be ach-
ieved due to the ECM-like viscoelasticity of dynamic IPN hydrogels with 
could provide a dynamic adaptable environment more suitable for cell 
growth. In fact, a previous report showed that a dynamic environment 
could activate cellular Yes associated protein (YAP)/transcriptional 
coactivator with PDZ-binding motif (TAZ) and further promote cell 
morphogenesis [53]. In addition, both GelMA and HASH are derived 
from ECM components that contain abundant receptors or active sites, 
which can direct cell behaviors such as cell adhesion, migration, and 
proliferation [54,55]. In contrast, the permanently crosslinked covalent 
network in GelMA hydrogels provides a relatively constant and firm 
mechanical environment that limits cell morphogenesis and growth 
(Fig. 3e). As for the collagen hydrogel, its rapid degradation leads to 
structural collapse, which affects cell adhesion. 

Cytoskeleton staining showed a uniform HSFs distribution in 
hydrogels at day 7 (Fig. 3f). Compared to GelMA hydrogels, HSFs in 
HASH/GelMA hydrogels had a significantly higher density of microfil-
aments and cell nuclei. This could be attributed to the permanently 
crosslinked single network of GelMA hydrogels limiting cell prolifera-
tion and growth. To further analyze HSF alignment, the cell elongation 

angle was quantified as well. The elongation direction of HSFs in the 
HASH/GelMA hydrogel was random (Fig. 3g), whereas a distinct 
orientation distribution was observed in collagen hydrogels because the 
collagen hydrogel structure was destroyed by mechanical contraction 
and degradation mediated by HSFs, severely affecting the distribution of 
cytoskeletal. It is evident that the effect of different hydrogels on cell 
alignment was long-term. These results indicated that dynamic IPN 
hydrogels were more suitable for HSF growth, as they combine a stable 
network that supports cell adhesion and a dynamic network that pro-
vides an adaptable environment which facilitates cell morphogenesis. 

In general, scaffolds are susceptible to cell mediated shrinkage and 
enzymatic digestion, which leads to structural collapse and affects the 
quality of the constructed tissues. Therefore, we evaluated the shrinkage 
resistance of dynamic IPN hydrogels encapsulated with HSFs by moni-
toring morphological changes in hydrogels (Fig. 3h, i). Collagen 
hydrogels contracted rapidly to 43.1 ± 4.7 % by day 5, whereas HASH/ 
GelMA hydrogels and the GelMA hydrogel had almost the same 
morphology as initially (Fig. 3j). Thus, HASH/GelMA hydrogels have 
good resistance to shrinkage and enzymolysis mediated by encapsulated 
HSFs. 

2.4. HaCaT cultivation and characterization on the surface of dynamic 
IPN hydrogels 

The ability of keratinocytes to adhere, spread, and grow on hydrogels 
is essential for construction of an epidermal layer. As shown in Fig. 4a 
and Fig. S10, HaCaTs grew well on hydrogels’ surface. Compared to the 
collagen and the 5/5 (HASH/GelMA) groups, the adhesion area of 
HaCaTs on the hydrogel surface in the 3/7 (HASH/GelMA) group was 
larger. Cell viability of HaCaTs by CCK-8 assay suggested the good 
cytocompatibility of HASH/GelMA hydrogel materials (Fig. 4b). The 

Fig. 4. Effect of dynamic IPN hydrogels on the growth of HaCaTs. a) Live/dead fluorescence images of HaCaTs cultured on the surface of hydrogels for 1, 3, and 5 d. 
b) Viability of HaCaTs in extracting solution of hydrogels by CCK-8 assay on day 1, day 3 and day 5. c) Cytoskeleton staining and d) quantitative analysis of cell 
adhesion rate of HaCaTs cultured on the hydrogel surface for 7 d. Actin cytoskeleton and nuclei stained with phalloidin and DAPI, respectively. e) Cell proliferation of 
HaCaTs by WST-1 assay. * p < 0.05, ** p < 0.01. 
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WST-1 assay showed significantly higher cell proliferation in the 3/7 
(HASH/GelMA) group (P < 0.01) than in any other (Fig. 4e). This might 
be due to the stronger mechanical strength of the hydrogel, which can 
promote cell adhesion and proliferation [56]. In addition, the inherent 
bioactivity of IPN hydrogel components could significantly promote 
HaCaT migration (Figure S11). 

During construction of tissue-engineered skin, keratinocytes attach 
to the scaffold surface to form a monolayer and differentiate into a 
stratum corneum, whose primary function is to act as a physical barrier, 
protecting the skin and internal tissues from the external environment. 
Hence, steady and uniform keratinocyte adhesion is essential for the 
construction of tissue-engineered skin. HaCaT adhesion was observed on 

Fig. 5. a) 2D images and b) 3D images of HaCaTs/HSFs co-cultured in different hydrogels on day 3 after live/dead staining. c) Images of tissue-engineered skin. d) 
Hematoxylin and Eosin (H&E) and Masson staining of the tissue-engineered and natural skin. e) Quantitative analysis of epidermis thickness in H&E staining and 
collagen deposition on Masson staining. f) Immunofluorescence analysis of skin tissue maturation. CK10 (epidermis differentiation maker), fibronectin (ECM 
components), Ki67 (proliferation maker). g) Quantitative analysis of Ki67 + cells. h) Water vapor transmission rate of the dry tissue-engineered skin. i) Water contact 
angle of the dry tissue-engineered skin. * p < 0.05, ** p < 0.01. 
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day 7 by F-actin and nuclear staining (Fig. 4c). Consistent with previous 
results, the 3/7 (HASH/GelMA) group showed an excellent cell adhesion 
rate > 90 % (Fig. 4d). However, a mottled cell layer was observed in the 
5/5 (HASH/GelMA) group with a cell adhesion rate of about 54 %. As 
mentioned above, the 3/7 (HASH/GelMA) hydrogel has a higher elas-
ticity, consistent with keratinocytes’ requirement of matrix stiffness 
(≈110 kPa) [57]. In summary, the 3/7 (HASH/GelMA) hydrogel was the 
more favorable for HaCaT adhesion and proliferation. 

2.5. Construction and characterization of bilayer tissue-engineered skin 
with dynamic IPN hydrogels 

So far, the 3/7 (HASH/GelMA) hydrogels were the most appropriate 
as cell scaffolds owing to their excellent viscoelasticity and adaptability. 
Next, their ability to co-culture HaCaTs and HSFs was investigated prior 
to the construction of a bilayer tissue-engineered skin. A larger HaCaT 
diffusion area was observed in HASH/GelMA hydrogels (Fig. 5a S12). In 
addition, there were more and bigger HSFs in HASH/GelMA hydrogels. 
Compared to previous separate cultures, the spread of HSFs and HaCaTs 
was more prominent under co-culture. Probably, HSFs and HaCaTs were 
influenced by cytokines secreted from each other under co-culture 
conditions, which mutually promoted cellular behaviors such as 
morphogenesis and migration. 3D images showed that cells were well 
distributed in the HASH/GelMA hydrogel (Fig. 5b), with a narrow upper 
layer of HaCaTs and a broad lower layer of HSFs. In contrast, the dis-
tribution of HSFs in collagen was narrower due to collagen contraction, 
which also influenced HSF and HaCaT proliferation (Fig. S13). Hence, 
HASH/GelMA hydrogels appears to be appropriate for co-culturing HSFs 
and HaCaTs. 

Based on previous results, a bilayer tissue-engineered skin was con-
structed based on the 3/7 (HASH/GelMA) hydrogel, which retained its 
native shape and could be easily peeled and pinched from the Transwell 
with forceps (Fig. 5c). However, a slight defect was observed in the 
GelMA group, caused by the hard and brittle mechanical characteristics 
of the GelMA hydrogel. In particular, the collagen-based tissue-engi-
neered skin showed a significant shrinkage due to collagen’s weak me-
chanical strength. 

The constructed dermal and epidermal layers could be clearly 
distinguished in H&E stained images from all groups (Fig. 5d, S14). 
Among them, the HASH/GelMA group showed the highest epidermis 
thickness, 154 ± 11 μm (Fig. 5e). It was significantly higher than that of 
the collagen group (P < 0.05) and close to that of natural skin (163 ± 31 
μm). Meanwhile, the epidermis and dermis were more tightly connected 
in the HASH/GelMA group whereas the epidermis of the collagen group 
was partially separated from the dermis due to severe contraction of the 
collagen during culture. Masson staining was used to analyze collagen 
deposition in tissue-engineered skin (Fig. 5d). Compared to the GelMA 
and collagen groups, we observed significantly higher collagen deposi-
tion (P < 0.01) in the HASH/GelMA group, close to that of natural skin 
(Fig. 5e). Moreover, HSFs grew well and secreted more ECM in dynamic 
IPN HASH/GelMA hydrogels. Overall, tissue-engineered skin con-
structed from dynamic IPN HASH/GelMA hydrogels had a stable dermis- 
epidermis structure with an epidermal layer of thickness closer to that of 
natural skin and collagen deposition in the dermis closer to that of 
natural skin. 

Biomarkers representing each structural region (epidermis, dermis, 
and basal) were used to further assess the tissue-engineered skin (Fig. 5f, 
S15). Keratin 10 (K10) is a typical epidermal differentiation marker. K10 
was significantly expressed in the HASH/GelMA group, indicating for-
mation of a mature epidermis. Moreover, the HASH/GelMA group 
showed homogeneous and dense distribution of fibronectin, a compo-
nent of the dermal ECM, indicating a dermis with a dense ECM. In 
addition, to investigate the proliferative potential of cells in the tissue- 
engineered skin, the number of Ki67-positive cells in the basal layer 
was quantified (Fig. 5g). The number of Ki67-positive cells in the basal 
layer was significantly higher in the HASH/GelMA group than in the 

other two groups (P < 0.05), indicating excellent skin stemness. 
The HASH/GelMA group exhibited the highest contact angle of 102 

± 6◦ (Fig. 5i), which was significantly higher than that of the GelMA and 
collagen groups (P < 0.05) and closer to the hydrophobic properties of 
clean human skin (~100◦) [58]. The water vapor transmission rate of 
the HASH/GelMA group was significantly lower than that of the GelMA 
and collagen groups (P < 0.05) (Fig. 5h) and closer to that of human skin 
(432 g/m2⋅24 h), which could prevent water loss [59]. The results 
demonstrated that the tissue-engineered skin fabricated by HASH/ 
GelMA displayed a mature structure and excellent barrier function. 

2.6. In vivo evaluation of the wound healing efficiency of tissue- 
engineered skin 

Compared to conventional dressings, tissue-engineered skin is more 
adaptive to the multi-step process of wound healing and tissue regen-
eration, leading to more efficient wound healing. SD male rats with full- 
thickness skin defects were used to evaluate the wound healing effi-
ciency of tissue-engineered skin prepared by HASH/GelMA hydrogel 
(TES) (Fig. 6a). Tegaderm, IPN hydrogel, and TES all exhibited signifi-
cant effects in promoting wound healing compared to the blank group 
(Fig. 6b). Of which TES showed the best healing effect (Fig. 6c, d). It was 
speculated that TES had favorable biocompatibility. Moreover, the HSFs 
and HaCaTs in TES synergistically secreted multiple cytokines and 
growth factors. Which are necessary to respond to the change of envi-
ronment at the host wound to accelerate the proliferation of wound cells 
and tissue regeneration. 

An early inflammatory response facilitates rapid wound healing 
[60]. A significant increase in the number of M2 macrophages was 
detected in all groups at day 7, indicating a rapid inflammatory response 
in the wound (Fig. S16). On day 14, at a later stage of wound healing, the 
level M2 macrophages in the hydrogel and TES groups was significantly 
lower than that in the blank and Tegaderm groups, and comparable to 
normal physiological levels (60–110 cells/mm2) [61]. Thus, hydrogel 
and TES accelerated wound healing while not causing additional non- 
specific immune rejection. Wound-specific immunity was further 
explored by staining for CD4 T cells and CD8 T cells at the wound site 
(Fig. S17). No significant specific response at the wound site was 
detected in any group. Therefore, TES is highly biocompatible and does 
not induce a specific cellular immune response. 

As shown in the HE-stained images (Fig. 6e), wounds treated with 
TES exhibited a faster granulation tissue formation and re- 
epithelialization than other groups. Meanwhile, Sirius scarlet staining 
demonstrated significantly higher collagen deposition in the TES group 
than in other groups (P < 0.01) (Fig. 6g) because TES could secrete 
fibroblast growth factor, transforming growth factor, etc., among others, 
which promotes fibroblast proliferation and secretion, thus facilitating 
the collagen deposition. Moreover, CD31 staining results suggested 
more rapid angiogenesis and vascular degeneration in the TES group 
(Fig. 6h, i). On day 7, the number of angiogenesis was significantly 
higher in the TES group than in the other groups. Rapid angiogenesis in 
the early stages of the wound healing process can provide more oxygen 
and nutrients to the relevant cells in the wound area. On day 14, the 
number of blood vessels in the TES group rapidly decreased. At later 
stages of the wound healing process, most blood vessels degenerated 
after entering the tissue remodeling phase. The angiogenic density was 
high on day 7 and low on day 14 in the TES group. It indicated that TES 
treatment accelerated the wound healing process. All results suggested 
that TES had a good healing efficiency. 

3. Conclusions 

In this research, we developed a dynamic IPN hydrogel with bio-
mimetic viscoelasticity and adaptability based on HA and gelatin, which 
comprised reversibly crosslinked HASH networks and stable crosslinked 
GelMA networks. This hydrogel exhibits tunable porosity, swelling, 
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degradation, and mechanical properties. Particularly, it has modifiable 
and bioinspired viscoelasticity that imparts flexibility to the hydrogel 
while maintaining its structural integrity, facilitating the cultivation of 
HSFs and HaCaTs, reproducing the physiological functions of the in vivo 
microenvironment and regulating cell fate and behavior such as cell 
morphogenesis, alignment, proliferation, and migration. Further, a 
bilayer tissue-engineered skin constructed based on dynamic IPN 
hydrogels displayed satisfactory mechanical stability, dermis-epidermis 
stratification, collagen distribution, structural differentiation, and 

barrier functions. According to in vivo animal experiments, this tissue- 
engineered skin can accelerate wound re-epithelialization, collagen 
deposition, and angiogenesis without triggering additional non-specific 
and specific immune rejection, promoting the healing of full-thickness 
skin defects. The present findings suggest that the proposed dynamic 
IPN HASH/GelMA hydrogels, which mimic ECM viscoelasticity and 
adaptability, have extensive application potential for tissue engineering, 
3D bioprinting, and drug delivery. 

Fig. 6. Evaluation of wound healing efficiency of tissue-engineered skin constructed with the dynamic IPN HASH/GelMA hydrogel. a) Sprague-Dawley (SD) rat 
wound healing model. b) Wound healing of the full-thickness skin defect of SD rats at 14 d. c) Schematic diagram of the wound area. d) Quantitative analysis of the 
wound area. e) H&E staining of wounds on the 3rd, 7th, and 14th day of treatment. f) Sirius scarlet staining of wounds on the 3rd, 7th, and 14th day of treatment. g) 
Quantitative analysis of collagen deposition on Masson staining. h) CD31 immunohistochemistry image of wounds on the 3rd, 7th and 14th day of treatment. i) 
Quantitative analysis of angiogenesis on CD31 immunohistochemistry. * p < 0.05, ** p < 0.01. 
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4. Experimental sections 

4.1. Materials 

Hyaluronic acid (HA, Mw = 300 kDa) was purchased from Bloomage 
Freda Biopharm co., ltd. (Shandong, China). Type A gelatin (Mw = 70 
kDa) and methacrylic anhydride (MA) were purchased from Sigma- 
Aldrich (Shandong, China). Cysteine hydrochloride was purchased 
from Shanghai Macklin Biochemical Co., ltd. (Shanghai, China). Phenyl 
(2,4,6-trimethyl benzoyl) lithium phosphate salt (LAP) was purchased 
from TCI co., ltd. (Shanghai, China). Human immortalized keratinocytes 
(HaCaT) were purchased from Shanghai Fuheng Biotechnology co., ltd. 
(Shanghai, China). Human skin fibroblasts (HSF) were purchased from 
Shanghai Enzyme Research Biotechnology co., ltd. (Shanghai, China). 
For additional materials, see Support Information. 

4.2. GelMA synthesis 

GelMA was synthesized as previously reported [62]. Briefly, 10 g 
gelatin was dissolved in 100 mL phosphate buffered saline (PBS) at 
50 ◦C. Then, 10 mL MA was added dropwise to the gelatin solution with 
stirring. The mixture was allowed to react at 50 ◦C for 3 h. Then, the 
GelMA solution was transferred into a dialysis tube with a molecular 
weight cutoff of 8–14 kDa and dialyzed against deionized water at 50 ◦C 
for 72 h with frequent water changes. Eventually, the dialysate was 
freeze-dried to yield the solid GelMA. 

4.3. HASH synthesis 

HASH was synthesized as previously reported [63]. 1 g HA and 580 
mg NHS were dissolved in 200 mL deionized water at room temperature. 
Then, 2.4 g 1-ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydro-
chloride (EDCI) was added to the HA solution and incubated for 2 h to 
activate HA’s carboxyl group. Afterwards, 1.4 g cysteine hydrochloride 
was dissolved in 10 mL deionized water and added dropwise to the 
above solution. The pH value was adjusted to 4.7–5.0 and the reaction 
was stirred for 24 h. Thereafter, the reacted solution was transferred into 
a dialysis tube with a molecular weight cutoff of 8–14 kDa and dialyzed 
against acidic deionized water (pH = 3.5) at room temperature for 72 h 
with frequent water changes. Eventually, the dialysate was freeze-dried 
to yield the solid HASH. 

4.4. Preparation of IPN HASH/GelMA hydrogels 

HASH was dissolved in deionized water at a concentration of 3 % 
(wt/v) and the pH was adjusted to 7.4. GelMA was dissolved in PBS at 
37 ◦C and the photo-initiator LAP added. The final GelMA precursor was 
composed of 10 % (wt/v) GelMA and 0.5 % (wt/v) LAP. Afterwards, five 
groups of HASH/GelMA mixtures were prepared at different volume 
ratios, including 10/0 (HASH), 7/3 (HASH/GelMA), 5/5 (HASH/ 
GelMA), 3/7 (HASH/GelMA), and 0/10 (GelMA). Finally, the mixture 
was irradiated under UV light for 1 min and then exposed to air for 30 
min to prepare the IPN HASH/GelMA hydrogels. 

4.5. Cell culture and seeding 

HSFs and HaCaTs were cultured in a growth medium consisting of 
10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin in high 
glucose DMEM medium. The medium was changed every 2 d and the 
cells were passaged at 70 % confluency. 

The HASH/GelMA hydrogel precursor was prepared as described 
above. The collagen precursor (1 mg⋅mL− 1) was prepared according to 
BD Biosciences manufacturer’s instructions. Briefly, a collagen stock 
solution, sterile 10 × PBS, sterile deionized water, and 1 mol⋅L− 1 NaOH 
were mixed at a 260/100/634/6 ratio. 

For HSFs, cells were mixed into the hydrogel precursor at a final 

concentration of 2 × 105 cells⋅mL− 1. Afterward, the cells/precursor 
mixture was irradiated for 1 min under 405 nm UV light and incubated 
for 30 min at 37℃. The cell growth medium was then added and 
changed every 2 d. For HaCaTs, cells were seeded on the surface of the 
hydrogel at 105 cells⋅well− 1. Next, cell growth medium was added and 
changed every 2 d. All experiments were conducted in 24-well plates or 
12-well transwells. 

4.6. Live/dead staining 

For cell staining, medium was replaced by 300 µL live/dead staining 
solution for 15 min in the dark at 37 ◦C. The cells were then imaged 
using a Nikon fluorescence microscope. Roundness and area were 
quantified in Image J by thresholding fluorescent images. 

4.7. Cytoskeleton assay 

The cell cytoskeleton was stained as previously reported [64]. 
Briefly, after culturing for 7 d, the specimens were fixed in 4 % (wt/v) 
paraformaldehyde for 15 min. The cell nuclei and actin cytoskeleton 
were fluorescently labeled with DAPI and Phalloidin-ifluor 555, 
respectively. For quantitative analysis of cell alignment, 30 cells were 
randomly selected from each area and the cell orientation was calcu-
lated using ImageJ and Origin software. 

4.8. WST-1 assay 

Cells were seeded in hydrogels and cultured for 4 h, 1 d, 3 d and 5 d, 
respectively. Then, the medium was replaced by 500 µL 10 % WST-1 
(DMEM) and incubated at 37 ◦C. Next, the incubated solution was 
transferred to a new well plate and its absorbance was measured at 450 
nm. Cells cultured for 4 h were used as control to obtain the proliferation 
of cells at different culture times. 

4.9. Cell migration test 

The material extract was added to the cell growth medium to study 
the effect of material components on the migration ability of cells 
attached to the well plate. The horizontal migration capability of cells 
was evaluated using an in vitro wound healing model. The vertical 
migration ability of cells was evaluated using a Transwell invasion 
model. 

4.10. Construction of tissue-engineered skin 

The bilayer tissue/engineered skin was constructed on cell inserts 
with 12 mm diameter and a 3 µm pore polycarbonate membrane 
(Corning Transwell-12 well permeable supports) [65]. HSFs were 
seeded in the hydrogel to a final concentration of 2 × 105 cells⋅mL− 1 and 
immersed in growth medium which was changed every 2 d. After sub-
merging the culture for 7 d, HaCaTs were seeded on the hydrogel surface 
at 105 cells⋅well− 1. After another 7 d of submerged culture, cells were 
lifted to the air–liquid interface (ALI) to induce differentiation. The 
differentiation medium was DMEM/F12 (3:1, v/v) supplemented with 
10 % FBS, 1 % penicillin/streptomycin, 1.8 mmol⋅L− 1 Ca2+, 5 mg⋅L− 1 

insulin, 0.4 mg⋅L− 1 hydrocortisone, 20 nmol⋅L− 1 triiodothyronine, 0.18 
mmol⋅L− 1 adenine, 5 mg⋅L− 1 transferrin, 2 μg⋅L− 1 TGF-α, and 100 
μg⋅L− 1GMCSF. The differentiation medium was changed daily. After ALI 
culturing for 7 d, the mature bilayer tissue/engineered skin was har-
vested. H&E and Masson staining were used to observe the histological 
morphology of the bilayer tissue-engineered skin. 

4.11. In vivo evaluation of tissue-engineered skin in the rat full-thickness 
wound model 

All animal operations were reviewed and approved by the Animal 
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Experiment Ethics Committee of Fuzhou University and all animal ex-
periments were performed according to relevant guidelines and regu-
lations. Animal experiments were conducted as reported previously 
[66]. Briefly, 6–8-week-old male SD rats were randomly divided into 
four groups, including a blank group (negative control), 3 M Tega-
dermTM hydrocolloid dressing group (positive control), IPN hydrogel 
group, and tissue-engineered skin (TES) group. After being injected with 
a 2 % pentobarbital sodium solution at 1.0 mL/kg, two circular wounds 
were created by a biopsy (10 mm in diameter) on the rats’ depilated 
back. Afterwards, the wounds of different rat groups were treated with 
the corresponding dressing. All wounds were covered with a secondary 
3 M TegadermTM film. The dressing was changed and the wound pho-
tographed at 1 d, 3 d, 5 d, 7 d, and 10 d. Three rats in each group were 
euthanized at 3 d, 7 d, and 14 d, respectively, and the wound sites 
immediately harvested. H&E, picrosirius red staining, immunohisto-
chemistry staining, and immunofluorescence staining were used to 
observe the histological changes. 

4.12. Statistical analysis 

All data are presented as the mean ± standard deviation. Differences 
between values were evaluated using a one-way analysis of variance 
(ANOVA; Tukey’s post-hoc test). Data are presented as means with 95 % 
confidence interval, p < 0.05 was considered to indicate statistical 
significance. 
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