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Abstract

A mechanically strong composite hydrogel was produced based on the interpenetrating network 

(IPN) between gelatin and silk fibroin. When two layers of IPN was created, the resulting hydrogel 

exhibited much improved mechanical properties. This hydrogel is biodegradable, non-cytotoxic 

and allows cell adhesion and proliferation on the surface.

Graphical Abstract

A mechanically tough and biofunctional hydrogel was created by the multi-interpenetrating 

network between gelatin and silk fibroin.

Hydrogel is a crosslinked network of hydrophilic polymers. Due to their high water 

contents, hydrogels mimic the natural extracellular matrix (ECM) and can serve as scaffolds 

for a variety of applications in tissue engineering and regenerative medicine1–6. However, 

the high water content also makes it challenging to produce mechanically robust hydrogels. 
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Applications in regenerating load-bearing tissues, such as bone and cartilage require the 

materials that can withstand high stresses7, 8. In bone tissue engineering, for instance, stem 

cells (e.g. mesenchymal stem cells) should be seeded on stiff substrates for proper 

osteogenic differentiation9. Even for soft tissues such as skin and cornea, the biomaterials 

should withstand mechanical stresses10, 11. Most hydrogels fail to meet the mechanical 

requirement of such applications.

Several strategies have been developed to improve the mechanical properties of hydrogels. 

The incorporation of nanomaterials such as inorganic nanoparticles12, 13, graphene oxides14, 

and nanoclays15–17 in the hydrogel has been demonstrated to increase the stiffness of the 

hydrogel. However, these materials suffer from high cost of production18, cytotoxicity19, 20 

and slow (or non-)degradation21.

Alternatively, forming interpenetrating network (IPN) between two independently 

crosslinked polymers results in much stronger hydrogels compared to the hydrogels made of 

individual polymers22–26. However, most of the IPN hydrogels in the literature, utilized 

synthetic polymers such as polyacrylamide or poly(ethylene glycol) as a component of IPN 

hydrogels, which is less desirable than the natural polymers. Even when natural polymers 

were used to make IPN hydrogels, chemical modifications were added to the polymers, such 

as methacrylate groups, for photo-crosslinking27. This complicates the synthesis of 

hydrogels and increases the cost.

Here, we introduce an IPN hydrogel made of two widely-used natural polymers – gelatin 

and silk fibroin (Figure 1). In order to enhance the mechanical properties, two layers of IPNs 

were formed in the hydrogel successively. Gelatin was chosen due to its ready-availability 

and its excellent bioactivity, which allows cell adhesion and proliferation without addition of 

external cell adhesive ligands28, 29. Silk fibroin was chosen because of its excellent 

mechanical properties and proven biocompatibility30, 31. Previously reported gelatin-silk 

IPN hydrogels were either purely physically crosslinked32, resulting in sub-optimal 

mechanical strength of the hydrogel, or involved chemical modifications to the proteins27 

which complicates the process and increases the cost. The method described in this 

communication is simple, cost-effective, and the resulting hydrogels are mechanically robust 

and biofunctional.

To make an IPN hydrogel, an aqueous mixture of gelatin and silk fibroin was first treated by 

microbial transglutaminase (mTG), which creates covalent crosslinks between glutamine 

and lysine within gelatin33. This results in a somewhat weak hydrogel. In addition to the 

covalent crosslinks within gelatin, silk fibroin is crosslinked physically by the induction of 

beta-sheets by immersing the hydrogel in 90% ethanol. The resulting IPN hydrogel is 

swelled in water and lyophilized, and the second layer of IPN is formed by swelling the 

lyophilized IPN in the gelatin-silk fibroin mixture and repeating the dual crosslinking 

procedure. (The detailed methods are provided in the ESI.) For convenience of our further 

discussions, the gelatin-silk fibroin hydrogel with only one IPN will be called “1-IPN” and 

the hydrogel with two layers of IPN will be called “2-IPN”.
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Rheology was used as indirect evidence for the formation of covalent crosslinks within 

gelatin by the action of mTG (Figure 2a). G’ and G’’ of the mixture of gelatin and silk 

fibroin in the presence of mTG continued to rise with time, with G’ reaching ~ 10,000 Pa 

after 1 hour. On the other hand, G’ and G’’ remained two orders of magnitude smaller 

without mTG (< 100 Pa), despite a constant increase in G’ and G’’. This increase in moduli 

without mTG is most likely due to the β-sheet formation of silk fibroin at an elevated 

temperature (37 °C)34. The substantial difference in shear moduli by mTG is evidence for 

the covalent bond formation within gelatin by mTG. Both G’ and G’’ increased with angular 

frequencies, which is typical of hydrogels that are crosslinked by both covalent and physical 

crosslinks (Figure S1a)35. Although the hydrogel was not treated with ethanol during the 

rheology, β-sheet may have formed in silk at an elevated temperature, and gelatin itself 

naturally forms physical crosslinks by hydrogen bonding. In the temperature sweep, G’ and 

G’’ of mTG-crosslinked gelatin-silk fibroin hydrogel decreased with temperature (Figure 

S1b). This is because the physical crosslinks within gelatin dissociated as the thermal energy 

increased. However, G’ and G’’ reached a plateau instead of continuing to decrease, which 

proves the existence of permanent covalent crosslinks. The shear moduli of gelatin-silk 

fibroin mixture without mTG increased with temperature then decreased at high 

temperatures. The initial increase is likely due to the formation of beta sheets as temperature 

increased, but at high temperatures, the physical crosslinks of gelatin dissociates, resulting in 

a decrease in shear moduli. Based on the substantial increase in G’ and the melting 

resistance of the hydrogel at elevated temperatures, we conclude that the addition of mTG 

resulted in covalent crosslinks within the gelatin polymers.

The formation of β-sheet structure of silk fibroin within the IPN hydrogels was confirmed 

by FT-IR (Figure 2b, Figure S2). Gelatin-only hydrogel that was crosslinked by mTG 

exhibited a random coil conformation (amide I at 1640 cm−1). Silk fibroin hydrogel that was 

crosslinked by β-sheet showed a shift of amide I peaks to 1620 cm−1. Additionally, new 

peaks at 1530 cm−1 (amide II) and 1260 cm−1 (amide III) appeared corresponding to the β-

sheets. Both 1-IPN and 2-IPN hydrogels showed similar peaks that corresponded to β-sheets 

due to the presence of physical crosslinks within silk fibroin. There was no significant 

difference between 1-IPN and 2-IPN because the molecular compositions were similar.

Taken together, the results from rheology and FT-IR spectra prove that the IPN hydrogels 

had both covalent crosslinks (within gelatin) and physical crosslinks (within silk fibroin).

Scanning electron microscope (SEM) images of the IPN hydrogels show the presence of 

interconnected micropores, which is a characteristic of lyophilized hydrogels (Figure 2c,d). 

We did not observe significant morphological differences between 1-IPN and 2-IPN.

The pore size ranged between 40–60 µm. There was no distinct difference between 1-IPN 

and 2-IPN hydrogels. The IPN hydrogels had similar structures as silk only hydrogel (Figure 

S3). This microporous structure provides the space for cellular growth within the hydrogels.

The IPN hydrogels were made of natural protein polymers – gelatin and silk fibroin- and can 

naturally degrade by various proteolytic enzymes and phagocytic cells if implanted in an in 
vivo environment36, 37. One important mechanism of degradation is through the actions of 
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matrix metalloproteinases (MMPs). Biodegradation of the IPN hydrogels was measured by 

incubating them in collagenase type II solution (0.15 % w/v) at 37 °C by measuring the 

weight of the residual gels (Figure S4). Collagenase II is a bacterial analogue of MMPs. As 

expected, gelatin degraded most rapidly because gelatin possesses the amino sequences that 

are recognized by collagenases38. There was no significant decrease in the amount of 

residual gel for silk hydrogel. This result is consistent with the fact that silk fibroin is 

minimally sensitive to collagenases36. 1-IPN and 2-IPN degraded at similar rates as silk 

hydrogel although it contained 50% gelatin by weight. Slower degradation of IPNs than the 

gelatin-only hydrogel is important because the gelatin hydrogels can degrade much more 

quickly than desired39.

The IPN hydrogels were highly elastic and mechanically tough. As can be seen in Figure 3a, 

b, the hydrogel restored its original shape without any damage even after significant 

bending. Figure 3c,d (and Figure S5 for more complete compressive modulus information) 

is the summary of the mechanical tests in the compression mode. Disc shaped hydrogels 

were compressed at a constant velocity (5 mm/min) as the force applied to the hydrogel was 

measured. Stress-strain curves clearly show that IPN hydrogels are much stiffer than silk 

only or gelatin only hydrogels (Figure 3c). The gelatin hydrogel was the softest with the 

compressive modulus 5.87 kPa at 10% strain, 22.6 kPa at 30% strain and 101 kPa at 50% 

strain (Figure 3d). Compressive modulus of 1-IPN hydrogel was much higher with its 

compressive modulus being 848 kPa at 50% strain. An addition of another layer of IPN to 1-

IPN further increased its stiffness to 1.56 GPa at 50% strain. The compressive moduli of 2-

IPN hydrogels are comparable to or greater than other silk-based hydrogels reported in the 

literature27, 31, 40, proving the benefit of forming multiple IPNs within a hydrogel. The 

compressive moduli of 2-IPN is comparable to that of soft tissues such as cartilage and skin 

(~0.1–1 MPa)41, and some hard tissues such as cancellous bone (1–10 MPa)42.

Biocompatibility of the IPN hydrogels was tested by culturing human dermal fibroblasts 

(hDFs) on the hydrogels in vitro (Figure 4a). At all time points (1, 3, 7 days post seeding), 

hDF proliferation was the highest on gelatin hydrogels, followed by 2-IPN, 1-IPN and silk 

hydrogels. Only the silk hydrogel group showed statistically significant differences 

compared to the gelatin hydrogel group. In general, silk hydrogels are considered as 

biocompatible, but silk fibroin does not possess inherent cell adhesive ligands. This 

proliferation assay clearly shows the advantage of incorporating gelatin in the hydrogel since 

gelatin provides the natural cell adhesive ligands, such as RGD and allows cell adhesion and 

proliferation. Some silk fibroin-only hydrogels were reported to have comparable 

mechanical properties as the IPN hydrogels reported here. However, the clear advantage of 

the gelatin-silk fibroin IPN hydrogel is the inclusion of gelatin, which significantly enhanced 

its biological activity, manifested by superior cell adhesion and proliferation.

Due to the optical opacity of the IPN hydrogels, scanning electron microscope (SEM) was 

used for visualization of hDFs instead of optical microscopy. The frequency of cells in the 

SEM images was largely consistent with the proliferation assay. On silk hydrogels, very few 

cells were found (Figure 4b), whereas on both 1-IPN and 2-IPN, a large number of cells 

could be identified on day 3 (Figure 4c, d).
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Conclusions

The gelatin-silk fibroin IPN hydrogels displayed much improved mechanical properties 

compared to gelatin or silk hydrogels. Addition of another layer of IPN further enhanced the 

mechanical properties. These biodegradable hydrogels were made of naturally-occurring 

proteins which were used without any chemical modifications. They were non-cytotoxic and 

allowed cell adhesion and proliferation of hDFs in vitro. These hydrogels will be useful 

biomaterials in tissue engineering and regenerative medicine.
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Figure 1. 
Schematic of the synthesis of gelatin-silk fibroin IPN hydrogel. Gelatin is crosslinked 

covalently by the action of mTG, and silk is crosslinked physically by the formation of β-

sheet structures. This process of IPN formation is repeated on the same hydrogel.
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Figure 2. 
(a) Shear moduli of an aqueous mixture of gelatin and silk fibroin as a function of time. (b) 

FT-IR of hydrogels. The three vertical dotted lines are (from left to right) amide I, amide II 

and amide II peaks. (c,d) SEM images of (c) 1-IPN and 2-IPN hydrogels. Scale bar = 100 

µm.
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Figure 3. 
(a,b) Demonstration of the elasticity of the IPN hydrogel. 2-IPN was completely bent, 

restored its original shape when released. (c) Strain-stress curve from the compressive 

mechanical tests. (d) Compressive modulus at 0.1, 0.3 and 0.5 strain.
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Figure 4. 
(a) Proliferation of hDFs on hydrogels. The results were normalized to the cells on tissue 

culture polystyrene (TCPS). * denote p < 0.05 compared to the gelatin group (n = 4). (b-e) 

SEM images on day 3. (b) Gelatin hydrogel (c) Silk hydrogel (d) 1-IPN (e) 2-IPN. Scale bar 

= 50 µm. Larger versions of SEM images can be found in ESI.
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