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1. Supplementary materials and methods 

1.1. Microgel synthesis 

 

Fig. S1: Microgels synthesis 

 

1.2. Water-based silk fibroin solution preparation 

 

Fig. S2: Preparation of water based silk fibroin solution 

 



1.3. Silk granular hydrogel synthesis 

 

Fig. S3: Synthesis of silk granular hydrogels. 

  



1.4. Synthesis rule for silk granular hydrogel 

Silk granular hydrogels initially containing 4 wt.% of dry microgels had the lowest swelling ratios. 
However, for load-bearing applications, those composed of 5 wt.% of dry microgels would present a 
better compromise between mechanical and swelling properties due to their higher elastic moduli. 
The material properties of silk granular hydrogels can be extended by using other types of microgels. 
Nevertheless, it is not straightforward to determine the initial dry microgels concentration, because 
their water uptake significantly depends on the material (i.e. polymer hydrophilicity, polymer 
concentration, molecular weight, crosslinking density). Therefore, based on the observations made in 
this study, a synthesis method for selecting the initial concentration of dry microgels is proposed and 
explained in Fig. S4. The method estimates first the water uptake of the dry microgels with an 
equivalent neat hydrogel cylinder. For example, when a swollen PEGDM hydrogel had a final polymer 
content of 4 wt.% it was observed that adding 1 wt.% more of polymer into the dry microgels was ideal 
for the regeneration of silk fibroin. The addition of less or more than 1 wt.% regenerated a to loosely 
or to compact granular structure inhibiting the adequate formation of silk fibers. 

 

 

 

Fig. S4: Synthesis rule for creating silk granular hydrogel 

  



2. Supplementary results 

2.1. Tensile properties of different hydrogel structures 

For completing the mechanical characterization, tensile properties were evaluated and presented 
in Fig. S5, which is a property chart that presents the tensile modulus, determined between 10% and 
15% applied strain, as a function of strain at failure. The tensile moduli of silk granular hydrogels (i.e. 
86-296 kPa) were significantly larger than hydrogel composite - C (i.e.  39-105 kPa) or hybrid granular 
hydrogel - H (i.e. 27-90 kPa). However, as observed in many other materials, an increase in stiffness is 
mostly accompanied by a decrease in elongation. The average strains measured at failure (i.e. 29-62%) 
were dramatically smaller than the other structures. The lower elongations were probably driven by 
the maximal extension of regenerated silk fibroin itself. Indeed, it was reported that the elongation of 
regenerated silk fibroin hardly exceeds 65%1. 

 

Fig. S5: (a) Property chart of seven different hydrogel structures with various compositions showing the tensile 
modulus determined between 10% and 15% applied strain as a function of the strain at failure. Representative 
cyclic loadings in (b) compression and (c) tensile of silk granular hydrogel - 5S5. 



2.2. Microstructures  

 

Fig. S6: Microstructures of 4 different silk granular hydrogels compositions. 

 

 



2.3. Silk fibroin crystallinity 

2.3.1. Representative FTIR spectra of silk fibroin and silk granular hydrogels  

 

Fig. S7: FTIR of silk fibroin fibers regenerated in situ in tested silk granular hydrogels. *Silk fibroin solution was 
dried for 2h at 60°C. 

 

2.3.2. Assignment of absorbance peaks to secondary structures of silk fibroin  

Table S1: Absorbance peaks of secondary structures of silk fibroin 1–5  

Secondary structure  Wavelength [cm−1] 

Side chains 1605-1615 
β-sheet (weak) / aggregate β-strand 1616-1621 
Parallel β-sheet 1620 
Anti-parallel β-sheet 1623 
β-sheet (strong) 1618, 1621-1638 
Random coil 1638-1654 
α-helices 1655-1662 
β-turns 1663-1696, 1715 
β-sheet (weak) 1697-1703 

 

  



2.3.3. Deconvolution of FTIR spectra 

 

Fig. S8: Secondary structures of silk fibroin regenerate in silk granular hydrogel. (a) Hidden peaks were 
revealed by the second derivative of the convoluted IR spectra of silk granular hydrogel – 5S5. (b) 
Deconvolution of FTIR spectra using Gaussian curves of silk granular hydrogel - 5S5. 

  



Table S2: Assigned secondary structures of silk granular hydrogel - 5S5 determined from deconvoluted 
Gaussian curves from FTIR Spectra. 

Peak ID Peak center  
[cm−1] 

Peak area  
[cm−1] 

Peak area  
[%] 

Secondary structure  

1 1622 15.6 53.5 β-sheet (strong) 
2 1639 2.6 8.8 Random coil 
3 1647 2.8 9.5 Random coil 
4 1657 1 3.5 α-helices 
5 1664 1.9 6.6 β-turns 
6 1680 4.4 15.2 β-turns 
7 1699 0.8 2.9 β-sheet (weak) 

 

 

 

Table S3: Assigned secondary structures of dry silk fibroin determined from deconvoluted Gaussian curves 
from FTIR Spectra. 

Peak ID Peak center  
[cm−1] 

Peak area  
[cm−1] 

Peak area  
[%] 

Secondary structure  

1 1618 11.5 40.1 
β-sheet (weak) / 
aggregate β-strand 

2 1645 11.2 39.1 Random coil 
3 1653 1.6 5.6 Random coil 
4 1664 0.7 2.4 β-turns 
5 1676 0.5 1.7 β-turns 
6 1686 3.2 11.1 β-turns 

 

  



2.4. Mechanical gradient through sequential layering 

Hydrogels can currently not compete with some load-bearing tissues, such as meniscus or articular 
cartilage, mainly because it is difficult to mimic their highly hierarchical microstructures. For example, 
as illustrated in Fig. S9, articular cartilage exhibits multiple mechanical gradients. The stiffness 
progressively increases when approaching the subchondral bone and regions. However, gradients are 
usually ignored in tissue engineering, mainly for practical reasons, despite their physiological functions. 
Creating gradients, especially multiple gradients, remains challenging and often requires special 
equipment and a complex synthesis process.6 Nevertheless, these last years, many techniques were 
established to create layered or continuous gradients in hydrogels.6–14  The choice of the synthesis 
process is based on different criteria such as the type of gradients (i.e. continuous or layered),  type of 
precursors (i.e. low or high viscosity, crosslinking mechanism), freedom of geometries (i.e. film, 
cylinder, or complex 3D printed geometry), or the number of gradients (i.e. gradient in one or different 
directions). 

 

Fig. S9: Requirements for developing mechanical gradients in hydrogels through sequential layering. The 
example illustrates the local replacement of osteochondral tissues exhibiting a mechanical gradient with four 
different materials. 



3. Supplementary movies 

Movie 1: 3D projection showing the microstructure of a representative silk granular hydrogel 
(4S3) observed with fluorescence confocal microscopy. 
Movie_1-Microstructure_of_silk_granular_hydrogel.gif 

Movie 2: Injectability of representative silk granular hydrogel precursors through a 16G needle. 
Movie_2-Injectability_of_silk_granular_hydrogel_precursor.mp4 
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