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Intraarticularly injectable silk hydrogel microspheres with enhanced 
mechanical and structural stability to attenuate osteoarthritis 
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A B S T R A C T   

A silk fibroin (silk) hydrogel was prepared by using diglycidyl ether (BDDE), a chemical crosslinker commonly 
used to generate Food and Drug Administration (FDA)-approved hyaluronic acid (HA) medical products. The 
silk/BDDE hydrogels exhibited high elasticity (compressive modulus of 166 ± 15.0 kPa), anti-fatigue properties, 
and stable structure and mechanical strength in aqueous solution. Chemical crosslinking was conducted in a high 
concentration (9.3 M) of lithium bromide (LiBr) solution, a salt that is commonly used to dissolve degummed silk 
fibers during silk solubilization. The unfolded and extended structure of silk molecules with these reaction 
conditions, as well as the unique ionic environment provided by LiBr facilitated a high degree of crosslinking in 
the hydrogel. Similar hydrogels were not obtained when the silk was dissolved in other silk fiber-dissolving 
reagents (e.g., Ajisawa’s, formic acid (FA)/LiBr, FA/CaCl2 solutions), likely because partially folded silk struc-
tures and the ionic conditions with these reagents were less favorable for the crosslinking reaction. Based on 
these findings, silk/BDDE hydrogel spheres were prepared using an oil/water (o/w) emulsification method and 
biocompatibility and biodegradation were evaluated in vivo, along with other silk gel control systems (e.g., 
enzyme-catalyzed di-tyrosine and pulverized silk/BDDE gel particles with irregular shapes). Histological and 
immunohistochemical analyses demonstrated that the silk/BDDE hydrogel spheres were biocompatible and 
served as a bio-lubricant to treat osteoarthritis (OA). The intra-articular injection of the gel spheres reduced pain 
as measured with OA rats, reduced cartilage damage and resisted the digestive environment in the articular 
cavity for extended time frames (>4 weeks), suggesting utility for pain relief and sustained drug release for 
future OA treatments.   
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1. Introduction 

Silk fibroin protein (silk), a natural biopolymer that is derived from 
the cocoons of silkworms, especially the domestic specie Bombyx mori, 
has been widely explored for medical applications, ranging from skin 
care to tissue regeneration and pharmaceutical applications owing to its 
biocompatibility, mild immunological response and tunable physico- 
chemical properties, including surface activity, mechanical strength 
and biodegradability [1]. A variety of silk biomaterials in the forms of 
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particles, films, fibers, sponges and other formats can be fabricated via 
chemical or physical crosslinking methods, and their functions as drug 
delivery carriers and fillers and dressings for tissue repair have been well 
documented. Among these materials, hydrogels have exhibited benefits 
when used for regenerative medicine goals, due to their tunable me-
chanical properties and dominate water content. The formation of silk 
hydrogels can be induced by physical or chemical methods [2,3], which 
differentiates them from many other biopolymeric hydrogels in 
providing tunable properties for specific in vitro and in vivo performance. 

The silk molecule is rich in amino acid sequence repeats of Gly-Ser- 
Gly-Ala-Gly-Ala, which can interact with each other and stack into stable 
anti-parallel β-sheet structures. These stacked β-sheets eventually crys-
tallize and function as physical crosslinks to confer stability and water 
insolubility to silk materials, where the content and distribution of 
β-sheets can be tuned by adopting different processing conditions. 
Physically crosslinked silk hydrogels with high β-sheet content can be 
prepared via sonication [4], vortex, high temperature, low pH [5], 
electric current [6] and other means. These methods foster the 
self-assembly of the silk chains and are facile and non-toxic to manip-
ulate, with the hydrogels formed consisting of pure silk, thus exhibiting 
excellent biodegradability and biocompatibility. However, the sol-gel 
transition process is relatively difficult to control and difficult to scale; 
more importantly, the hydrogels prepared by physical crosslinking are 
generally stiff, making them challenging to handle or to pressure after 
implantation in the body. Applying an electric field to the silk solution 
can induce the formation of viscoelastic hydrogels (E-gel), but the gel 
formed is generally not homogeneous; and the α-helix-dominated e-gel 
is not stable and gains β-sheet content and becomes stiffer with time. 

Given the aforementioned drawbacks of physically crosslinked silk 
hydrogels, chemical crosslinking was assessed further to develop new 
silk hydrogels with improved mechanical and biocompatibility proper-
ties. Silk hydrogels formed by chemical crosslinkers, (e.g. glutaralde-
hyde [7], gennipin [8], dityrosine (ribofiavin) [9], superoxide ion (O2

− ) 
(Horseradish peroxidase (HRP)-H2O2) [10], hydroxyl radical (.OH) 
(Fenton) [11]), photocrosslinking [12], among others have been previ-
ously reported. Among these crosslinkers, glutaraldehyde [13] and 
genipin [8] react mainly with lysines and arginines in the protein. 
However, only ~0.6 mol% of the total amino acids in silk consist of 
lysine and arginine, which results in low reaction efficiency. Glutaral-
dehyde also has high toxicity, thus is generally considered not suitable 
for biomaterials. Although naturally derived genipin has relatively low 
toxicity, its use in medical applications remains limited. None of these 
chemical agents have been used for synthesizing silk hydrogels for in 
vivo applications; they were used in vitro to promote β-sheet formation 
and improve the stiffness and moduli of silk sponges [14]. Silk hydrogels 
prepared with HRP-catalyzed di-tyrosine reactions showed high elas-
ticity, transparency and tunable stiffness. However, HRP is a heterolo-
gous protein for humans, which has potential to result in 
immune-related reactions after implantation of the hydrogels in the 
body. Furthermore, the number of tyrosines in silk chains (~5+ wt 
percent), is not sufficient to prevent intermolecular hydrogen bonds 
formation and chain rearrangement with time. As a result, the transition 
of silk secondary structure from random coil/α-helix-dominated to 
β-sheet-dominated structures can occur in HRP-induced silk hydrogels, 
unless sufficient hydrophilic copolymers are used in the reactions (e.g., 
hyaluronic acid, collagen), otherwise, the gels may lose elasticity and 
stiffen with time. Highly elastic, transparent silk hydrogels can be ach-
ieved through photo-induced crosslinking [15]. Compared to 
HRP-catalyzed dityrosine crosslinking, photo-crosslinking can improve 
the stability of silk secondary structures and therefore the material 
properties. However, the residual photosensitizer used in the reaction 
may cause side effects in the body, and are not approved by the FDA. 

To address these challenges, we have recently developed a new 
method to react silk with diglycidyl ether (BDDE) and subsequently 
crosslink efficiently to achieve highly elastic, stable hydrogels. BDDE is a 
well-known, FDA-approved chemical crosslinker that has been 

commonly used to generate hyaluronic acid (HA) gels. The HA gels with 
residual BDDE below 5 ppb (μg/g) are considered safe when injected or 
implanted in the body [16,17]. To our knowledge, BDDE crosslinking 
was only applied to generate silk/HA composite hydrogels under alka-
line condition [18], similar to the conditions used in BDDE-crosslinked 
HA gelation. Silk alone has not been reported to form hydrogels via 
BDDE crosslinking, likely due to the low crosslinking efficiency when 
regenerated silk solution was used, even under alkaline conditions. 

In this study, BDDE crosslinking was conducted in a high concen-
tration (9.3 M) of lithium bromide (LiBr) (Scheme 1a), in which the 
degummed silk fibers and silk protein chains were fully dissolved and 
unfolded. Silk hydrogels with high transparency, elasticity and stability 
were achieved in situ. The reaction efficiency and the washing steps were 
optimized, and the secondary structure, mechanical properties, stability, 
cytocompatibility and biocompatibility were evaluated. Furthermore, 
optimized conditions were used to fabricate silk hydrogel spheres in a 
water-in-oil (w/o) emulsification system (Scheme 1b), and these 
injectable hydrogel spheres were used as a bio-lubricant to treat osteo-
arthritis (OA) in a rat disease model (Scheme 1c). Significant pain relief 
of the rats, and a long residence time (> one month), biocompatibility 
and cartilage tissue repair capability of these silk hydrogel spheres were 
demonstrated. We anticipate the silk hydrogel spheres developed here 
may be useful with or without drugs for the treatment of a variety of 
diseases like osteoarthritis. 

2. Experimental section 

2.1. Materials 

Degummed silk was supplied by Simatech Corporation (Suzhou, 
China). Lithium bromide (LiBr), horseradish peroxidase (HRP), and 
Protease XIV from Streptomyces griseus were purchased from Aladdin 
Biochemical Technology Co., Ltd. (Shanghai, China). 1,4-Butanediol 
diglycidyl ether (BDDE), Formic acid, Acetophenone, Potassium hy-
droxide and Nicotinamide were obtained from Macklin Biochemical 
Technology Co., Ltd. (Shanghai, China). DMEM cell culture medium, 
Fetal Bovine Serum (FBS), antibiotic/antimycotic, AlamarBlue cell 
viability reagent (Molecular Probes, Life Technologies, Grand Island, 
NY). Calcein acetoxymethyl ester (calcein AM), Hematoxylin-Eosin (H & 
E) staining kit, Masson Stain Kit, Alcian blue/Aafrinin-O staining Kit, 
Safranin O/fast green Kit, and other staining reagents were obtained 
from Thermo Fisher Scientific Co., Ltd. (Shanghai, China). Myeloper-
oxidase (MPO) antibody (GB11224), Autofluorescence quencher, Anti-
fade Mounting Medium, Bovine serum albumin (BSA), Cy3 goat anti- 
rabbit IgG (H + L) (GB21303), Citric acid antigen repair fluid (PH 6.0) 
and other reagents were obtained from Servicebio Technology Co., Ltd. 
(Wuhan, China). Anti-CD68 antibody (BA3638) was obtained from 
Boster Biological Technology Co., Ltd. (Wuhan, China). Danforth’s short 
tail (SD) rat (145–155 g) were purchased from SLRC Laboratory Animal 
Co., Ltd. (C57/BL6, Shanghai, China). Other chemical reagents were 
obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). 

2.2. Preparation of bulk silk hydrogels 

Regenerated silk was prepared and concentrated according to stan-
dard methods [19], containing degumming by 0.02 M Na2CO3, dis-
solving by 9.3 M LiBr and desalting by dialysis to water basic process 
without modification. 

For preparation of silk/BDDE hydrogels: 

Strategy 1. Regenerated silk in alkaline solution. NaOH powder was 
added to 10 mL freshly prepared regenerated silk solution (20%) to 
reach a NaOH concentration of 0.25 M, followed by the addition of 
400 μL BDDE to the solution. The mixture was incubated at 60 ◦C for 
1.5 h. 
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Scheme 1. Schematic showing the crosslinking processes and mechanisms to form HRP and BDDE silk hydrogels. a) The process of hydrogel formation and the 
structural characteristics of silk molecules. b) Fabrication of silk/BDDE hydrogel spheres and pulverized hydrogel particles. The left two schematics show that silk 
molecules associate into core structures (indicated as red arrows) in the regenerated solution, which are crosslinked via HRP catalyzed reaction between the exposed 
tyrosine residues, similar to the crossed fingers between two hands; the right two schematics show that silk molecules are fully unfolded and can be crosslinked via 
BDDE between multiple amino acids, similar to the tightly held two hands. (c) Intra-articular injection of the hydrogel particles for OA treatment. 
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Strategy 2. Dissolved silk in LiBr solution. Degummed silk fibers 
(degumming time 5, 15, 30, 60, 90 min by 0.02 M NaOH) weighing 
2.5, 2, 1.5, 1, 0.75 g were dissolved in 10 mL of 9.3 M LiBr at 60 ◦C 
for 0.25, 0.5, 1, 1.5, 2, 4, 8 h, yielding dissolved silk solutions at 
concentrations of 25, 20, 15, 10, 7.5% (w/v). The dissolved silk so-
lutions were supplemented with 65, 125, 250, 400, 500, 700, 1000 
μL BDDE, and the mixtures were incubated at 60 ◦C for 1, 3, 6, 12, 24 
h. The crosslinked hydrogels were washed with water for 3 days with 
10 changes of DI water. 
Strategy 3. Dissolved silk in other silk dissolving reagents, as controls 
for Strategy 2. Degummed silk fibers weighing 2 g were dissolved in 
10 mL silk dissolving reagents, including Ajisawa’s reagent [20], 
formic acid (FA)/LiBr [21] and FA/CaCl2 [22]. The dissolved silk 
solution was supplemented with 400 μL BDDE, and the mixture was 
incubated at 60 ◦C for 1.5 h. 
Strategy 4. Supplementation of LiBr to the regenerated silk solution, 
as the control of Strategy 2. LiBr powder was added to 10 mL freshly 
prepared and concentrated regenerated silk (20%) to reach a LiBr 
concentration of 9.3 M, followed by the addition of 400 μL BDDE to 
the solution, and the mixture was incubated at 60 ◦C for 1.5 h. 
Strategy 5. Degummed silk fibers weighing 2 g were dissolved in 10 
mL Ajisawa’s reagent to obtain 20% silk solutions. LiBr powder was 
added to the dissolving silk to obtain a LiBr concentration of 9.3 M, 
followed by the addition of 400 μL BDDE, and the mixture was 
incubated at 60 ◦C for 1.5 h. 

For preparation of silk/HRP hydrogel and silk/sonication hydrogel, 
silk/HRP hydrogel and silk/sonication hydrogel were fabricated by 
using regenerated silk solution (5%) according to the reported methods 
[4,10]. 

2.3. Detection of BDDE activity in varies dissolving solutions 

Fifteen μL of 2 mg/mL BDDE solution was mixed with 985 μL of the 
following reagent: water (control), 9.3 M LiBr solution, 0.25 M NaOH 
solution, Ajisawa’s reagent, FA/LiBr, FA/CaCl2, and FA. The final con-
centration of BDDE in the mixed solution was 30 μg/mL. After the mixed 
solutions were incubated at 60 ◦C for 1.5 h, the amount of reactive BDDE 
was determined as follows: 400 μL of mixed solution, 200 μL of pure 
water, and 300 μL of 125 mmol/L nicotinamide solution were added into 
a 1 mL centrifuge tube. The centrifuge tube was incubated in a 37 ◦C 
water bath for 6 h. After the reaction, 30 μL of the solution was pipetted 
into a 24-well plate, with 6 parallel samples in each group. Then, 100 μL 
of 1 mol/L potassium hydroxide solution and 15% (v/v) acetophenone 
solution were added into each well, and the reaction was lasted for 10 
min in an ice bath. Finally, 500 μL of FA was added and the solution was 
incubated at 60 ◦C for 5 min. The 24-well plate was then cooled down in 
an ice bath, and placed at room temperature for 10 min. Fluorescence 
intensity was measured using a microplate reader (λex530 nm, λem590, 
H2 Microplate Reader, BioTech, USA). 

2.4. Characterization of bulk silk fibroin hydrogels 

For morphological characterization, freshly prepared silk/HRP and 
silk/BDDE hydrogels were frozen, lyophilized and subjected to SEM 
examination using a S-4800 field emission scanning electron microscope 
(Hitachi, Japan). The SEM images were taken at a voltage of 3 kV and a 
current of 10 μA. The current of gold injection was set to 10 mA and the 
time of gold injection was 90 s. 

For compression modulus, the freshly prepared and methanol- 
treated silk/HRP or silk/BDDE hydrogels were measured by Texture 
Analyzer (TMS-PRO, USA) using a 25 N compression sensor. Compres-
sion deformation was set to 30 and 60%. The compression speed and 
rebound speed of the texture analyzer were set to 30 mm/min. The test 
samples were punched into a cylinder shape with a diameter of 10 mm 
and a height of 8 mm. 

For silk secondary structure, FTIR was used to characterize the sec-
ondary structure of silk. After freeze-drying the sample, a small amount 
of test sample (1 mg) and potassium bromide powder (100 mg) were 
ground and pressed into tablets, and then scanned from 400 to 4000 
cm− 1 using a Nicolet 5700 Fourier Transform Infrared Spectrometer 
(Nicolet, USA). Origin 8.0 and peakfit 4.12 were used for the deconvo-
lution of amide I spectra (1595-1705 cm− 1) [23]. 

For water contact angle, the silk/sonication and silk/BDDE hydro-
gels were fabricated on glass slides. Contact angles of the gel surfaces 
were examined using a Krüss DSA 100 (Krüss Company, Germany) 
apparatus. A sessile drop (5 μL drop of pure water) detection mode was 
adopted for the measurement. 

For 13C NMR assay, freshly prepared hydrogels (silk/sonication, silk/ 
HRP or silk/BDDE hydrogels) were frozen and lyophilized. A small 
amount of test sample (50 mg) was examined using a solid wide cavity 
superconducting NMR spectrometer (100 MHz, CDCl3) (NMR, 
ADVANCEIII/WB-400, Switzerland). 

For amino acid analysis, HCl (6 N) at a volume of 20 mL was added to 
the hydrolysis bottles containing 80 mg of freeze-dried hydrogel (Re-
generated silk, silk/sonication, silk/HRP or silk/BDDE hydrogels) and 
allowed to hydrolyze at 110 ◦C for 24 h. An aliquot of the hydrolyzed 
mixture (~200 μL) was dried at 50 ± 1 ◦C for 24 h. The dried amino acid 
power was dissolved in 0.02 N HCl to achieve a final concentration 100 
μg/mL. One mL of the dissolved mixture was injected into a special 
bottle for amino acid composition analysis using a high-speed amino 
acid analyzer (L-8900, Hitachi, Japan) [24]. 

The permillage of crosslinked amino acid=
MR1− i − MHB1− i

∑1
i MR

× 1000 (1)  

where, MR1-i is the molar content of Gly, Ala, Thr, Ser, Glu, Asp, Tyr, Lys 
or His in 100 μg regenerated silk, MHB1-i is the molar content of Gly, Ala, 
Thr, Ser, Glu, Asp, Tyr, Lys or His in 100 μg silk/HRP hydrogel or silk/ 
BDDE hydrogel, and Sum MR is the total molar content of above amino 
acids in 100 μg regenerated silk. 

For determination of residual BDDE in silk/BDDE hydrogel, 400 mg 
of silk/BDDE hydrogel, 200 μL of pure water, and 300 μL of 125 mmol/L 
nicotinamide solution were added into a 10 mL centrifuge tube. The 
centrifuge tube was incubated in a 37 ◦C water bath for 6 h. The 
remaining steps were the same as that described in 2.3. 

For in vitro enzymatic degradation of silk hydrogels, one mL of pro-
tease XIV solution (5 units/mL in 10 mmol/L PBS buffer (pH 7.4)) was 
added to 2 mL round bottom centrifuge EP tubes that contained 50 mg of 
lyophilized hydrogels (silk/sonication, silk/HRP or silk/BDDE hydro-
gels). The centrifuge tubes were incubated in a 37 ◦C oven with 
continuous shaking. The samples were centrifuged at 10,000 rpm for 5 
min, and protease XIV solution was replaced once every 24 h. At 
designated time points (1, 3, 5, 9, 17, 30 days), gel precipitates were 
collected, washed three times with deionized water, and dried at 60 ◦C 
overnight in EP tubes. 

The weight residues of the samples were calculated by the formula. 

Weight residual rate%=
W2 − W0

W1 − W0
× 100 (2)  

where, w0 is the weight of EP tube, w1 is the weight of initial weight of 
the EP tube containing lyophilized hydrogels, and w2 is the weight of EP 
tubes containing residual hydrogels. 

2.5. In vitro evaluation of cytocompatibility of bulk silk fibroin hydrogels 

To determine cell proliferation on the silk hydrogels, rat bone 
mesenchymal stem cells (rMSCs) were isolated from the femur and hu-
merus of 4-week-old male rats, according to standard methods [25]. 
Cells were cultured in DMEM medium, supplying 10% fetal bovine 
serum, 1 ng mL− 1 basic fibroblast growth factor (bFGF), 1% 
non-essential amino acids (NEAA) and 1% antibiotics/antifungals 
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(Thermo Fisher Scientific, USA). To test for cell attachment, a 150 μL 
aliquot of the dissolved silk containing BDDE was pipetted into 24 well 
plates (Nunc, USA), allowed to crosslink at 37 ◦C overnight, and washed 
with water for 72 h. Then, 150 μL of regenerated silk solution (5%) was 
sonicated according to the literature [4], and the gel formed was 
pipetted into 24 well plates (Nunc, USA), allowed to crosslink at 37 ◦C 
for 4 h, and washed with water for 72 h. 

rMSCs were seeded on TCP, silk/sonication hydrogel, and silk/BDDE 
hydrogel at 1 × 104 cells/mL. Culture medium was changed every 48 h. 
At designated times (1, 3, 5, 6, 10 days), cell medium was discarded, and 
cells were incubated in 250 μL FBS-free medium containing 10% (v/v) 
AlamarBlue (Molecular Probes, Life Technologies, Grand Island, NY) for 
3 h. An aliquot of 100 μL reaction medium was transferred to a black 96- 
well plate (conning) and fluorescence intensity was measured using a 
microplate reader (λex530 nm, λem590, H2 Microplate Reader, 
BioTech, USA). The initial reaction medium in the plate was discarded, 
and 2 mL of new culture medium was added. For live cell assays, cells 
cultured on the hydrogels for 5, 7 days were washed with PBS, stained 
with calcein AM (4 μM), and washed with PBS twice. Fluorescence Im-
ages were recorded with a fluorescence microscope (Axio Vert. A1, Carl 
Zeiss, Germany). 

2.6. In vivo biocompatibility of bulk silk fibroin hydrogels 

Hydrogel cylinders with a diameter of 5 mm and height of 5 mm 
were implanted subcutaneously into the back of rats. At 3, 7, 28 days 
after implantation, the rats were euthanized, and specimens and adja-
cent tissues were collected and fixed in 10% formalin for histological 
examination. 

The samples were dehydrated, embedded in paraffin, and sectioned 
according to the standard method [26]. Sections were histochemically 
stained with hematoxylin and eosin (H&E) and Masson’s trichrome 
(MT) staining according to the manufacturer’s instructions [27]. Images 
were recorded by using an inverted fluorescence microscope (Axio Vert. 
A1, Carl Zeiss, Germany). Sections were immunohistostained with pri-
mary antibodies: polyclonal rabbit anti-myeloperoxidase (MPO) anti-
body (1: 1000 dilution) and monoclonal mouse anti-CD68 antibody (1: 
200 dilution), stained with secondary antibody: CY3, CY5 goat 
anti-rabbit IgG (H + L) (1: 200 dilution), and then washed in PBS and 
counterstained with 4′6-dimidyl-2-phenylindole (DAPI) to stain the 
nuclei, according to the standard method [27]. Images were taken using 
a confocal laser scanning microscope (IX81/FV1000, Olympus, Japan). 
The analyses of the area ratios of CD68/nucleus and MPO/nucleus were 
performed using Image J. 

2.7. Preparation of pulverized hydrogel particles and hydrogel spheres 

Bulk silk/BDDE hydrogels were prepared as described above. The 
newly prepared hydrogels were transferred to a 10 mL glass tissue 
grinder (Shuniu, Sichuan Shubo (Group) Co. LTD) and pulverized into 
particles. The process was repeated three times to obtain fine particles 
with particle sizes of 20–150 μm. The particles were stored in a wet state 
at 4 ◦C before use. 

Hydrogel spheres were prepared using a w/o emulsion technique. 
First, the dissolved silk in 9.3 M LiBr and BDDE at a concentration of 
20% (w/v) was dropped into stirred (1000 rpm) soybean oil bath; the 
volume ratio between silk solution and oil was no more than 10% (v/v). 
Cross-linking was performed at 60 ◦C for 3 h, with continuous stirring 
(1000 rpm) of the w/o emulsion. The emulsion was transferred to a 
dialysis tube and dialyzed against water for 72 h. The silk/BDDE gel 
spheres were concentrated using medical gauze and quantitative filter 
paper to remove free water. The concentrated gel spheres were then 
transferred to 1 mL syringes and stored at 4 ◦C before use. 

2.8. Characterization of pulverized hydrogel particles and hydrogel 
spheres 

For injection force, the injection force was measured using a Texture 
Analyzer (TMS-PRO, USA) with a 50 N capacity load cell. A 1 mL syringe 
filled with ~0.8 mL gel and installed with a 27-gauge needle was placed 
in the instrument. Next, a compression force was applied vertically at a 
crosshead speed of 10 mm/min to push the gel through the needle. The 
force change during the process was recorded. 

For size distribution, the pulverized hydrogel particles or hydrogel 
spheres in the syringes were extruded into a tube and diluted with water 
(1:100), and the images of pulverized hydrogels or microgel spheres 
were observed with an inverted fluorescence microscope (Axio Vert. A1, 
Carl Zeiss, Germany). The sizes of all hydrogels were analyzed using 
Image J. 

2.9. In vivo biocompatibility of pulverized hydrogel particles and hydrogel 
spheres 

A 0.5 mL aliquot of pulverized hydrogel particles and hydrogel 
spheres were injected subcutaneously into the back of rats. At 1, 4, 6, 
and 8 weeks after implantation, the rats were euthanized, and the gel 
samples and surrounding tissues were collected and fixed in 10% 
formalin for histological examination. The specimens were dehydrated, 
embedded in paraffin, and sectioned according to standard methods 
[26]. Sections were histochemical and immunohistochemical stained, 
and images were taken and analyzed as described in the section on “In 
vivo biocompatibility evaluation of bulk silk fibroin hydrogels”. 

2.10. Attenuation of osteoarthritis 

The OA model was established via anterior cruciate ligament tran-
section (ACLT) in male SD rats (n = 24, 250 g) as previously reported 
[28]. Two weeks after the surgery, the ACLT rats were randomly divided 
into two groups (n = 12 for each group) for the silk/BDDE hydrogel 
spheres group and 0.9% NaCl (control) group. Intra-articular injection of 
samples (50 mg/mL, 100 μL each) was performed at week 3 and week 5. 
The pain assessment and pressure application measurement limb with-
drawal threshold were measured every week after operation [29]. At 4 
and 6 weeks after surgery, the joints were harvested, fixed with 4% 
paraformaldehyde, decalcified with 14% EDTA, embedded in paraffin, 
and sectioned into thin slices (thickness: 5 μm). Alcian blue/Aafrinin-O 
and Safranin O-fast green staining were performed for histopathological 
analyses. In addition, for immunohistochemical evaluation, the paraffin 
sections were first stained with polyclonal rabbit anti-collagen II anti-
body (1: 200 dilution), and then treated with secondary antibodies 
supplied by the HRP Conjugated Rabbit IgG Super Vision Assay Kit, 
according to the manufacturer’s instructions. Cells expressing collagen 
type II-positively were quantified by Image J software. 

2.11. Animal approval 

The design of all animal experiments was approved by the ethical 
committee of Soochow University, China. All animal experiments were 
performed in compliance with the Guiding Principles for the Care and 
Use of Laboratory Animals, Soochow University, China. Animals had 
free access to food and water. 

2.12. Statistical analysis 

Data are expressed as mean ± standard deviation. t-test, one- or two- 
way analysis of variance was used to determine statistically significant 
differences by statistical product and service solutions. Values with p <
0.05 were considered significant, and values with p < 0.005 were 
considered very significant, which indicated in the figures as “*” and 
“**,” respectively. 
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3. Results and discussion 

The aim of the present study was to develop a method to prepare silk 
hydrogels via chemical crosslinking using BDDE. Different silk solutions, 
including regenerated silk that was purified from degummed silk fibers 
using a standard protocol, as well as directly dissolved silk fibers in 
protein denaturants were tested to improve crosslinking efficiency with 
BDDE. As shown in Fig. S1, bulk silk hydrogels only formed in the re-
action system of LiBr-dissolved silk solution (Fig. S1a1), whereas no gel 
formed with the regenerated silk in alkaline solution (0.25 M NaOH) 
(Fig. S1a2). Possible reasons for such differences in outcomes could be: 
(1) BDDE molecules can more easily penetrate and access the exposed 
reactive groups on fully unfolded silk molecules; (2) the reagents used to 
dissolve silk may impact the reactivity of BDDE. 

To further elucidate the role of LiBr in these BDDE/silk reactions, 
other protein denaturants known for silk fiber dissolution, including 
Ajisawa’s reagent [20], formic acid (FA)/LiBr [21], and FA/CaCl2 [22] 
were tested and compared with LiBr. Two different mixing approaches 
were used: (1) silk fibers were dissolved in LiBr (Fig. S1a1), Ajisawa’s 
reagent (Fig. S1a3), FA/LiBr (Fig. S1a4) and FA/CaCl2 (Fig. S1a5), and 
the solutions obtained were supplemented with BDDE; (2) BDDE was 
added to the Ajisawa’s reagent-dissolved silk (Fig.S1a6) and the re-
generated silk solution (Fig. S1a7), and LiBr powder was added to the 
two solutions to reach a LiBr concentration of 9.3 M. No silk hydrogel 
formed in any of these groups except for the one with LiBr-dissolved silk 
(Fig. S1a1). These results demonstrated the unique reaction condition in 
which silk fibers needed to be dissolved in LiBr solution from the start. 
The exact mechanism behind this difference is not yet clear, but is likely 
related to the structure and association states of silk molecules in the 
LiBr. 

To further investigate the reactivity of BDDE with silk or solvents, 
BDDE (30 μg/mL) was added into the dissolving solution, and the mixed 
solution was incubated for 1.5 h at 60 ◦C. As shown in Fig. S2, the 
amount of BDDE detected was 14.2 ± 3.5 μg/mL in 9.3 M LiBr, largely 
decreased when compared to the original concentration of 30 μg/mL, 
suggesting a portion of the BDDE added was deactivated in the presence 
of 9.3 M LiBr. BDDE was not detectable in alkaline solution (0.25 M 
NaOH), Ajisawa’s reagent, FA/LiBr, FA/CaCl2 and FA, indicating that 
the epoxy group of BDDE self-reacted or reacted with the compounds in 
these solutions. Therefore, LiBr seems to be superior to other dissolving 
reagents in preserving BDDE reactivity, in addition to the effect of 
unfolding of the silk molecules as discussed below. 

BDDE has been commonly used to crosslink hyaluronic acid (HA) in 
alkaline solution, in which the hydroxy and carboxyl groups on the non- 
structured HA chains freely reacts with BDDE. In the case of silk, the 
BDDE reaction is more limited due to the hierarchical structure of silk 
proteins. We hypothesize that silk structures or format (e.g., micelles, 
particles, etc.) might be formed in the regenerated silk solution as well as 
in the dissolution reagents other than LiBr, due to intermolecular 
interaction between silk molecules, likely between β-sheet domains in 
solution, thus leaving fewer reactive groups exposed on the surface and 
resulting in limited intermolecular crosslinking. 

In the case of HRP-catalyzed silk gelation, since tyrosines are located 
in both hydrophobic (about 70% of tyrosine residues) and hydrophilic 
regions of silk molecules [30], they can participate in the crosslinking 
even though some of them are buried in the core structures. Although 
these core entities might not affect physical crosslinking as well as the 
enzyme-catalyzed di-tyrosine crosslinking, they would impact the 
BDDE-mediated covalent bond formation between silk molecules. In 
contrast, there was no such core structure formation in the 
LiBr-dissolved silk solution and all silk molecules were in a completely 
unfolded structure, allowing the reactive residues on silk molecules 
(-OH, –COOH, –NH3, PhOH in the main chains, along with the C-ter-
minal COOH and N-terminal NH3) to fully react with BDDE molecules, 
as shown in Scheme 1a. 

The covalent bonds formed in silk hydrogels were investigated using 

a high-speed amino acid analyzer (L-8800, Hitachi, Japan) and solid 
wide cavity superconducting NMR spectrometer (13C NMR, 
ADVANCEIII/WB-400, Switzerland). Fig. S3 shows the spectra of amino 
acids analyzed from the regenerated silk, as well as silk/sonication, silk/ 
HRP and silk/BDDE hydrogels. The amino acids with significant changes 
in molar concentrations were identified and shown in Table S1, and the 
permillage of crosslinked amino acids in silk/BDDE hydrogel was 
calculated according to formula (1) in Methods. As shown in Fig. 1a, Gly, 
Ala, Ser and Tyr showed significant differences in permillage (number) 
of crosslinked amino acids when silk/BDDE hydrogel was compared 
with silk/HRP hydrogels, while other residues, i.e., Thr, Glu, Asp, Lys 
and His, also showed differences, suggesting these amino acids were 
involved in the crosslinking reactions. In the case of Glu and Asp, some 
of the colvalent bonds formed in the presence of BDDE might be cleaved 
during sample preparation (HCl hydrolysis) and returned to their orig-
inal forms with carboxylic groups. Thus, the number of crosslinked 
residues for these two amino acids might be underestimates. In contrast, 
the number of detected residues in the silk/sonication hydrogels did not 
significantly change when compared with those in the control materials 
with regenerated silk (data not shown). Apparently, the strong acids (e. 
g., 6 N HCl) used in the reaction destroyed amide bonds and physically 
crosslinked bonds, but not the covalent bonds formed by chemical 
crosslinking, such as dityrosine bonds [31]. The data confirmed the 
hypothesis that the LiBr-dissolution conditions were optimal for 
cleaving the ester of BDDE and further promoting reactions with the silk 
molecules, leading to the formation of stable covalent bonds, likely 
between the reactive groups of –OH [3], PhOH, –COOH [16], NH3 [3] 
that are located in silk molecules, as well as the C-terminal –COOH, and 
N-terminal NH3 groups at the chain ends. 

Fig. 1b and Fig. S4 show the 13C NMR spectra for silk/HRP and silk/ 
BDDE hydrogels, with silk/sonication hydrogel used as control. In the 
spectra, three signals appeared at 25.45, 70.92 and 115.60 ppm. The 
signal at 25.45 ppm corresponds to the saturated hydrocarbon bonds 
formed between BDDE and -COOH groups on the C-terminus of Gly/Ala- 
containing peptides due to hydrolysis of silk molecules during purifi-
cation [32], as well as the -COOH groups on the side chains of Glu and 
Asp that are adjacent to the C or N (Fig. 1c1). The signal at 70.92 ppm 
corresponds to the saturated hydrocarbon bonds formed between BDDE 
and the OH, NH3, PhOH groups on the Gly, Ala, Thr, Ser, Tyr, Lys res-
idues, as well as the NH3 groups on the N-terminus of 
Gly/Ala-containing peptides that are adjacent to the O, N (Fig. 1c2). The 
signal at 115.60 ppm might be due to carbon-carbon double bond for-
mation due to the oxidation of His into Asp first, followed by the reaction 
with BDDE (Fig. 1c3) [33]. 

To achieve stable and robust silk/BDDE hydrogels, the reaction 
conditions, including silk concentration, fiber dissolution time, cross-
linking time and silk/BDDE ratio were optimized, and their impact on 
crosslink efficiency (yield), compressive modulus, and gel transparency 
were investigated. As shown in Fig. S5, there was no difference between 
samples in crosslinking efficiency (yield), but the compressive modulus 
significantly increased with the increase of silk molecular weight, which 
can be controlled by changing the degumming time of silk fibers [32]. 
We can expect that silk/BDDE hydrogels with higher mechanical 
strength would be obtained if a “close to native” gland-extracted silk was 
used for crosslinking due to the high molecular weight. Based on the 
data shown in Fig. S6, the optimal conditions selected for the following 
experiments were 20% w/v degummed silk fibers (30 min by 0.02 M 
NaOH) dissolved in 10 mL 9.3 M LiBr for 1.5 h at 60 ◦C, followed by the 
addition of 4% v/v BDDE and incubation for 3 h at 60 ◦C. The hydrogels 
were rinsed with DI water thoroughly to remove the salts and unreacted 
BDDE. Residual BDDE in the hydrogels was below 5 ppb, criteria 
established by the FDA for HA hydrogels. Silk/HRP hydrogel and 
silk/sonication hydrogels with the same silk concentration in the 
hydrogel were prepared and used as controls in the studies. The 
micromorphology of lyophilized silk hydrogels was examined using 
SEM. As shown in Fig. S7, the silk/HRP and silk/BDDE hydrogels 
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showed similar porous structures with pore size distributions in a rela-
tively narrow range (50–100 μm), and wall thickness relatively 
homogeneous. 

The β-sheet-rich silk hydrogels induced by acid, sonication and other 
reactions, are opaque due to the heterogenous microstructures or crys-
tals that cause light scattering [15]. The silk/HRP and silk/BDDE 

hydrogels in this study were both optically transparent, with light 
transmission determined at 550 nm (A550 nm) as 89.5 ± 5.3 and 83.9 ±
3.0, respectively. However, the silk/HRP became opaque after methanol 
treatment for 72 h, with A550 nm decreased to 17.2 ± 2.9, while silk/-
BDDE retained good transparency (Fig. 1d), with A550 nm being 60.8 ±
2.0. 

Fig. 1. Schematic showing the crosslinking processes and mechanisms to form HRP and BDDE silk hydrogels. a) The amino acids involved in BDDE-mediated 
crosslinking identified by amino acid analysis. b) 13C NMR spectra of silk/HRP and silk/BDDE hydrogels, with silk/sonication hydrogels as a control. NMR sig-
nals at 25.45 (1), 70.92 (2) and 115.60 (3) ppm correspond to new chemical bond formation. c) Possible chemical bonds formed between BDDE and the reactive 
groups on silk that led to the NMR signals indicated in b, with c1, c2 showing new chemical bond formation between BDDE and silk, and c3 showing chemical 
reaction of His. D) Images showing the change of transparency for silk/HRP and silk/BDDE hydrogels incubated in 80% methanol for 0, 1, and 72 h at room 
temperature. *p < 0.05, **p < 0.01, statistically analyzed using t-test, with N = 6 for all the groups. 

T. Wang et al.                                                                                                                                                                                                                                   



Biomaterials 286 (2022) 121611

8

Silk/HRP hydrogels have been previously shown to undergo a sig-
nificant change in mechanical properties over time when incubated in 
PBS or cell culture media, attributed to the formation of β-sheets [15]. In 
the current study, the silk hydrogels were immersed in 80% methanol 
for 15 and 60 min, and changes in silk β-sheet crystallinity were deter-
mined using FTIR-ATR [23]. The representative Amide I peaks and the 
corresponding Fourier self-deconvoluted results are shown in Fig. 2a. 

For the samples determined at T = 0, there was a band at ~1640 cm− 1, 
suggesting a high content of random coils in the hydrogels. The β-sheet 
contents determined were 14.31 ± 2.25% and 11.95 ± 3.42% of the 
total secondary structural elements for the silk/HRP and silk/BDDE 
hydrogels, respectively; no significant difference in β-sheet content was 
found between the two hydrogels at this initial stage. Significant 
structural change was observed when the hydrogels were incubated in 

Fig. 2. Analyses of micromorphology, second structures, mechanical properties, and stability of silk/BDDE, silk/HRP and silk/sonication hydrogels. (a,b) Secondary 
structures of silk hydrogels: FTIR spectra (a) and β-sheet content (%) (b) after 15- and 60-min treatments with 80% methanol, determined by Fourier self- 
deconvolution of amide I bands (1585–1710 cm− 1). (c–e) Mechanical properties of silk/HRP and silk/BDDE hydrogels: stress for silk/HRP hydrogel during 15 
repeat cycles of compression (c); compressive modulus for silk/BDDE and silk/HRP hydrogels at 60% strain (d); mechanical stability of silk/HRP and silk/BDDE 
hydrogels incubated in 80% methanol for 72 h at room temperature (e). Silk in d represents freshly prepared regenerated silk. (f) In vitro degradation of various silk 
hydrogels in a PBS buffer, pH 7.4, containing 1 U/mL proteinase XIV. f1: silk/BDDE hydrogel; f2: silk/HRP hydrogel; f3: sonicated silk hydrogel. PBS buffer in the 
absence of protease XIV used as control (f4, f5, f6, respectively). (g) Images showing change of transparency of silk/HRP and silk/BEED hydrogels incubated in 80% 
methanol for 0, 1, and 72 h at room temperature. E: images showing the stability of silk/sonication hydrogel (blue dotted frame) and silk/BDDE hydrogel (red dotted 
frame) immersed in 9.3 M LiBr solution for 0.5, 1, 2, 4, 12 h, and 1, 2, 3, 10 days at 60 ◦C. *p < 0.05, **p < 0.01, statistically analyzed using t-test and one-way 
ANOVA with Bonferroni’s multiple comparisons post hoc tests, with N = 6 for all groups. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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methanol. As shown in Fig. 2b, after 15 min of incubation, the silk/HRP 
hydrogels exhibited a new peak near 1623 cm− 1, and the β-sheet content 
was 36.27 ± 4.19%, suggesting the formation of β-sheet structures. In 
contrast, the silk/BDDE gel did not gain as much β-sheets at this time 
point. After 60 min, both samples exhibited strong absorption bands 
around 1620 cm− 1 and 1520 cm− 1, and the β-sheet content of the 
silk/HRP hydrogel (49.23 ± 6.75%) was significantly higher than that of 
the silk/BDDE hydrogels (38.59 ± 1.50%). Therefore, as expected, the 
larger number and more evenly distributed reactive sites for crosslinking 
in the silk/BDDE hydrogels when compared to the silk/HRP hydrogels 
effectively prevented or significantly slowed the structural transition of 
silk to β-sheets, resulting in desirable structural and mechanical stability 
of these new silk/BDDE hydrogels [15]. 

In repeated compression tests, the silk/BDDE hydrogels showed a 
high stress resistance and excellent anti-fatigue properties, with minimal 
changes (0% for the 1st compression, 1.82% for the 3rd repetition, 
3.27% for the 5th repetition, 15.98% for the 10th repetition, 16.40% for 
the 15th repetition) determined when the compression applied was 
below 60% strain. This performance was superior to the silk/HRP 
hydrogels (0% for the 1st compression, 0.91% for the 3rd repetition, 
1.69% for the 5th repetition, 18.74% for the 10th repetition, 22.79% for 
the 15th repetition) (Fig. 2c and S8) under the same test conditions, 
consistent with the literature [34]. 

Compared to the silk/HRP hydrogels, the silk/BDDE hydrogels 
showed a compressive modulus 2.95-fold greater than that of the silk/ 
HRP hydrogels at the same strain (30%) (Fig. 2d). It is worth noting that 
these data were obtained right after the hydrogels (especially silk/HRP 
hydrogel) were prepared. The compressive stress of silk/HRP hydrogels 
increased gradually over time and became higher than the silk/BDDE 
hydrogel due to the gain of more β-sheet content with aging. The dy-
namic changes in mechanical properties of silk hydrogels was deter-
mined by immersing the gels in 80% methanol and incubating for 72 h at 
room temperature. The compressive modulus of the silk/BDDE hydrogel 
remained stable, with negligible changes over 1 h, while slowly 
increasing over the subsequent 5 h, reaching a plateau with a final 
modulus of 166 ± 15.0 kPa, or a 9.3-fold increase after 6 h. The 
compressive modulus of the silk/HRP hydrogels increased significantly 
after only 5 min, and increased more rapidly after 15–30 min of incu-
bation. After 72 h, the compressive modulus had increased more than 
56-fold (Fig. 2e). 

The difference in silk crosslinking modes (i.e., crystalline β-sheet- 
mediated via sonication, di-tyrosine-mediated, BDDE-mediated) could 
also impact degradation behavior as well as in vivo biological functions 
of these types of hydrogels. In vitro enzymatic degradation using pro-
tease XIV with a high digestion efficiency with silk [35], was conducted 
by determining the mass remaining from initial hydrogel with time 
during digestion. Greater than 60% of the mass was lost after 30 days in 
all the hydrogel groups due to protease digestion, while no significant 
mass loss was observed in control samples incubated in PBS, pH7.4 
without the enzyme (Fig. 2f). Silk/BDDE hydrogels displayed a more 
gradual degradation curve, as well as a significantly slower rate of 
degradation when compared with the other two hydrogels (silk/HRP 
and silk/sonication), likely because of the more homogeneously 
distributed and higher density of crosslinking sites in the silk/BDDE 
hydrogels compared to the other systems, which modulated protease 
cleavage at a low but constant rate. 

To further verify the extensive chemical bond formation in the silk/ 
BDDE hydrogels, lyophilized hydrogels were incubated in 9.3 M LiBr 
solution at 60 ◦C for 10 days, where β-sheet crystalline structures can be 
reverted to random coils in the LiBr solution, whereas covalent bonds 
would be resistant to LiBr [11]. As seen in Fig. 2g, the size and shape of 
the silk/BDDE hydrogels did not change throughout the test. In contrast, 
the physically crosslinked sonication-induced silk hydrogel decreased in 
volume by almost half after 0.5 h, and fully dissolved after 1 h. 

Cytotoxicity and cytocompatibility of silk/BDDE hydrogels were 
assessed in vitro. The metabolic activity of rat mesenchymal stem cells 

(rMSCs) seeded and cultured on the surface of silk/BDDE hydrogels 
increased 2.88 ± 0.28, 3.91 ± 0.31 and 6.46 ± 0.63 folds after 3, 5 and 
7 days, respectively, when compared to day 1, similar to changes 
determined on the tissue culture plastic (TCP), and significantly higher 
than on the silk/sonication hydrogels (p < 0.01, Fig. 3a). Fluorescence 
staining and imaging on days 5 and 7 showed that the cells were alive on 
all hydrogel samples, with morphology more stretched and distribution 
more evenly on the silk/BDDE hydrogels than on the silk/sonication 
hydrogels (Fig. 3b). This difference may be due to the former hydrogel 
being more hydrophilic and therefore more conducive to cell attachment 
and proliferation than the latter, as confirmed by the water contact angle 
measurements (Fig. S9). 

The biocompatibility and biodegradation of silk/BDDE hydrogels 
were evaluated by implanting the hydrogel subcutaneously in rats, and 
subsequently examined histologically at 3, 7 and 28 days after implan-
tation. Silk/sonication hydrogel was used as a control as the two types of 
hydrogels have different morphologies and structures. The foreign body 
immune response to the implants was evaluated to reflect biocompati-
bility of the hydrogels [36]. H&E staining on the implants showed no 
sign of necrosis or foreign body responses, and no excessive inflamma-
tion was observed at any time points (Fig. 3c). After 4 weeks of im-
plantation, the silk/BDDE hydrogels retained their shape, with the 
interface of the gel and tissue clearly visible; few cells were observed 
inside the hydrogel matrix. From the literature, silk/HRP hydrogels 
(6%) showed a typical foreign body after implantation, without exces-
sive inflammation reaction [10]. Two weeks after implantation, the 
silk/HRP gel became integrated and a less distinct interface between the 
gel and adjacent tissues was seen based on H&E staining. The gel had 
fragmented and was surrounded by cells after 4 weeks [10]. In contrast, 
sectioning of the explants of the silk/sonication hydrogel showed cells 
migrated into hydrogels and the interface between the gel and adjacent 
tissues was hard to distinguish after 3 days. After 7 days of implantation, 
an envelope formed on the surface of the silk/sonication hydrogel. After 
28 days of implantation, the silk/sonication hydrogels were fragmented 
and surrounded by cells, indicating significant degradation of the ma-
terial. It has been known that neutrophils, macrophages and T cells may 
infiltrate wound areas, causing fibrotic responses after implantation of 
biomaterials [36]. The slices of the silk/BDDE hydrogels on day 7 were 
immunostained for myeloperoxidase-MPO and CD68 for typical in-
flammatory cells, neutrophils, and macrophage (Fig. 3d). The levels of 
both pro-inflammatory markers in the silk/BDDE hydrogel group were 
significantly lower than those in the silk/sonication hydrogel group, 
likely due to the smooth, hydrophilic surface as well as the elastic, more 
tissue-compatible nature of the silk/BDDE hydrogel when compared to 
the silk/sonication hydrogels. Therefore, the two types of silk hydrogels 
exhibited different in vivo degradation and cell in-growth behavior, 
implying potentially different therapeutic effects in the future. 

Osteoarthritis (OA) is a joint disease in which articular cartilage 
breaks down and becomes thinner, initially causing pain, stiffness, and 
swelling [37]. OA is one of the most common musculoskeletal diseases 
that affects 240 million people worldwide. Current strategies for treating 
OA pain is to use analgesic and nonsteroidal anti-inflammatory drugs. 
However, side effects and damage to the body occur due to the long-term 
oral administration of these drugs. Intra-articular injection of bio-
polymers, such as hyaluronic acid (HA), to exert local viscosupple-
mentation and bio-lubrication functions has been used in clinics for 
many years, with the aim to reduce pain and retard OA progression. 
However, since the turnover of HA in a joint is rapid [38], and frequent 
injection is not an option, the therapeutic effect of HA remains contro-
versial. Therefore, research into alternative biopolymers with improved 
mechanical properties, prolonged degradation profiles, excellent 
biocompatibility and thin-needle injectability is of great interest for the 
treatment of OA [39]. An ideal injectable biomaterial should not only be 
used as a bio-lubricant but also as a carrier to deliver therapeutic drugs 
into the joints. The silk/BDDE hydrogels developed in this study provide 
excellent material properties to meet these requirements, as the highly 
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smooth surface and elastic nature of silk/BDDE hydrogels could provide 
lubrication and cushioning effects at the cartilage interface. We thus 
prepared silk/BDDE hydrogel microspheres by using water-in-oil (w/o) 
emulsion systems with crosslinking and purification conditions that 
were established from the aforementioned bulk hydrogel study. The 
biodegradation, biocompatibility and therapeutic effects were investi-
gated using healthy and OA rats as follows. 

The size and shape distribution of the silk/BDDE gel spheres were 
observed under the microscope (Fig. S10a), and their injectability and 
biocompatibility were evaluated by conducting subcutaneous injections 
in rats. Pulverized and sieved hydrogel particles with irregular shapes 
were also prepared as controls. Injectability was analyzed by measuring 
the force needed to push the gel materials through a thin needle (27 G). 
The pulverized particles required an injection force of approximately 
10.05 ± 0.68 N, while the silk/BDDE gel spheres showed a significantly 
lower injection force (7.89 ± 0.60 N), likely due to their uniform size, 
round shape and smooth surface that facilitated injection (Fig. 4a and b). 

To evaluate the degradation and biocompatibility of silk/BDDE 

hydrogels, the two different gel particles were injected subcutaneously 
into healthy rats, and tissue samples at the injection sites were retrieved 
at designated time points post injection for histological analyses 
(Fig. 4c–f). All groups showed a mild foreign body response in vivo. 
Seven days after injection, cells had migrated into the superficial layer of 
all samples. After 4 w and in the following 6 and 8 w, the pulverized gel 
particles were fully surrounded by cells, while the interface between gel 
spheres and the surrounding tissue remained clear, suggesting the gel 
spheres may retain their shape and integrity when compared to the 
pulverized gel particles during this period of time. Immunohistochem-
ical staining and quantitative analyses revealed that silk hydrogel 
spheres had significantly lower expression levels of CD68 and MPO than 
the pulverized gel particles (p < 0.05, Fig. 4g–i), indicating that the silk/ 
BDDE gel spheres caused less of an immune response and were more 
biocompatible when compared with the pulverized gel particles. It is 
known the foreign body responds to the biomaterials with different 
surface chemistries (e.g., surface charge and hydrophobicity), stiffness, 
and topography varies [40]. Spherical materials can induce less fibrous 

Fig. 3. In vitro and in vivo compatibility studies of silk/BDDE hydrogels. (a) Metabolic activity of cells cultured on silk hydrogels determined by AlamarBlue; (b) 
Fluorescence images of green live cells; (c, d) H&E staining analysis; (e–h) infiltration of inflammatory cells into subcutaneous hydrogels in rats after 7 days post- 
implantation. Immunofluorescence staining for CD68 (macrophages), (e) MPO (neutrophils), (f) and quantitative analyses of the two markers (g for CD68, h for MPO) 
relative to the nucleus. *p < 0.05, **p < 0.01, statistically analyzed using t-test and one-way ANOVA with Bonferroni’s multiple comparisons post hoc tests, with N =
6 for all the groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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encapsulation than cylindrical materials or materials with sharp angles, 
as macrophages may sense ‘‘local shape’’ at the initial point of contact 
that determines whether they will spread or initiate phagocytosis for the 
material [41,42]. The results from the present study using silk gel 
spheres (round shape) and pulverized gel particles (irregular shapes) 
confirmed this conclusion, suggesting the former might be more suitable 

as a biolubricant or drug delivery carrier for therapeutics, while the 
latter might be more suitable as a scaffolding material for tissue engi-
neering applications. 

The effect of silk/BDDE hydrogel spheres on the attenuation of OA 
was assessed using a rat OA model that was induced by anterior cruciate 
ligament transection (ACLT) [28]. Silk/BDDE gel spheres were injected 

Fig. 4. In vivo biocompatibility studies of silk/BDDE hydrogel particles by subcutaneous injection into rats. (a) Size distribution of silk hydrogel particles. (b) In-
jection force of silk hydrogels. (c–f) H&E staining showing the inflammatory cell infiltration into the hydrogels after 7 days post-injection. (g) Immunofluorescence 
staining for CD68 (macrophage) and MPO (neutrophil). (h, i) Quantitative analyses of the two markers (f for CD68, g for MPO) relative to the nucleus. * indicates p <
0.05, ** indicates p < 0.01, statistically analyzed using t-test, with N = 6 for all the groups. 
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into the articular cavity 2 and 4 weeks after surgery, and the pain index 
was assessed at weeks 1, 2, 3, 4, 5 and 6 by measurement of withdrawal 
threshold during direct pressing of the knee using a pressure application 
measurement (PAM) force transducer as previously described [43]. The 
PAM withdrawal threshold (PAMWT) determined for the gel sphere 
groups was significantly higher than that of the control (saline) group at 
week 4 and 6 (p = 0.057) (Fig. 5a), indicating that the hydrogel spheres 
reduced pain associated with OA. 

Interestingly, silk/BDDE microgel spheres could still be identified in 
histological images of all animals at week 4 (red dots in Fig. 5b, S10, as 
indicated by the arrows), while they were only identified in one of four 
specimens taken at week 6 (Fig. S11). Most of the residual spheres were 

found embedded in the synovium, thus, it was likely that the majority of 
the gel spheres located in the joint cavity at week 4 were washed away 
during tissue sectioning and staining, and only a small portion survived 
washing steps and remained in the tissue slices, while by week 6, most 
gel spheres had embedded into the sides of the joint cavity and syno-
vium. The number of spheres remaining could not be quantified from the 
images, but since they appeared to still be in the original round shape, it 
was likely that the spheres were not largely degraded within 4 weeks 
after injection in the joint. The spheres remained in the joint, including 
those embedded in the synovium, did not cause inflammation or irri-
tation to the articular tissues; there was no excessive proliferation or 
growth of the synovial tissue and no sign of inflammatory hyperplasia of 

Fig. 5. Pain relief and histological analyses after injection of silk/BDDE microgel spheres in rat joints. (a) Pain-relieving effects of intra-articular injection in ACLT 
rats. (b) Alcian blue/Safranin-O staining on samples taken at week 6. (c) Safranin O-fast/Green staining on samples taken at week 6. (d) Immunohistochemical 
staining for collagen type II analysis on samples taken at week 6 (b1-d1: Saline control groups, b2-d2: microgel spheres groups). (e) Depth of cartilage erosion. (f) 
Relative glycosaminoglycan (GAG) content. (g) Relative collagen type II content. Data were statistically analyzed using t-test and one-way ANOVA with Bonferroni’s 
multiple comparisons post hoc tests, with N = 4 for all groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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the cartilage tissue, indicating the silk/BDDE microgel spheres were 
biocompatible. 

To further investigate the effect of the hydrogel spheres on slowing 
the progression of OA, the joints were harvested at week 6 for histo-
logical and immunohistological analyses. The results of Safranin-O/fast 
green staining are shown in Fig. 5c. A trend of damage and defects on the 
articular cartilage, loss of calcified cartilage and sclerosis of the sub-
chondral bone were observed for both the saline and gel sphere groups, 
but with the former group, these features were more severe than the 
latter, based on the thickness and darkness of the red stained areas. The 
results of immunohistological staining also showed that there was more 
collagen type II deposition in the cartilage tissue of the hydrogel sphere 
group than in the saline group (Fig. 5d, brown stains). Further quanti-
tative analyses on the cartilage lesions (Fig. 5e), the relative glycos-
aminoglycans (GAGs) (Fig. 5f) and collagen type II content (Fig. 5g) 
confirmed that the presence of gel spheres reduced or prevented carti-
lage damage, likely due to bio-lubrication and cushioning effects that 
prevented the loss of extracellular matrix (ECM) and death of chon-
drocytes in the cartilage tissue. 

Based on the data presented, we hypothesized that silk/BDDE gel 
spheres might function as ball-bearing cushions and lubricants to the 
cartilage surface once injected into the articular cavity, as reported for 
liposomes and hydrogels [44–46]. As a result, OA pain was alleviated 
based on the significant improvement of pain index of animals at weeks 
4 and 6. Furthermore, silk peptides and amino acids that gradually 
released from gel spheres due to proteolytic degradation might also act 
as anti-inflammatory agents, as the biological effects of soluble silk and 
its degradation products has been documented. For example, the soluble 
silk fragments in murine dry eye, provided an anti-inflammatory effect 
on Tat-superoxide dismutase (Tat-SOD) in a mice edema model, and 
silk-based nanoparticles (SFNPs) demonstrated anti-inflammatory 
properties [47–50]. 

4. Conclusions 

Highly elastic and mechanically stable silk hydrogels were prepared 
using BDDE as a crosslinker. A high concentration (9.3 M) of LiBr as the 
reaction medium was superior to other silk-dissolving reagents as well as 
to regenerated silk aqueous solution for crosslinking, based on yield and 
hydrogel features formed in LiBr. This outcome was most likely due to 
the exposure of a larger number of reactive groups on the silk molecules 
and the oxidative environment provided by the LiBr. The reaction con-
ditions were utilized to prepare silk/BDDE microgel spheres, which were 
used as injectable bio-lubricants to reduce pain caused by OA. The 
spheres were biocompatible and had a long residence time (>1 month) 
in the articular cavity, thus suggesting utility for the delivery of disease- 
modifying drugs for the treatment of OA. Overall, since silk/BDDE 
hydrogel spheres supported significant pain relief, promoted cartilage 
repair, and had a residence time in the articular cavity exceeding one 
month, options to further explore these systems towards the treatment of 
OA are suggested. 
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