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Abstract

Silk is a naturally occurring biopolymer formed into fibers composed primarily of fibroin and 

sericin proteins. The outstanding mechanical properties of silk fibroin (SF) provides numerous 

applications for silk-based biomaterials. However, canonical approaches for fabricating silk-based 

biomaterials typically involve degumming to remove the sericin to avoid adverse biological 

effects. However, sericin also has biological properties that are useful to exploit in new materials, 

including anti-oxidation and anti-bacterial, inspiring the use of sericin-based biomaterials for 

biomedical applications including wood healing. However, compared to fibroin, sericin-based 

materials do not provide robust mechanical properties. To address this problem, we report a 

method for fabricating fibroin-sericin protein composites into a broad range of materials formats 

(e.g. films, sponges, monoliths) directly from whole cocoons, negating the traditional extraction 

step to remove the sericin. This approach combines the material features from both fibroin and 

sericin, achieving advantages regarding simplified processing and new materials properties. These 

fibroin-sericin protein composite materials promoted cell adhesion, growth and proliferation and 

could be fabricated into a variety of materials formats to fit different biomedical applications.
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Canonical approaches for fabricating silk-based materials primarily focus on engineering silk 

fibroin (core structural protein) into different material formats, typically involving degumming to 

remove the sericin (skin layer) to avoid potential adverse biological effects. Sericin has anti-

oxidation and anti-bacterial properties that are useful to exploit in new biomedical materials. Here 

we provide a novel method for fabricating fibroin-sericin protein composites directly from whole 

cocoons, with a focus on avoiding current processing steps in the field, while engineering the 

materials into a variety of materials formats. The results show that different formats of these new 

fibroin-sericin protein composites can be fabricated (e.g. films, sponges, monoliths) to meet 

different biomedical application needs.
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1. INTRODUCTION

Silk produced by the silkworm (e.g. Bombyx mori) has been redefined in recent years, away 

from just a traditional textile material and now as a functional biomaterial in biomedical 

research such as for tissue engineering and regenerative medicine.1–4 As a protein-based 

natural material, silk fibers from the raw cocoon are composed of fibroin (~75%) and sericin 

proteins (~25%) where two parallel fibroin fibers are held together by a layer of sericin on 

their surfaces.5–8 The fibroin protein possesses a molecular weight over 400 kDa and serves 

as structural protein with diverse secondary structures and nano/micro hierarchical 

structures, responsible for the unusual and remarkable mechanical properties of silk fibers.
9–11 Given these mechanical properties as well as the biocompatibility and biodegradability, 

SF has emerged with a broad range of utility in silk-based biomaterials.1, 12–13

Compared to fibroin, silk sericin (SS) is a mixture of functional proteins primarily encoded 

by the sericin-1, sericin-2, and sericin-3 genes with molecular weights ranging from 20 kDa 

to 400 kDa.7, 14–17 Unlike the fibroin proteins, sericin proteins serve as adhesive agents to 

bind silk fibroins together, thus unlike the fibroins, they are not structurally robust. However, 

sericin has been reported to offer scientific and commercial value due to its functional 

attributes as a readily available protein-based biomaterial.18–20 Some reports have shown 

that sericin can be used as moisturizing powder for wound healing and stimulating cell 

proliferation due to its good biocompatibility.21–22 Further, the antioxidant properties 

associated with the low digestibility of sericin expands its application in biomedical fields 
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such as an antimicrobial and anti-inflammatory agent, and in tissue engineering and drug 

delivery.18, 23–26

However, canonical silk processing involves a degumming process to remove the sericin 

from the cocoons in order to extract the value-added core silk fibroin for downstream 

processing. Since both the fibroins and sericins possess unique as well as complementary 

properties with potential in diverse biomedical applications, one intriguing question was 

raised, “is it possible to combine both types of proteins to fabricate sericin-fibroin (SS-SF) 

protein composites for biomedical utility, starting from the whole raw cocoon?” Here, 

strategies were developed to overcome the processing challenges and using whole cocoons 

directly toward fabricating these new SS-SF protein composites, resulting in the successful 

formation of versatile biomaterials. Furthermore, biocompatibility and low immunogenicity 

of these SS-SF protein composite materials was demonstrated. The present work 

demonstrates the successful fabrication of SS-SF protein composites, effectively shortening 

the material fabrication process and preserving the native properties of the silk proteins, 

while also achieving a time and cost-effective process. The approach also provides a 

promising method to fabricate functional silk-based materials since bioactive molecules, 

such as growth factors and antibodies, can be co-expressed with fibroin/sericin during the 

silkworm production process.27–30 Modern transgenic biotechnology has demonstrated the 

use of the silkworm as natural bioreactor to express significant quantities of recombinant 

foreign proteins such as human type III pro-collagen,31 human serum albumin,32 human acid 

fibroblast growth factor,33 and antibodies 34–35 in the worm native glands along with the 

synthesis of silk proteins, particularly sericins. These efforts have reshaped ancient silk 

material into a new versatile biofunctional biomaterials. However, to date, efficient protein 

expression systems have been demonstrated with the sericin-related encoded genes in B. 
mori,27–29, 36–37 but only with limited success with fibroin.38 The new approach 

demonstrated in this work would be a path forward to utilize genetically modified silk 

materials with co-expressed functional biomolecules, tailored into various material formats 

with multi-functions for different biomedical applications. Thus, this would be essentially a 

one step process from raw cocoon to functionalized medical materials with selective 

functions.

2. EXPERIMENTAL SECTION

2.1. Cell lines and cell culture

Human skin fibroblast cell line BJ (ATCC® CRL-2522™), and mouse macrophage cell line 

RAW 264.7 were commercially purchased (ATCC, USA) and cultured in Dulbecco’s 

modified Eagle’s media (DMEM, Gibco), supplied with 10% (v/v) fetal bovine serum (FBS, 

Gibco) and 100 units/mL of penicillin, 100 μg/mL of streptomycin, and 0.25 μg/mL of 

Gibco Amphotericin B (Gibco® Antibiotic-Antimycotic-100X, Thermofisher Scientific) at 

37ºC at 95% air and 5% CO2. Commercially purchased mouse bone marrow-derived MSCs 

(ATCC, USA) within five passages were maintained in our lab and cultured in mesenchymal 

stem cell basal medium (ATCC®PCS-500-030™, USA) supplied with a mesenchymal stem 

cell growth kit (ATCC®PCS-500-041™, USA) and 100 units/mL of penicillin, 100 μg/mL 
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of streptomycin, and 0.25 μg/mL of Gibco Amphotericin B (Gibco® Antibiotic-

Antimycotic-100X, Thermofisher Scientific) at 37ºC at 95% air and 5% CO2.

2.2. Preparation of SS-SF aqueous solution using whole cocoons

After removal of the pupa, the cocoons were frozen first in liquid nitrogen and then crushed 

into powder with an analytical mill (IKA, Staufen, Germany). The cocoon powders were 

then dissolved in the 9.3 M LiBr solution (Sigma-Aldrich, USA) with a concentration of 5% 

(w/v) at 60°C for 4–6 hrs. The dissolved silk solution was centrifuged at 9,000×g for 20 min 

at room temperature, the undissolved residues were discarded and the liquid supernatant was 

collected and dialyzed (cellulose dialysis membranes, MWCO 3,500 Da, Spectrum 

Laboratory, Inc, USA) against deionized water at room temperature for 3 days with at least 

six changes of the DI water to completely remove the salts. The insoluble residues in the 

dialysis membranes were discarded by centrifugation at 9,000×g for 20 min at room 

temperature. The aqueous whole silk solutions were then transferred into 50 ml-centrifuge 

tubes and stored at 4 °C before use. The concentration of the whole silk in solution (w/v) 

was determined by dividing the weight of the dry silk to its initial volume.

2.3. Fabrication of SS-SF films 3D-sponges and bulk materials

A 5 mL aliquot of 2 % (wt/vol) aqueous SS-SF solution was cast onto a 100 mm polystyrene 

petri dish surface and allowed to dry overnight without covering the dish in a fume hood at 

room temperature. The dried SS-SF films were water annealed by placing the films in a 

temperature-controlled water vapor annealing device with vacuum pressure of −25 in Hg 

(−85 KPa), distilled water and room temperature for 12 h to induced the formation of β-

sheet and crystallization in the silk proteins to prevent the films from dissolving in water. 39 

Afterward, the samples were taken out periodically for further measurements. To fabricate 

SS-SF 3D porous sponges, each 1 mL of 2% (wt/vol) aqueous SS-SF solution was poured 

into each well of a 48-well plate. The plate was then covered and frozen overnight at −20 °C 

and lyophilized for 3 days. Thereafter, the plate was placed into the temperature-controlled 

water vapor annealing device to induced formation of β-sheet and crystallization of the silk 

proteins to prevent the sponges from dissolving in water. 39 Fabrication of the SS-SF bulk 

materials was by thermal processing.40 The 2 % (wt/vol) aqueous SS-SF solution was 

rapidly frozen in liquid nitrogen for 15 minutes and then lyophilized for 3 days. The dried 

SS-SF sponges were collected and milled into powder using an analytical mill (IKA, 

Staufen, Germany). The solid-state SS-SF powders were packed into predesigned molds, 

followed by hot pressing at 632 MPa and 145 °C for 15 min. SS-SF bone screws (outer 

diameter ~1.8 mm, pitch 600 μm) were machined from SS-SF bars on a CNC lathe (Trak 

TRL 1440 EX, Southwestern Industries). A custom single point external cutter (Vargud) was 

used to cut screw threads by matching the turning speed with the horizontal speed of the 

cutter to cut a desired pitch length. The screw heads were machined to have a cylindrical 

head, and a slot was generated.

2.4. Scanning electron microscopy (SEM)

All samples were frozen in liquid nitrogen for 5 min and lyophilized prior to SEM 

observation. Then the samples were vacuum-coated with a layer of platinum (NeoCoater 

MP-19020NCTR, Jeol, Japan) and imaged by SEM (JSM-5610LV, JEOL, Japan) at 5 kV.
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2.5. Fourier Transform Infrared Spectroscopy (FTIR) analysis

Secondary structures of SS-SF samples were assessed by a Fourier transform infrared 

spectroscopy (Jasco FTIR-6200, Jasco Instruments, Easton, MD) over a spectral region of 

4000–650 cm−1 with a 4 cm−1 nominal resolution. Deconvolution of amide I bands in 

spectra was performed using the Omnic, PeakFit v4.12 software. The second derivative 

spectra from peak numbers and positions were utilized during the deconvolution. The band 

shape and the bandwidth were calculated in a Gaussian model. Each spectrum represented 

the result from a single test, while the data for each sample (e.g., β-sheet content) was the 

average of at least three independent deconvolutions from different samples.

2.6. Mechanical properties

Mechanical testing was carried out on an Instron 3366 machine (Instron, Norwood, US) 

equipped with a load cell of 50 N at 25 °C and 50% relative humidity. For unconfined 

compression, the SS-SF 3D sponges with 8 mm in height and 12 mm in diameter were 

placed on a metal plate coated in a tank full with PBS to keep the sponges hydrated, and 

each sample was tested with a loading velocity of 1 mm/min and repeated at least three 

times. Three-point bending was applied for the mechanical testing of the SS-SF hard plates. 

The plate pieces (7 mm width, 12 mm length, 1 mm thick) were placed on the Instron 3366 

machine (Instron, Norwood, US) equipped with a support interval of 10 mm and a testing 

speed of 1 mm/min. The bending strength and elastic modulus of the samples were 

calculated from the stress-strain curves. The maximum failure strength was calculated from 

the average of at least three independent measurements.

2.7. Wide-angle X-ray scattering

The degree of crystallinity of the SS-SF materials was determined by the wide-angle X-ray 

scattering on the BioCars 14BM-C beamline at the Advanced Photon Source at Argonne 

National Laboratory (city, state). Tests were performed with a fixed energy of 12.668 keV, a 

wavelength of 0.979 Å for the X-ray beam, and beam size of 150 × 300 μm (horizontal × 

vertical) on the sample. Data were recorded by an ADSC Quantum 315r detector. CeO2 

powder was used for instrument calibration. The 2D wide-angle X-ray diffraction patterns 

were analyzed using the software package FIT2D.

2.8. Porosity

The dry SS-SF 3D sponges or hard plates were immersed in a known volume (v1) of water 

in a graduated cylinder. Two-hours after the sponge or hard plate fully absorbed the water, 

the total volume (including water and the scaffold or the hard plate) was recorded as v2. The 

volume of the water remaining in the cylinder after the removal of the scaffold or hard plate 

was recorded as v3. The porosity (%) of the scaffold or plate was obtained by:

Porosity % = v1 − v3
v2 − v3 × 100
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2.9. Water uptake

The dry SS-SF samples (mass is marked as W1) were immersed in 1×PBS, pH 7.4. At 

different time points, the swollen samples were removed to determine the weight as W2. The 

water uptake of the samples was calculated using the following equation:

Water uptake % = W 2 − W 1
W 2 × 100

2.10. In vitro degradation

Dry SS-SF 3D sponges or bulk plates with a weight of 100 mg were incubated in 1 mL of 

1×PBS (pH 7.4) with or without 3.1 U/mL protease XIV, an enzyme which degrades β-sheet 

crystallized silk samples at 37°C.41 The PBS with or without (control) the protease XIV was 

replaced every two days. At different time points, samples were removed, dried and 

weighed. Samples for each time point were run in triplicates.

2.11. In vitro inflammatory responses assay

The in vitro cell responses to the SS-SF materials were assessed using macrophages 

RAW264.7 (TIB-71, ATCC, Manassas, VA, USA). SS-SF film discs or fibroin film discs 

with 8 mms diameter sterilized by UV radiation for 30 min, conditioned with Dulbecco’s 

modified eagle medium (DMEM) for 6 h before cell seeding in 96 well plates. Aliquots (100 

μL, 1×104 cells) of RAW264.7 suspensions at ~90% confluence were seeded on the surfaces 

of the SS-SF films or fibroin films. Meanwhile, equal amounts of RAW264.7 cells were 

seeding directly into the wells of 96-well plates without films with or without 

lipopolysaccharide (LPS) at doses of 5 μg/mL as positive or negative controls, respectively. 

Cells were then cultivated in DMEM with 10% (w/v) FBS at 37°C and 5% CO2. At days 1 

and 7 post cell seeding, the cell medium supernatants were collected for quantitation of 

TNF-α and IL-2 release using an TNF alpha Mouse ELISA Kit (Thermo Fisher Scientific, 

USA) and IL-10 Mouse Uncoated ELISA Kit (Thermo Fisher Scientific, USA) according to 

the instructions of the manufacturer.

2.12. Cell seeding on the SS-SF films, porous 3D sponges and bulk plates

For cell seeding on the SS-SF films and dense plates, punched films or hard plate discs with 

8 mm in diameter were placed into 96-well plates and sterilized by UV radiation for 30 min. 

The samples were then conditioned with Dulbecco’s modified eagle medium (DMEM) for 6 

h before cell seeding. Then ~96% confluent human fibroblast BJ cells (ATCC® 

CRL-2522™) were suspended in fresh complete culture media with 10% FBS and seeded on 

the surfaces of the SS-SF films at 1×103 cells per 100 μL volume per well. The cells were 

cultured at 37°C at 95% O2 and 5% CO2; fresh complete culture media with 10% FBS was 

replaced every three days. For cell seeding on the porous 3D SS-SF sponges, the silk 

sponges were cut into disks with 8 mm in diameter and 2 mm in thickness using a biopsy 

punch, sterilized in 70% ethanol for 30 min, washed by PBS five times to completely 

remove the ethanol, and subsequently allowed to condition in 24 well plates with complete 

cell culture media for 6 h at 37°C. The ~96% confluent human fibroblast BJ cells (ATCC® 

CRL-2522™) or mouse bone marrow-derived MSCs were seeded on each porous 3D SS-SF 
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sponge disk at a density of 30,000 cells/cm2 and allowed to adhere for 30 min prior to 

flooding with media for cultivation in an incubator maintained at 37°C and 5% CO2. The 

plates were replaced with fresh cell culture media every three days.

2.13. AlamarBlue assay

The long-term cell viability of the cells was determined by AlamarBlue assay (Thermo 

fisher Scientific, USA) according to instruction. At each time point post seeding, 1/10th 

volume of the AlamarBlue reagents were added directly into the culture media with the silk 

samples and cells, and then incubated at 37°C with 5% CO2 for 4 h. Thereafter, aliquots 

(100 μL) were aspirated into a new black 96 well plate for quantification using a 

fluorescence plate reader (ex/em ~560 nm/~590 nm). Cells plated in tissue culture wells 

(TCP) were maintained as above and utilized as controls, while wells of the TCP without 

cells were used to adjust for background fluorescence.

2.14. Live/Dead Cell staining

Cell viability on the surface of the different SS-SF materials or TCP plates (controls) at 

different times after seeding were estimated using a LIVE/DEAD® Viability/Cytotoxicity 

Kit (Thermo fisher Scientific, USA). Briefly, at each detection time point, cells seeded on 

the different SS-SF materials were incubated with calcein AM and ethidium homodimer-1 

(EthD-1) for 30 min and protected from light to stain live (green) and dead cells (red), 

respectively. Then, cells were imaged using a BZ-X700 series microscope (Keyence, Itasca, 

IL) with excitation at 488 nm and emission at 515 nm for live cells and excitation at 570 and 

emission at 602 nm for dead cells. Cells seeded on the porous 3D SS-SF sponges were 

imaged using confocal laser scanning microscopy (Leica FLIM SP8, Wetzlar, Germany) 

with an imaging filter set for live cells (Ex/Em: 488/515 nm) and dead cells (Ex/Em: 

570/602 nm). 3D rendering images and confocal 3D maximum projection images were 

assembled with Leica confocal software (LAS X version: 3.4.2.18368).

2.15. Immunofluorescence

Cell viability and morphology seeded on the 3D SS-SF sponges were investigated by F-

Actin filament and DAPI staining. Briefly, cells within the sponges were fixed with 3.7% 

methanol-free formaldehyde (Thermo fisher Scientific, USA) in PBS for 15 minutes at room 

temperature, permeabilized with 0.1% Triton® X-100 for 15 minutes at room temperature, 

blocked by 1% BSA for 45 min at room temperature, and further stained by Rhodamine 

Phalloidin (Thermo fisher Scientific, USA) and DAPI (Thermo fisher Scientific, USA) for 

additional 60 minutes at room temperature. Finally, the cells were visualized using confocal 

laser scanning microscopy (Leica FLIM SP8, Wetzlar, Germany) with an imaging filter set 

specific for F-Actin filaments dye (Ex/Em: 540/565 nm) and cell nucleus dye (Ex/Em: 

358/461 nm). 3D rendering images and confocal 3D maximum projection images were 

assembled with Leica confocal software (LAS X version: 3.4.2.18368).

2.16. Cell proliferation by EdU incorporation

Cell proliferation (fibroblast BJ cells or MSCs) in the 3D SS-SF sponges were measured 

using Click-iT® EdU Imaging Kits (Thermo Fisher Scientific, USA). Briefly, 24 h after 
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cultivation, the cells seeded on the 3D SS-SF sponges were labeled with EdU (5-ethynyl-2’-

deoxyuridine, a nucleoside analog of thymidine) at a concentration of 10 μM at 37°C 

overnight. Then, labeled cells were fixed with 3.7% methanol-free formaldehyde in PBS for 

15 minutes at room temperature and permeabilized with 0.5% Triton® X-100 for 20 minutes 

at room temperature. This process was followed by EdU detection by Alexa Fluor®555 

picolylazide and nuclear staining by Hoechst®33342 dye for 30 minutes at room 

temperature. Cell were visualized by confocal laser scanning microscopy (Leica FLIM SP8, 

Wetzlar, Germany) with an imaging filter set specific for Alexa Fluor®555 picolylazide 

(Ex/Em: 555/565 nm) for proliferating cells and cell nuclei (Ex/Em: 358/461 nm). 3D 

rendered images and confocal 3D maximum projection images were assembled with Leica 

confocal software (LAS X version: 3.4.2.18368).

2.17. Statistical Analysis

All measurements were performed in triplicate and repeated independently three times. Data 

are indicated as mean ±S.D. (standard deviation) for at least n=3. Statistical analyses were 

calculated by Student’s t-test. *p< 0.05 was considered statistically significant, **p< 0.01 

was considered highly significant and ***p< 0.001 was considered extremely significant. 

Details on the experimental methods can be found in Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Fabrication of SS-SF materials from raw cocoons

Here, we considered both the fibroin and sericin for materials fabrication. A schematic of the 

typical strategy and processing route used in this study is shown in Fig. 1A. Initially, the 

natural cocoons were frozen using liquid nitrogen and milled into powders. The powders 

were then dissolved in 9.3 M lithium bromide (LiBr), commonly used solvent for dissolving 

degummed silk fibroins 42 to obtain a homogenous SS-SF aqueous solution. Several 

previous studies reported that higher sericin concentrations could reduce the solubility of 

sericin in water and accelerate conversion of random coil structures into β-sheets, resulting 

in gelation 25. To prevent gelation of the SS-SF solution during dialysis to achieve longer-

term storage, the dissolution of the raw silk powders in the LiBr was conducted at an initial 

concentration of 5% (w/v), where complete dissolution of the cocoon powders was 

observed, yielding a homologous SS-SF aqueous solution with final concentration of 2% 

(w/v) after dialysis and purification. These homologous SS-SF aqueous solutions were stable 

at 4 °C for as long as two months without gelation, suggesting the sericin concentration 

around 0.4–0.6% (w/v). In contrast, SS-SF solutions prepared with a higher starting 

concentration were unstable and formed gels during dialysis or during storage. Accordingly, 

the initial concentrations of raw silk used in subsequent preparations was 5% w/v.

The molecular weights of the silk proteins in the SS-SF aqueous solution dissolved from the 

raw silk were analyzed and compared with those in fibroin aqueous solutions dissolved from 

30 min extracted degummed silk. SDS-PAGE showed that the sericin and fibroin dissolved 

directly from the raw silk were concentrated at the higher molecular weight (MW) markers 

around 400 kDa, while the SF dissolved from the degummed silk was found at the lower 

molecular weight range from 30–268 kDa and with a broad range, as expected (Fig. S1A). 
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The degumming process during cocoon processing is well known to result in the degradation 

of fibroin chains,43–44 whereas the direct dissolution of the raw silk without degumming 

avoided the degradation, possibly providing benefits to the physical and biological properties 

of silk materials fabricated from these proteins.45 The resultant homogenous SS-SF aqueous 

solutions can be utilized directly to generate SS-SF composite materials in various formats, 

including films and three dimensional (3D) sponges.42 In addition, the solution can be 

freeze-dried, then subjected to hot-pressing to generate bulk materials (e.g., bars, discs) and 

devices (e.g., screw) with machining following a thermal processing method.40 Images of 

materials fabricated from SS-SF are presented in Fig. 1B, demonstrating the fine properties, 

freestanding robust properties and the absence of cracks.

3.2. Physical characterization and in vitro cytocompatibility of SS-SF films

Fabrication of SS-SF films was accomplished by direct casting of the 2% (w/v) SS-SF 

aqueous solution followed by water annealing to drive crystallization and insolubility.39 

These SS-SF films were optically transparent, rough and flexible (Fig. 2A). Fourier 

transform infrared (FTIR) spectroscopy was used to assess β-sheet content in the dry SS-SF 

films and the results indicated that the water annealing induced a conformational transition 

of the amorphous silk proteins in the fibroin-sericin films from random coil structures (1645 

cm−1 in FTIR) to β-sheet (1621 cm−1 in FTIR) (Fig. S1B and C). Deconvolution of the 

amide I band region (1590–1699 cm−1) 46 provided an estimated percentage of β-sheets in 

the films of 46.8±1.0% (n=30) (Fig. S1D). The morphology of the SS-SF films was 

characterized by SEM (Fig. 2B and C); the surface was macroscopically smooth and the 

thickness of the films was 1.2±0.4 μm (n=10). Cellular responses are critical for a 

biomaterial and sericin has been explored for new biomaterial applications,18, 23, 25, 47 while 

also a challenge due to potential inflammatory responses in vitro and in combination sericin 

with fibroin.48–49 Thus, the cellular response to the SS-SF films was assessed using 

macrophage RAW 264.7 cells exposed to the SS-SF films and controls (SF, TCP, LPS) for a 

week. At day 1 post seeding, the RAW 264.7 cells had a round morphology and adhered 

well on the SS-SF film surfaces (Fig. 2G), similar to the response on the SF films (Fig. 2F) 

and the TCP (Fig. 2D). In contrast, RAW 264.7 cells seeded on the TCP with LPS treatment 

underwent morphological transformation from macrophage-like morphology into distinct 

dendritic-like morphology with larger cell size and cytoplasm with increased granularity 

(Fig. 2E).50 Here, the areas and diameters of the cells seeded on SS-SF film surfaces were 

similar with those seeded on the SF films and TCP surfaces, and significantly smaller 

compared to those on the TCP-LPS induced RAW 264.7 cells (Fig. 2H and I). The release of 

early indicators of inflammation, interleukin-10 (IL-10) and tumour necrosis factor-α (TNF-

α) at days 1 and 7 was detected and similar to these cells seeded on the SF films and TCP 

plates, while significantly lower compared to the LPS group (Fig. 2J and K), suggesting the 

sericin present in the SS-SF films caused no significant cell inflammatory responses in vitro. 

This could be ascribed to the processing method by directly dissolving silk fibers without 

degumming, thus retaining the natural molecular weights of sericin and fibroin proteins (Fig. 

S1A).

The viability of human fibroblast BJ cells seeded on the SS-SF films was analyzed by Live/

Dead staining, compared to the cells seeded on TCP plate controls (Fig. 2L and 2N). Most of 
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the BJ cells seeded on the SS-SF films stained with green fluorescent signals (Fig. 2M), with 

few cells with red fluorescent signals (Fig. 2N) after culture for 3 days. During cell culture, 

the BJ cells adhered and grew well on the SS-SF films comparable to that on the TCP (Fig. 

S1E and F). Additionally, BJ cells grew with a fibroblast-like morphologies and formed 

monolayers, which were comparable to the cells grown on the TCP plate (Fig. 2L and M). 

Unexpectedly, the cells grew significantly better on the sericin-free fibroin films (Fig. S2).

3.3. Fabrication and characterization of 3D porous SS-SF sponges

3D porous SS-SF sponges were prepared following a freeze-drying process.51 The 2% (w/v) 

SS-SF aqueous solution was placed into desired molds, freezing-dried, and then treated by 

water annealing 39 (Fig. S3). Fig. 3A shows photographs of a preformed 2% (w/v) SS-SF 

sponge in dry and wet states. The SS-SF sponges when dry condition present a uniform 

morphology (Fig. S4A and B). In addition, the 2% (w/v) sponges also maintained 

morphology after the rapid and complete water uptake within 2 hours, with a maximum 

swelling of ~32.9-fold (Fig. 3A and Fig. S4C), indicating that the presence of the 

hydrophilic sericin component facilitated this water uptake in comparison to silk fibroin 

alone sponges. SEMs showed the SS-SF sponges possessed typical lamellar, homogeneous 

and interconnected porous structures with pore sizes of 123.0±28.3 μm and a high porosity 

of 90.9±1.4% (Fig. 3B and C). The pore sizes of the SS-SF sponges can be adjusted to using 

a salt leaching method.42 The SS-SF sponges when hydrated demonstrated ductility and 

structural integrity, with complete recovery under cyclic compression of over 99% of the 

original length (Fig. 3D and Movie S1). Furthermore, structural collapse of the wet SS-SF 

sponges occurred while blotting water from sponge, with full recovery immediately upon 

reabsorption of water within seconds (Movie S2 and 3). FTIR characterization observed 

significant conformational transition of the silk proteins in these SS-SF sponges, from 

random coil to β-sheet after water annealing treatment (Fig. 3E). The deconvolution of the 

amide I band revealed a β-sheets content of ~24.7±0.6%. The mechanical properties of the 

wet SS-SF sponges were characterized by compression tests in PBS (Fig. 3F). The 

compressive modulus of the SS-SF sponges was 3.0±1.3 kPa at 20% compressive strain, 

demonstrating shape recovery and fatigue resistance after the cyclic compression.

The biological properties of the SS-SF sponges were evaluated with the cultivation of 

mesenchymal stem cells (MSCs). Cellular growth was imaged by 3D scanning 100 μm 

depths from the top of the sponge using confocal microscopy (Fig. 4A). The MSCs grew on 

the surface of the SS-SF sponges and occupied the space in the interconnected pores to form 

a compact mat of cells with distinct rounded nuclei and well-developed actin filaments 

manner (Fig. 4B and Fig. S5). Notably, scanning deeper than 100 μm showed MSCs with 

distinct nuclei and filaments were also observed to grow both horizontally and migrate 

vertically in the sponges (Fig. 4C and D and Movie S4), suggesting efficient penetration of 

MSCs within the porous structure of the 3D SS-SF sponges. Viability of MSCs in the SS-SF 

sponges two weeks post seeding was imaged by confocal microscopy and showed 

dominance by >95% live cells and few dead cell fluorescence signals (Fig. 4E), indicating 

an absence of cytotoxicity of the SS-SF sponge. EdU incorporation 52 reflecting cell 

proliferation showed that most of the MSCs were proliferative within the SS-SF sponges 

over two weeks (Fig. 4F-H). This response can be explained by the cell adhesive features of 
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sericin.22–23, 53 In addition, monitoring cell viability by alamarBlue for two weeks revealed 

continuous cell growth of the MSCs within the SS-SF sponges (Fig. 4I), suggesting longer-

term cell survival and proliferation. Similar results related to the growth and efficient 

penetration of MSCs in the SS-SF sponges was also observed with fibroblasts (Fig. S6), 

suggesting the overall cytocompatibility of the sponges.

3.4. Fabrication of bulk SS-SF materials and devices

We recently developed a thermal processing method involving direct thermal molding of 

solid regenerated silk fibroin into new material formats with tailored properties and 

functionalities.1, 40 This method significantly shortened the steps of silk canonical 

processing. Here, the feasibility of fabricating SS-SF bulk materials by direct thermoplastic 

molding of regenerated SS-SF solid powder was assessed. The aqueous regenerated SS-SF 

solution (~2%, w/v) was freezing-dried and milled to obtain solid stated SS-SF powder as 

the raw material (Fig. S7A). Hot-pressing processing under 632 MPa and 145 °C was 

utilized, 40 to pack the SS-SF powder in a predesigned mold to form dense bars and discs 

with a pale yellow and transparent appearance (Fig. 1B and Fig. S7B), indicating successful 

thermal treatment. These bulk SS-SF bars could be machined into medical devices such as 

bone screws (Fig. 5A). Surface scanning electron microscopy (SEM) images showed that the 

SS-SF-based bone screws had a homologous structure after the hot pressing (Fig. 5B-D). 

FTIR characterization identified significant β-sheet structure (~44.7%) (Fig. 5E). In 

addition, Wide-angle X-ray scattering (WAXS) showed that the solid-stated SS-SF powder 

possessed significantly different molecular structure compared to the hot pressed SS-SF 

screws, indicating a structural transition to silk II (scattering vector q = 14.6 nm−1, d-spacing 

value of 4.3Å) during the processing (Fig. S8). The mechanical properties of these materials 

were evaluated by three-point bending of SS-SF plates and showed a maximum strength of 

~116±8.5 MPa (Fig. 5F). In vitro water uptake in PBS at 37°C showed that the fabricated 

SS-SF bone screws had a water uptake within 6 h with a maximum swelling of ~30 wt% 

(Fig. 5G and Fig. S9), likely due to the presence of the hydrophilic sericin in the SS-SF bone 

screws. The SS-SF bulk materials were also nontoxic, biodegradable and cytocompatible, 

and the SS-SF plates supported cell adhesion, survival and growth comparable to TCP (Fig. 

5H-I and Fig. S10).

4. CONCLUSIONS

A novel method to fabricate versatile SS-SF protein composites in a variety of material 

formats, including films, sponges, and bulk devices, was demonstrated through aqueous 

regenerated protein solution or solid-state processing techniques. This method involved 

directly dissolving whole raw silk cocoons without degumming, which simplifies the 

processing steps for silk materials fabrication and achieves improved processing costs, while 

avoiding the degradation of the fibroin proteins. The sericin present in these SS-SF materials 

did cause an in vitro inflammatory response. These SS-SF materials supported cell adhesion, 

growth and proliferation, thus offering potential utility as biomaterials. This new method 

may also pose a need for high quality silkworm cocoons to minimize the need to clean 

debris or contaminants from individual cocoons in order to avoid or minimize downstream 

issues.
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Fig. 1. 
Schematic representation for generating biomaterials with whole raw cocoons. (A) Overall 

schematic of approach: 1) dissolving raw silk fibers to obtain regenerated aqueous SS-SF 

solution; 2) aqueous SS-SF solution-derived processing methods to fabricate SS-SF films 

and sponges; 3) thermoplastic molding of SS-SF in the solid state to directly form bulk 

materials and devices. (B) Photographs of films, sponges, bulk materials (e.g. bars, discs) 

and devices after machining (e.g. bone screws). Scale bar 1 cm.

Wang et al. Page 16

Acta Biomater. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Characteristics of SS-SF films. (A) Photograph of SS-SF films under normal and bending 

conditions. Scale bar 1 cm. Surface (B) and cross section (C) SEM images of the SS-SF 

films, corresponding to the red and blue regions in (A), respectively. Scale bars for (B) and 

(C) 20 μm and 5 μm, respectively. Optical microscope images of macrophage RAW 264.7 

cells grown on TCP plates (D), TCP plates with LPS (E), silk fibroin films (F) and SS-SF 

films (G) at day 1. Scale bar 100 μm. Cell areas (H) and diameters (I) calculations of RAW 

264.7 cells grew on different substrates at day 1. Released inflammatory factors IL-10 (J) 

and TNF-α (K) from the RAW264.7 cells in media grown on different substrates at days 1 

and 7. Viability of human fibroblast BJ cells growing on TCP plates (L and N) and the SS-

SF films (M and O) at day 3 by Dead/Live staining. Live cells stained by Calcein-AM dye 

by green fluorescence (ex/em ~495 nm/~515 nm). Dead cells stained by EthD-1 dye and 

emitted red fluorescence (ex/em ~495 nm/~635 nm). Scale bar 200 μm.
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Fig. 3. 
Physical properties of the SS-SF sponges. (A) Photographs of the 2% (w/v) SS-SF sponges 

in dry (left) and hydrated (right) states. (B-C) SEM of the 2% (w/v) SS-SF sponges at 300-

fold and 1000-fold magnification, respectively. (D) Photograph showing compression cycle - 

of the SS-SF sponge in PBS. Scale bar 5 mm. (E) FTIR of the SS-SF sponge before (bottom 

inset) and after (top inset) water annealing. (F) Mechanical properties of the SS-SF sponges 

in hydrated conditions by compression test. Inset represents the maximum compressive 

stress and compressive modulus of the SS-SF sponges.
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Fig. 4. 
In vitro assessment of biological properties of the SS-SF sponges. (A) 3D Confocal scanning 

of MSCs grown for two weeks. Sponges stained with rhodamine-phalloidin for actin 

filaments (Red) and DAPI for nuclei (Blue), respectively. Images taken 100 μm in depth 

from top of the sponge. (B-D) Confocal microscopy of MSCs at 10, 40, and 100 μm depth of 

the SS-SF sponges, respectively. (E) Dead/Live staining and confocal microscopy of MSCs 

at week 2. (F-H) Edu incorporation reflecting cell proliferation of MSCs at week 2, where 

cells in f proliferation showed RFP fluorescent signals. Cell nuclei stained by DAPI (blue). 
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Scale bars for (A-H) represent 50 μm, respectively. (I) AlarmarBlue assay to monitor cell 

viability of MSCs in the SS-SF sponges for two weeks. Fluorescence intensities quantified 

using a fluorescence plate reader (ex/em ~560 nm/~590 nm). Measurements in triplicate and 

repeated independently four times.
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Fig. 5. 
SS-SF based bulk materials and device fabrication (screws, plates). (A) Photograph of SS-SF 

bone screws. Scale bar 1 cm. (B-D) SEM images of bone screws. (E) FTIR characterization 

of bone screws. (F) Three-point bending curves for plates. (G) In vitro water uptake in PBS 

of the bone screws. (H) Dead/Live staining of MSCs grown on the plates. Scale bar 100 μm. 

(I) AlarmarBlue assay of the MSCs viability on the plates for three days. Fluorescence 

intensities quantified using a fluorescence plate reader (ex/em ~560 nm/~590 nm). 

Measurements in triplicate and repeated independently four times.
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