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v' Review A Review of Structure Construction of Silk Fibroin

Biomaterials from Single Structures to Multi-Level Structure’

Structure Design of Silk Fibroin-Based Biomaterials
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Figure 2. Structural design of SF-based biomaterials from single structures to multi-level structures.
Reproduced from [34,35].



Single structure

(1) Particulate Structures

-SF micro-/nanoparticles&
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Figure 3, Scanning clectron microscope (SEM) images (A~C) of SF microparticles fabricated with
different ST ethanol ratios, (A) 21, (B) 3:1 and (C) 4:1, scale bar: 5 um; (D) Release kinetics of bone
morphogenetic protein (BMP)-2, BMP-9, and BMP-14 immobilized in SF particles, with 0.5 pg of BMP
per mg of Sk Reproduced from (38];(E) Mechanism of SF particles' regular formation (F) with addition
of poly vinyl alcohol (PVA) and irregular formation (G) without addition of PVA, scale bar: 10 ym.

Reproduced from [39].



(2) Film Structures

-SF Film Structures & TIE = WH: Casting method, Spin-coating, Deposition, and
Spin assisted layer-by-layer assembly, Electrospinning method.

-Hio| @ AXHZ M SF film2| HH/d 24t HHH: Stretching, Waterannealing,
Slow-drying, Alcohol immersion.

-SF film2| HO| 2 AXZM 2| S8 Artificial skin, Wound dressing, Drug delivery.
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< g 15000 attachment at 2 h on water-annealed SF film (B) and methanol-treated SF film (C). The cracks on
vyia . g 000 the film in image (C) are induced by methanol treatment. Red arrows indicate fully attached cells
: ¢ S and blue arrows indicate attaching cells. Reproduced from [56]; (D) SEM images of bone-marrow
5 g™ {0 o Day 7 — stromal cells (BMSCs) growing on polyethylene oxide (PEO) non-extracted and PEO extracted SF mats,
j 4 Zi T i Time of :uym, ation 2 respectively, after 1, 7, and 14 days. Scale bar: 500 um; (E) Proliferation of BMSCs grown on SF mats.
e P == —— PEO-Extracted —s—Non-Extrated Seeding density: 2.5 E4 cells/cm?, n = 4. Reproduced from [59).




(3) Three-dimensional Structures
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Figure 5. Images of regenerated silk fibroin (RSF)/hydroxypropyl methyl cellulose 9 (HHPMC9)

hydrogels’ re

reaction to bending (A), knotting (B) and compressing (C); (D) Representative tensile

curves of RSF/HPMC9 hydrogels with different solid contents; (E) Cytotoxicity test of mouse fibroblast
cells cultivated with RSF hydrogels and R5F/HPMCY hydrogels; RSF/HPMCP%: the ratio of R5F to

HPMC was 9/1. Reproduced from [34].
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Figure 6. (A) Scanning electron microscope images of SF scaffolds fabricated by freeze-drying technique
using (a—c) 2 wt % SF at —20 °C; (d—f) 4 wt % 5F at —80 °C; and (g—i) 6 wt % SF at —196 °C; scale bar:
(a—f,h,i): 100 pm; (g): 50 pm. (B) Confocal laser micrographs of human dermal fibroblast cell migration
on SF porous scaffolds fabricated at —196 “C at different time points. The cells are stained with
Hoechst 33342 for nuclei (green) and Rhodamine—phalloidin for actin filaments (red); scale bar: 500 pum.
The black dotted arrows indicated the region and direction corresponding to the red dotted arrows on

the previous graphs; ROI: region of interest. Reproduced from [88].



 Multi-Level Structure

(1) Micropatterning Structures

- HO| 2 T E 2] Micro- 2t nanostructures H|= 2H: Photolithography, Template-assisted
electrospray deposition (ESD), Electron beam lithography technique
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Py ety lovame (FOMIS) St (5) S costn SF colution on the PDVIS: (0 Exracnms e POTOUS Scaffolds; (B) Fluorescence images (2, 10x, and 20x) of NIH-3T3 fibroblast cells stained with

polydimethylsiloxane (PDMS) stamp: (b) Spin-coating SF solution on the PDMS; {c) Extracting the
ionic liquid solvent in a methanol bath; (d) Peeling the stallized patterned SF film from the stamp:

mpared to the unpatiemed (collveen <oned) live/dead viability kit after cultured on the micropatterning scaffolds for one day. Reproduced

on (a) patterned SF films at 6 and 24 h and

(b} unpatterned hilm at 24 h; Histog, it on (c) patterned SF films and (d) unpatterned

films. The x-axis represents cell angle: the y-axis represents cell counts. Adapted with permission f]‘[)m [1{)81
from [101]. Copyright (2007) American Chemical Society.
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(2) Three-Dimensional Printing Structures

- H}O| R X 22| Micro- 2} nanostructures M= 2H: Photolithography, Template-assisted
electrospray deposition (ESD), Electron beam lithography technique

- 3Kl =R X H = WH: 3D bioprinting

- 88: organs} tissues

Figure 9. (A) Optical image of three-dimensional printing (3DP) silk/hydroxyapatite (FHA) scaffold;
(B) Scanning electron microscope image of individual silk/HA filaments at intersection. Scale bar:
100 pm; (C) Higher magnification image of the silk/HA filament surface. Scale bar: 10 pm; (D) Height
profile of a representative silk /HA filament observed by atomic force microscopy (AFM). Reproduced
from [113].



v" A Biomimetic Silk Fibroin/Sodium Alginate Composite Scaffold
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Figure 1. Procedure schematic and EDC reaction mechanism. (a) Schematic describling a strategy of
preparation the SE/SA scaffolds. (b) EDC reaction mechanism schematic with SA and SE: (1) reaction with
amino groups, (2) reaction with a nearby ionized carboxyl group and (3) quickly form amide bond when amine
is present.



v" Printing three-dimensional tissue analogues with decellularized
extracellular matrix bioink3
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Figure 1 | Schematic elucidating the tissue printing process using dECM biocink. Respective tissues were decellularized after harvesting with a
combination of physical, chemical and enzymatic processes, solubilized in acidic condition, and adjusted to physiological pH. Tissue printing was performed

with the dECM bioink encapsulating living stem cells via a layer-by-layer approach followed by gelation at 37 °C. The 3D cell-printed structure has
applications in various border areas including tissue engineering, in vitro drug screening and tissue/cancer model.
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Figure 2 | Decellularization of the native tissues and their biochemical analysis, Cptical and microscopic images of native and decellularized (a) cartilage
tissue (scale bar, 50pm), (b) heart tissue (scale bar, 100 pm), and (¢) adipose tissue (scale bar, 100 um). ECM components (Collagen and GAGs) and
DNA contents of native and decellularized (d) cartitage (cdECM), (&) heart (hdECM) and (F) adipose (adECM) tissue. All experiments were performed in
triplicate, Error bars represent s.d. (*P<0.05; NS, no significance),
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Figure 4 | Printing process of particular tissue constructs with dECM bioink. (a) Heart tissue construct was printed with only heart dECM (hdECM).
Cartilage and adipose tissues were printed with cartilage dJECM (cdECM) and adipose dECM (adECM), respectively, and in combination with PCL
framework (scale bar, 5mm). (b) Representative microscopic images of hdECM construct (scale bar, 400 pm), () s.em. images of hybrid structure of
cdECM with PCL framework (scale bar, 400 pm) and (d) microscopic images of cell-printed structure of adECM with PCL framework (scale bar, 400 pm).
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