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Abstract: Silk fibroin, regenerated from Bombyx mori, has shown considerable promise as a printable,
aqueous-based ink using a bioinspired salt-bath system in our previous work. Here, we further de-
veloped and characterized silk fibroin inks that exhibit concentration-dependent fluorescence spectra
at the molecular level. These insights supported extrusion-based 3D printing using concentrated silk
fibroin solutions as printing inks. 3D monolithic proteinaceous structures with high aspect ratios
were successfully printed using these approaches, including cantilevers only supported at one end.
This work provides further insight and broadens the utility of 3D printing with silk fibroin inks for
the microfabrication of proteinaceous structures.

Keywords: 3D printing; self-assembly; printability; structural proteins; salt bath; tyrosine; conformation

1. Introduction

3D printing/additive manufacturing of protein-based inks is of particular interest
for a broad range of biomedical applications [1–5]. 3D printing offers manufacturing
benefits, including digital design and rapid prototyping [6–9]. Load-bearing proteins,
along with polysaccharides and minerals, constitute the primary structural components of
living systems, playing essential biomechanical roles [10]. Furthermore, the proteinaceous
composition of printing inks may be advantageous in maintaining biocompatibility and
biodegradability [2], compared with synthetic polymers. The synergy of 3D printing
and protein-based inks is a promising strategy for recapitulating sophisticated human
physiology and for developing biomedical devices. Despite substantial progress made in
past decades, the mechanical strength and structural integrity of 3D proteinaceous prints
remain challenging [11,12].

The challenge of 3D printing with protein-based inks is two-fold. First, conventional
3D printing approaches with synthetic polymer-based inks may not be suitable for proteins.
These approaches often involve non-aqueous and non-ambient processing conditions, in-
cluding high-temperature [13,14], organic solvents [15], and harsh crosslinking reagents
such as glutaraldehyde [16–18]. These processing conditions may be harmful to the in-
herent biofunctions of proteins. Other 3D printing approaches involve non-proteinaceous
additives, such as polyethylene glycol (PEG) [19,20] and polycaprolactone (PCL) [21–23],
which may compromise the biological roles of the proteins in the inks.

Second, the biological principles for manufacturing mechanically superior protein
tissues/structures remain challenging to recapitulate in vitro. Proteins constitute me-
chanically superior materials, such as tendons and spider dragline silks [10,24], via the
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assembly of polypeptide chains at hierarchical length scales [25,26]. The mechanism of the
hierarchical molecular assembly should be a valuable source of inspiration for artificial
manufacturing approaches with proteins [27,28], yet remains incompletely understood.

In an attempt to address this challenge, we previously developed a 3D printing ap-
proach with silk fibroin-constituted inks [27]. Compared with a range of 3D printing
approaches with silk fibroin-based inks [29–33], this new approach included a salt bath
containing 0.5 M of dipotassium phosphate and 4 M of sodium chloride, which recapit-
ulated native spinning solvent conditions, including dehydration, acidification, and ion
gradients. These in vivo solvent conditions regulate the assembly of silk fibroin for silk
spinning [34–36]. This 3D printing approach is advantageous due to the monolithic protein
composition and the improved mechanical performance resulting from the salt-directed
hierarchical molecular assembly [27].

Here, we extend our previous work to develop 3D printing approaches with monolithic
silk fibroin inks [27]. We characterized the dynamic enrichment process of silk fibroin
solutions to produce highly concentrated inks and revealed concentration-dependent
fluorescence spectra. The latter provides insights into molecular interactions related to the
sol–gel transition during 3D printing. We also printed and characterized 3D silk fibroin
prints with complex geometries, high aspect ratios, and cantilevers, providing a significant
improvement in printability with protein-based inks [19,20,30,37,38]. Such printability is
important to unleash the full potential of 3D printing with protein inks, which can widen
the scope of the printable structures and thus enhance utility. In particular, cantilever beams
could be incorporated into tissue scaffolds for enhanced porosity and interconnections
between cells [15,39,40].

In addition, the 3D designs and the simulations of structural deformation, reported
here, could be generally useful for characterizing other inks that can form cantilever-like
structures. This work underlies the further development of 3D-printed proteinaceous
structures for a broad range of potential biomedical applications.

2. Results and Discussion
2.1. Preparation of Highly Concentrated Silk Fibroin Solutions as Printing Inks

Regenerated silk fibroin solutions were prepared from Bombyx mori silkworm cocoons
including the three steps of degumming, solubilization, and dialysis [41]. The concentration
of regenerated silk fibroin solutions was around 8 wt%, a solid content too low to spin/print
solid, compact filaments [42]. We thus employed circulating, cooled airflow [42,43] and
dialysis cassettes to obtain highly concentrated silk fibroin solutions (over 25 wt%) by water
evaporation from solutions to air [27]. A series of silk fibroin solutions were displayed
in cuvettes (Figure 1a). The concentration of silk fibroin solution increased from around
7.5 to 26.1 ± 3.0 wt% over 167 h, i.e., around 7 days (Figure 1b). The evaporation rate,
defined by the amount of evaporated water per hour, gradually decreased from 3.3 ± 0 to
1.1 ± 0.1 g/h throughout the enrichment process (Figure 1b, inset). The decreased water
evaporation was due to the decreased surface area between air and liquid that limits the
evaporation, resulting from the decreased volume of silk fibroin solution. In addition,
bound water strongly interacts with silk fibroin and is increasingly difficult to remove
from the denser solution stages [44–46]. This enrichment approach, using low-temperature
airflow, can be an alternative to reverse dialysis against PEG (10 wt%, 20 kDa) [47,48]. The
polymer solution has a higher osmotic pressure than the silk fibroin solution, thus driving
unidirectional water transport from the silk fibroin solution into the polymer solution.
Reverse dialysis took around 24 h to achieve 20 wt% silk fibroin and around 3 days to
achieve 30 wt% [47,48]. The cooled air approach took around 7 days to achieve 30 wt%,
slower than reverse dialysis (Figure 1b). However, the slower enrichment process may be
advantageous in reducing premature gelation or aggregation of silk fibroin, improving
solution consistency, and minimizing batch-to-batch variations in protein conformation
and concentration.
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Reprinted with permission from [49]. Copyright 2014, American Chemistry Society. 

Silk fibroin solutions were darker yellow and had stronger autofluorescence with in-

creased concentration (Figure 1a). The autofluorescence, excited at 365 nm, is consistent 

with the fluorescence spectra in a previous report [50] and likely results from the increased 

content of aromatic amino acids of silk fibroin (heavy chain), including tyrosine (5.3 

mol%), phenylalanine (0.6 mol%), and tryptophan (0.2 mol%) [51,52]. At 27 wt%, the silk 

fibroin remained yellowish clear and flowable without turbidity or gelation. The solubility 

Figure 1. Preparation and characterization of silk fibroin inks. (a) Brightfield and autofluorescence
images of a series of silk fibroin solutions from 4 to 27 wt%, loaded in cuvettes. Both color and
fluorescence intensity increase with increased concentration. (b) Enrichment profile of silk fibroin
solutions. Inset shows the dynamic change of evaporation rate, defined as the weight of evaporated
water per hour. (c) Absorption spectra of silk fibroin solutions. Inset shows the linear relationship
between 280 nm absorption and concentration. The red line is the linear fitting. (d) Fluorescence
spectra of silk fibroin solutions. Inset shows emission peak as a function of silk fibroin concentration.
(e) Viscoelastic profiles of silk fibroin solutions at 10, 14, 20, and 25 wt%. Inset shows that the viscosity
at the shear rate of 10 s−1 increases exponentially with the increased concentration. The data for
10 wt% regenerated silk fibroin is replotted based on previous results [49]. Reprinted with permission
from [49]. Copyright 2014, American Chemistry Society.

Silk fibroin solutions were darker yellow and had stronger autofluorescence with
increased concentration (Figure 1a). The autofluorescence, excited at 365 nm, is consistent
with the fluorescence spectra in a previous report [50] and likely results from the increased
content of aromatic amino acids of silk fibroin (heavy chain), including tyrosine (5.3 mol%),
phenylalanine (0.6 mol%), and tryptophan (0.2 mol%) [51,52]. At 27 wt%, the silk fibroin
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remained yellowish clear and flowable without turbidity or gelation. The solubility of silk
fibroin at high concentrations in aqueous solutions may be attributed to the self-organized
micelle structures [53].

2.2. Characterization of Silk Fibroin Solutions

A series of silk fibroin solutions was further characterized using ultraviolet-visible
(UV-Vis) spectroscopy, fluorescence spectrometry, and rheometry (Figure 1c–e). UV-Vis
spectra showed that the absorbance at 280 nm of silk fibroin solution was linearly propor-
tional (R2 = 0.99) to concentration from 7 to 27 wt% (Figure 1c). We also used Equation (1)
to calculate the percentage extinction coefficient of the regenerated silk fibroin solution
(ε1%) that turned out to be 6.8 ± 0.4 (g/100 mL)−1 cm−1, which may be useful to determine
the concentration of regenerated silk fibroin solutions.

The fluorescence spectra of silk fibroin, excited at 300 nm, exhibited notable depen-
dence on concentration (Figure 1d). In particular, with increased concentration from 0.5 to
26 wt%, fluorescence emission exhibited a red shift from 347 to 400 nm and increased full
width at half maximum (FWHM) from around 76 to 100 nm (Figure 1d). The concentration-
dependent fluorescence spectra were attributed to the tendency of tyrosine residues to
self-associate at high concentrations. In particular, the aromatic ring of tyrosine can interact
with each other via π–π and π–OH interactions [54,55], which changes energy transfer
between tyrosine residues and alters the fluorescence emission. Indeed, the concentration-
dependent fluorescence spectra have been found in other fluorophores and attributed to
extensive energy transfer [56]. The self-association of tyrosine residues is suggested to play
a role in native silk spinning and β-sheet formation by templating the assembly of silk
fibroin molecules [57]. These results offer insight that the high concentration of silk fibroin
inks provides, in addition to the high solid content, templating effects that facilitate the
self-assembly of silk fibroin during 3D printing. Although a higher concentration of silk
facilitates 3D printing, it may affect cellular attachment [48]. The decreased attachment with
increased silk fibroin concentration is attributed at least in part to increased hydrophobicity
of silk on scaffold surfaces [48]. The endothelialization of 3D prints using approximately
30 wt% silk fibroin solution was demonstrated [27]. Thus, concentration–cell attachment
relationships require additional investigation.

Rheological measurements for silk fibroin solutions revealed viscoelastic properties
relevant to 3D printing (Figure 1e). The viscosity of silk fibroin increased with increased
concentrations. At the shear rate of 10 s−1, the viscosity of 10, 14, 20, and 25 wt% silk fibroin
solutions were 0.01, 0.18, 1.8, and 6.85 Pa·s, respectively. Silk fibroin solutions below 10 wt%
would be more diluted and behave more like water. Viscosity increases exponentially
with increased silk fibroin concentration (Figure 1e, inset), consistent with using enriched
silk fibroins for electrospinning [49]. The increased viscosity is likely due to increased
molecular entanglements with increased concentration. The expedited increase of viscosity
after 20 wt% is attributed to a critical entanglement concentration [49]. Furthermore, all four
silk fibroin solutions demonstrated shear-thinning behavior, i.e., viscosity decreases with
increased shear rate. The shear-thinning behavior is attributed to the elongated molecular
chains and the reduced friction between molecules, and is desired for extrusion-based 3D
printing, as it lowers the required extruding pressure [2].

2.3. Representative 3D Prints with Silk Fibroin Inks

We used 25 wt% silk fibroin solution as the 3D printing ink, based on prior results
(Figure 2a) [27], and printed a 4-layer lattice structure with a footprint of 6 × 6 mm2 and
filaments of around 100 µm in diameter (Figure 2b). The porosity of the 3D prints was
controlled via tuning filament gaps, where gaps of 0.8, 0.6, and 0.4 mm led to the porosities
of the 3D prints of 60%, 55%, and 34%, respectively. Furthermore, we used small filament
gaps, such as 0.15 mm, to overlap filaments and printed a solid membrane with zero
porosity (Figure 2c). The capability to control porosity highlights the promise of 3D silk
fibroin prints for tissue engineering, such as for bone regeneration [15,39], as porosity
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plays a key role in the transport of nutrients and cellular differentiation [40]. In addition,
the square shape within the lattice was largely maintained without notable distortions,
implying a high printability [58].
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3.9 MPa, p < 0.05) (Figure 2g). The result of orientation-dependent strength is attributed to 
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Figure 2. Representative 3D prints with silk fibroin inks. (a) Schematic of 3D printing with silk fibroin
inks using a salt bath. Silk fibroin transforms from random coils to β-sheet after printing due to the
salt bath. (b) Optical images of four-layer rectangular lattices with filament gaps from 0.8 to 0.4 mm.
(c) Optical images of two lattices with filament gaps of 0.3 and 0.15 mm. The latter exhibits closed
pores and overlapped filaments, thus becoming a solid film. (d) Optical images of two rectangular
lattices with distinct filament orientation, including 60◦ and 30◦. (e) Design and optical images of two
3D-printed rectangular films (30-mm-long and 2-mm-wide) with 0.15-mm filament gaps and distinct
filament orientations, such as axial (0◦) and radial (90◦). White double arrows indicate the direction
of tensile strain. (f,g) Mechanical performance of the axial and radial films by uniaxial tensile tests,
including Young’s modulus and tensile strength.

The orientation of the silk fibroin filaments in the 3D prints was also controlled, includ-
ing 0◦ (axial), 30◦, 60◦, and 90◦ (radial) (Figure 2d,e). Filament orientation was associated
with mechanical performance. For example, the two rectangle films with axial and radial
orientations exhibited Young’s moduli of 119.2 ± 31.0 and 112.3 ± 34.6 MPa, respectively,
which are comparable with each other (p > 0.5) (Figure 2f). Notably, the tensile strength of
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the axial films was statistically higher than the radial ones (33.2 ± 5.6 vs. 24.2 ± 3.9 MPa,
p < 0.05) (Figure 2g). The result of orientation-dependent strength is attributed to the
interior interfilament bonding [59], suggesting a means to manipulate the mechanical
property of 3D prints. In particular, monolithic silk fibroin prints with controlled filament
orientations are promising for the construction of anisotropic tissue scaffolds [60].

We then examined the fine structural features of 3D silk fibroin prints using scanning
electronic microscopy (SEM) (Figure 3). 3D-printed lattices exhibited filaments with a round
cross-section and well-controlled connections between layers (Figure 3a). Furthermore,
other complex 3D silk fibroin prints included a 32-layer pyramid (Figure 3b), an 8-layer
wheel (Figure 3c), a 40-layer tetrahedron (Figure 3d), a 40-layer cuboid (Figure 3e), and a
3D star-like shell (Figure 3f). Of note, the star-like shell had no interior supporting structure
but only a single shell layer (Video S1), corroborating the printability.
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high aspect ratio of the 3D silk fibroin prints was superior to polyelectrolyte prints (~20) 

Figure 3. SEM characterizations of representative 3D silk fibroin prints. SEM images of (a) the 3D
lattices, highlighting single filaments and connections between filaments. (b) A 32-layer pyramid-like
3D print. (c) An 8-layered wheel-like 3D print. (d) A 40-layer tetrahedron-like 3D print. (e) A 40-layer
cuboid 3D print. (f) A single-layer star-like 3D print. Silk fibroin materials are displayed in orange in
all SEM images.

2.4. High Aspect Ratio 3D Prints and Cantilevers

3D silk fibroin structures were printed with high aspect ratios (Figure 4). One 3D silk
fibroin print was a hollow, free-standing, vase-like structure with a slightly convex wall
(Figure 4a). The wall thickness and the height of the vase were 0.1 and 2.5 mm, respectively,
which led to an aspect ratio of around 25.
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The base layers and the salt batch were omitted in the 3D models. The end boundary of 

the 3D model, toward the negative x-direction, was fully fixed without displacement 

Figure 4. High aspect ratio 3D protein prints and cantilevers. (a) A free-standing, hollow, and
high-aspect vase-like silk fibroin 3D print. (b) A V-shape structure with overhanging filaments for
testing printability. The overhanging filaments, ranging from 0.5 to 6 mm in length, remain straight.
(c) Design and optical image of the cantilever prints, consisting of cantilevers with varying lengths
(in cyan dashed boxes) and a 5-layer supporting base (in orange dashed boxes). The span length on
one side of the print is labeled in units of microns. (d) SEM images of the proteinaceous cantilevers,
where the cantilever remains non-sagging for the span length up to 400 µm. (e) FEA-based models for
the cantilevers with span lengths of 400, 600, and 800 µm. (f) FEA simulation results of the cantilever,
indicating cantilever deflection due to length.

A series of overhanging filaments with gradually varied lengths have been used
to characterize the printability of concentrated electrolyte-based inks [61] and general
bioinks [62]. An overhanging filament may sag or deflect due to gravity, which can
be associated with a dynamic sol–gel transition and the strength of the crosslinked ink.
A longer filament with minimal sags or deflection angles indicates better print outcomes
for the fidelity of the printed structure. On the basis of these methods, we designed and
printed a V-shape structure with silk fibroin inks, containing multiple spanning filaments
with a constant diameter of around 0.08 mm and lengths varying from 0.8 to 5.6 mm
(Figure 4b). In particular, the V-shape structure exhibited no-sagging filaments and had a
maximal aspect ratio of around 70. Our previous work exhibited 3D printed silk fibroin
filaments with 0.08-mm diameter and 30-mm length, leading to an aspect ratio of over
375 [27]. The high aspect ratio of the 3D silk fibroin prints was superior to polyelectrolyte
prints (~20) [61], carbomer-laden hydrogels (~33) [63], and silk fibroin prints based on
photo-crosslinking and enzyme-crosslinking (~1) [64–66].

In addition to the overhanging filaments (Figure 4b) [61,62], we proposed cantilevers
to assess 3D printability (Figure 4c). A cantilever-like structure is challenging to print, as
it has to support itself at one end after deposition, in contrast to overhanging filaments
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supported at both ends. Thus, a cantilever-like structure is a high caliber for 3D printing.
We designed a structure composed of a multi-layer supporting base (labeled in orange
dashed boxes) and a top layer of continuously printed cantilevers in a U-turn shape with
varying span lengths (labeled in cyan dashed boxes) (Figure 4c). The structural design is
also useful for assessing the printability of other printing inks that can form cantilever-like
structures. We used SEM to evaluate the 3D-printed silk fibroin cantilevers with lengths
spanning from 100 to 600 µm (Figure 4d). The silk fibroin cantilevers with up to a 400-µm
length span (labeled in cyan) remained straight without sagging. In contrast, the cantilever
with a span length of 600 µm exhibited notable deflection.

Finite element analysis (FEA)-based 3D models of proteinaceous cantilevers with
span lengths from 400 to 800 µm were developed using the solid mechanics interface in
COMSOL (Figure 4e,f) [67]. The 3D models resemble the shape of the cantilever prints. The
base layers and the salt batch were omitted in the 3D models. The end boundary of the 3D
model, toward the negative x-direction, was fully fixed without displacement (Figure 4e).
A gravity load, in the negative z-direction with an acceleration of 9.81 m/s2, was applied
to the entire 3D model. Experimentally measured and estimated material properties of
silk fibroin inks were used in the model, including Young’s modulus (1.9 kPa) and density
(1330 kg/m3). FEA simulation was used to examine how the cantilever length affected
deflection. The simulation results exhibited increased deflection and displacement with
increased span lengths of the cantilevers (Figure 4f). In particular, the displacements of the
cantilevers with 400-, 600-, and 800-µm lengths were 0.01, 0.05, and 0.13 mm, respectively.
The span length-deflection trend in the simulation agreed well with experimental outcomes
(Figure 4d). The FEA simulation is a versatile tool to estimate the printability of silk fibroin
inks and thus helps design silk fibroin prints with complex structures.

3. Materials and Methods
3.1. Regeneration and Enrichment of Silk Fibroin Solution

Silk fibroin solution was regenerated from the cocoons of domestic Bombyx mori
silkworms (Tajima Shoji Co., Yokohama, Japan) according to previously described meth-
ods [27,41]. Briefly, 10 g of cocoons were sliced and degummed in 4L of boiling 0.02-M
sodium carbonate solution (S7795, Sigma Aldrich, St. Louis, MO, USA) for 30 min. The
degummed silk cocoons were dried overnight and solubilized in 9.3-M of lithium bromide
(Sigma Aldrich, St. Louis, MO, USA) at 60 ◦C for 4 h, followed by dialysis (Molecular
weight cut-off, MWCO, 3500) against 5-L deionized (DI) water with 6 changes over 3 days.
The silk fibroin solution was then centrifuged twice at 9000 rpm, 4 ◦C for 20 min and
filtered through sterile cell strainers (70-µm pore size, Fisherbrand™, Fisher Scientific,
Waltham, MA, USA) to remove any insoluble particulates. The degumming and processing
conditions gave rise to around 100 kDa of molecular weight of the regenerated silk fibroin,
according to previous results [68]. The regenerated silk fibroin solution looked yellowish–
clear and remained stable at 4 ◦C for at least 4 weeks. The silk fibroin solution with the
concentration of 7.5 wt% was enriched by air-drying in Slide-a-Lyzer dialysis cassettes
(MWCO 3500 Da, Thermo Fisher Scientific) in a refrigerator for about 7 days. We assumed
that the refrigerator provides a circulating, cooled (4 ◦C) airflow and a consistent humidity
in the course of the enrichment. The enriched solution remained fluid yet highly viscous,
which can be removed from the cassette by scooping or pouring. The concentration of silk
fibroin solution was determined by drying at 60 ◦C overnight using the ratio of the solution
weight to the dry weight.

3.2. Fluorescence Spectroscopy

Silk fibroin solutions (around 500 µL) were pipetted into a 10-mm-pathlength dispos-
able cuvette (UVette, Eppendorf). Fluorescence spectra of the silk fibroin solution were
obtained using an F4500 spectrofluorometer (Hitachi, Schaumburg, IL, USA). The scan rate
was 60 nm/min. The excitation and emission slits were 5 and 10 nm, respectively. The
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voltage of the photomultiplier tube detector was 700 V. The excitation wavelength was
300 nm. The emission from 320 to 500 nm wavelength was collected.

3.3. UV-Vis Absorbance

The UV-Vis spectra of silk fibroin solutions from 200 to 800 nm were acquired using
a Nanodrop 2000 UV-Vis spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA). Each sample was measured at least three times. A wavelength of 340 nm was used
for a bichromatic normalization. DI water to dilute the silk fibroin solutions was used as a
blank sample. The percentage extinction coefficient of regenerated silk fibroin solutions
(ε1%, (g/100 mL)−1 cm−1) is calculated by using the following equation:

ε1% = A/bc (1)

where A is the absorbance at 280 nm, b is the path length (cm), and c is the percentage
concentration (wt%).

3.4. Rheology

Steady shear sweeps of silk fibroin solutions with concentrations of 14 wt%, 20 wt%,
and 25 wt% were performed on an ARES-LS2 (TA Instruments, New Castle, DE, USA)
using a pair of 25-mm parallel stainless steel plates at room temperature. The range of the
viscosity-shear rate curve was set according to the limit of torque force and sample stability.

3.5. 3D Printing

The silk fibroin solution was printed using an extrusion printer (Inkredible, Cellink,
Sweden) and Repetier-Host software, according to previous methods [27]. Briefly, the silk
fibroin solution as the printing ink was loaded in a 3-mL syringe and extruded through
a 33-gauge chamfered dispensing nozzle by compressed air. The ink was printed on a
glass slide that was immersed in an aqueous salt bath (4-M sodium chloride and 0.5-M
dipotassium phosphate). The printing path was controlled by manually written G-code
commands. The printing speed (moving speed of printing head) and printing pressure
were 1 mm s−1 and 210 kPa, respectively, unless stated otherwise.

3.6. Morphology

3D silk fibroin prints were treated with a series of ethanol solutions, dried in a critical-
point dryer (CPD 300, Leica, Germany), and coated with a 5–10-nm-thick Pt/Pd (80:20)
(EMS 150 S sputter coater, Quorum, UK), followed by scanning electronic microscopy (SEM)
imaging (Ultra 55, Carl Zeiss AG, Germany) at an acceleration voltage of 5 kV.

3.7. Tensile Tests

Tensile tests of 3D-printed silk fibroin films were performed using a dynamic me-
chanical analyzer (RSA3, TA Instruments, New Castle, DE, USA) equipped with a 35-N
loading cell at room temperature. The tensile strain rate was 10 mm/min. Young’s mod-
ulus was calculated between strains of 0.05 and 0.1 mm/mm. The dimensions of the
samples were measured by light microscopy before testing. The samples were immersed in
1 × phosphate-buffered saline (PBS) and remained wet during testing.

3.8. Computational Simulation

COMSOL Multiphysics 5.4 (COMSOL, Inc., Burlington, MA, USA) was used to de-
velop an FEA-based model of the proteinaceous cantilever-like structures, according to the
actual size. We estimated Young’s modulus (E) of the models from the shear modulus (G)
of silk fibroin inks by assuming E = 3G [69]. The density of the model was assumed to be
the difference between silk fibroin inks and the salt bath.
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3.9. Statistical Analysis

Microsoft Excel software was used for all statistical analyses. Unless otherwise de-
scribed in the text, all experiments were repeated as n = 3 independent samples or measure-
ments, and the experimental data are expressed as means ± standard deviation (s.d.). The
statistical comparison among two groups was performed using the single-factor ANOVA
method. p-value larger than 0.1 was recognized as not statistically significant.

4. Conclusions

In summary, monolithic silk fibroin solutions, as 3D printing inks, demonstrates useful
and unique printability when compared to other protein materials and some synthetic
polymers. The characterization of the silk fibroin inks revealed concentration-dependent
molecular mechanisms, such as tyrosine interactions, that may play a role in the sol-gel
transition of silk fibroin and facilitate 3D printing. Given the inherent biological relevance of
protein materials, silk fibroin inks are a viable alternative to synthetic polymers in additive
manufacturing for biomedical devices and tissue scaffolds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27072148/s1, Video S1: 3D printing of single-layer star.

Author Contributions: Conceptualization, X.M. and D.L.K.; methodology, X.M., C.G.-O., Z.X., P.C.
and J.K.S.; investigation and data analysis and curation, X.M., C.G.-O., Z.X., J.K.S. and G.L.; writing—
original draft preparation, X.M.; writing—review and editing, X.M., C.G.-O., Z.X., J.K.S., G.L., P.C.,
Y.S.Z. and D.L.K.; visualization, X.M.; funding acquisition and supervision, Y.S.Z. and D.L.K. All
authors have read and agreed to the published version of the manuscript.

Funding: We thank the ARO (W911NF2120130), AFOSR (FA9550-20-1-0363) and the NIH (P41EB027062)
for support of this work. P.C. was funded by NSF, grant number DMR-2003629. Y.S.Z. acknowledges
support from the Brigham Research Institute.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Y.S.Z. sits on the Scientific Advisory board of Allevi, Inc., which, however, did
not have any financial involvement in this work; other authors declare no conflict of interest.

Sample Availability: 3D printing designs are available from the authors.

References
1. Guzzi, E.A.; Tibbitt, M.W. Additive manufacturing of precision biomaterials. Adv. Mater. 2020, 32, 1901994. [CrossRef] [PubMed]
2. Mu, X.; Agostinacchio, F.; Ning, X.; Pei, Y.; Guo, C.; Khan, Y.; Cebe, P.; Motta, A.; Kaplan, D.L. Recent Advances in 3D printing

with Protein-based Inks. Prog. Polym. Sci. 2021, 115, 101375. [CrossRef] [PubMed]
3. Zhang, Y.S.; Haghiashtiani, G.; Hübscher, T.; Kelly, D.J.; Lee, J.M.; Lutolf, M.; McAlpine, M.C.; Yeong, W.Y.; Zenobi-Wong, M.;

Malda, J. 3D extrusion bioprinting. Nat. Rev. Methods Primers 2021, 1, 75. [CrossRef]
4. Hull, S.M.; Brunel, L.G.; Heilshorn, S.C. 3D Bioprinting of Cell-Laden Hydrogels for Improved Biological Functionality. Adv.

Mater. 2021, 34, 2103691. [CrossRef] [PubMed]
5. Agostinacchio, F.; Mu, X.; Dirè, S.; Motta, A.; Kaplan, D.L. In situ 3D printing: Opportunities with silk inks. Trends Biotechnol.

2021, 39, 719–730. [CrossRef]
6. Truby, R.L.; Lewis, J.A. Printing soft matter in three dimensions. Nature 2016, 540, 371–378. [CrossRef] [PubMed]
7. Heinrich, M.A.; Liu, W.; Jimenez, A.; Yang, J.; Akpek, A.; Liu, X.; Pi, Q.; Mu, X.; Hu, N.; Schiffelers, R.M. Bioprinting: 3D

Bioprinting: From Benches to Translational Applications. Small 2019, 15, 1970126. [CrossRef]
8. Wang, M.; Li, W.; Luo, Z.; Tang, G.; Mu, X.; Kuang, X.; Guo, J.; Zhao, Z.; Flores, R.S.; Jiang, Z. A multifunctional micropore-forming

bioink with enhanced anti-bacterial and anti-inflammatory properties. Biofabrication 2022, 14, 024105. [CrossRef]
9. Liao, J.; Ye, C.; Guo, J.; Garciamendez-Mijares, C.E.; Agrawal, P.; Kuang, X.; Japo, J.O.; Wang, Z.; Mu, X.; Li, W.; et al. 3D-printable

colloidal photonic crystals. Mater. Today 2022. [CrossRef]
10. Harrington, M.J.; Fratzl, P. Natural Load-Bearing Protein Materials. Prog. Mater. Sci. 2020, 120, 100767. [CrossRef]
11. Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef]
12. Włodarczyk-Biegun, M.K.; del Campo, A. 3D bioprinting of structural proteins. Biomaterials 2017, 134, 180–201. [CrossRef]

[PubMed]
13. Latza, V.; Guerette, P.A.; Ding, D.; Amini, S.; Kumar, A.; Schmidt, I.; Keating, S.; Oxman, N.; Weaver, J.C.; Fratzl, P.; et al.

Multi-scale thermal stability of a hard thermoplastic protein-based material. Nat. Commun. 2015, 6, 8313. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/molecules27072148/s1
https://www.mdpi.com/article/10.3390/molecules27072148/s1
http://doi.org/10.1002/adma.201901994
http://www.ncbi.nlm.nih.gov/pubmed/31423679
http://doi.org/10.1016/j.progpolymsci.2021.101375
http://www.ncbi.nlm.nih.gov/pubmed/33776158
http://doi.org/10.1038/s43586-021-00073-8
http://doi.org/10.1002/adma.202103691
http://www.ncbi.nlm.nih.gov/pubmed/34672027
http://doi.org/10.1016/j.tibtech.2020.11.003
http://doi.org/10.1038/nature21003
http://www.ncbi.nlm.nih.gov/pubmed/27974748
http://doi.org/10.1002/smll.201970126
http://doi.org/10.1088/1758-5090/ac5936
http://doi.org/10.1016/j.mattod.2022.02.014
http://doi.org/10.1016/j.pmatsci.2020.100767
http://doi.org/10.1038/nbt.2958
http://doi.org/10.1016/j.biomaterials.2017.04.019
http://www.ncbi.nlm.nih.gov/pubmed/28477541
http://doi.org/10.1038/ncomms9313
http://www.ncbi.nlm.nih.gov/pubmed/26387704


Molecules 2022, 27, 2148 11 of 12

14. Guo, C.; Li, C.; Vu, H.V.; Hanna, P.; Lechtig, A.; Qiu, Y.; Mu, X.; Ling, S.; Nazarian, A.; Lin, S.J. Thermoplastic moulding of
regenerated silk. Nat. Mater. 2020, 19, 102–108. [CrossRef] [PubMed]

15. Ghosh, S.; Parker, S.T.; Wang, X.; Kaplan, D.L.; Lewis, J.A. Direct-Write Assembly of Microperiodic Silk Fibroin Scaffolds for
Tissue Engineering Applications. Adv. Funct. Mater. 2008, 18, 1883–1889. [CrossRef]

16. Migneault, I.; Dartiguenave, C.; Bertrand, M.J.; Waldron, K.C. Glutaraldehyde: Behavior in aqueous solution, reaction with
proteins, and application to enzyme crosslinking. BioTechniques 2004, 37, 790–802. [CrossRef] [PubMed]

17. Lee, A.; Hudson, A.; Shiwarski, D.; Tashman, J.; Hinton, T.; Yerneni, S.; Bliley, J.; Campbell, P.; Feinberg, A. 3D bioprinting of
collagen to rebuild components of the human heart. Science 2019, 365, 482–487. [CrossRef] [PubMed]

18. Wang, X.; Yan, Y.; Pan, Y.; Xiong, Z.; Liu, H.; Cheng, J.; Liu, F.; Lin, F.; Wu, R.; Zhang, R. Generation of three-dimensional
hepatocyte/gelatin structures with rapid prototyping system. Tissue Eng. 2006, 12, 83–90. [CrossRef]

19. Jose, R.R.; Brown, J.E.; Polido, K.E.; Omenetto, F.G.; Kaplan, D.L. Polyol-Silk bioink formulations as two-part room-temperature
curable materials for 3D printing. ACS Biomater. Sci. Eng. 2015, 1, 780–788. [CrossRef]

20. Zheng, Z.; Wu, J.; Liu, M.; Wang, H.; Li, C.; Rodriguez, M.J.; Li, G.; Wang, X.; Kaplan, D.L. 3D bioprinting of self-standing
silk-based bioink. Adv. Healthc. Mater. 2018, 7, 1701026. [CrossRef]

21. Kang, H.-W.; Lee, S.J.; Ko, I.K.; Kengla, C.; Yoo, J.J.; Atala, A. A 3D bioprinting system to produce human-scale tissue constructs
with structural integrity. Nat. Biotechnol. 2016, 34, 312–319. [CrossRef] [PubMed]

22. Visser, J.; Melchels, F.P.; Jeon, J.E.; Van Bussel, E.M.; Kimpton, L.S.; Byrne, H.M.; Dhert, W.J.; Dalton, P.D.; Hutmacher, D.W.;
Malda, J. Reinforcement of hydrogels using three-dimensionally printed microfibres. Nat. Commun. 2015, 6, 6933. [CrossRef]
[PubMed]

23. Pati, F.; Jang, J.; Ha, D.-H.; Kim, S.W.; Rhie, J.-W.; Shim, J.-H.; Kim, D.-H.; Cho, D.-W. Printing three-dimensional tissue analogues
with decellularized extracellular matrix bioink. Nat. Commun. 2014, 5, 3935. [CrossRef]

24. Ling, S.; Kaplan, D.L.; Buehler, M.J. Nanofibrils in nature and materials engineering. Nat. Rev. Mater. 2018, 3, 18016. [CrossRef]
25. Rising, A.; Johansson, J. Toward spinning artificial spider silk. Nat. Chem. Biol. 2015, 11, 309. [CrossRef]
26. Revell, C.K.; Jensen, O.E.; Shearer, T.; Lu, Y.; Holmes, D.F.; Kadler, K.E. Collagen fibril assembly: New approaches to unanswered

questions. Matrix Biol. Plus 2021, 12, 100079. [CrossRef] [PubMed]
27. Mu, X.; Wang, Y.; Guo, C.; Li, Y.; Ling, S.; Huang, W.; Cebe, P.; Hsu, H.H.; De Ferrari, F.; Jiang, X.; et al. 3D Printing of Silk Protein

Structures by Aqueous Solvent-Directed Molecular Assembly. Macromol. Biosci. 2020, 20, 1900191. [CrossRef]
28. Liu, Y.; Ren, J.; Ling, S. Bioinspired and biomimetic silk spinning. Compos. Commun. 2019, 13, 85–96. [CrossRef]
29. Trucco, D.; Sharma, A.; Manferdini, C.; Gabusi, E.; Petretta, M.; Desando, G.; Ricotti, L.; Chakraborty, J.; Ghosh, S.; Lisignoli, G.

Modeling and Fabrication of Silk Fibroin–Gelatin-Based Constructs Using Extrusion-Based Three-Dimensional Bioprinting. ACS
Biomater. Sci. Eng. 2021, 7, 3306–3320. [CrossRef]

30. Das, S.; Pati, F.; Choi, Y.-J.; Rijal, G.; Shim, J.-H.; Kim, S.W.; Ray, A.R.; Cho, D.-W.; Ghosh, S. Bioprintable, cell-laden silk fibroin–
gelatin hydrogel supporting multilineage differentiation of stem cells for fabrication of three-dimensional tissue constructs. Acta
Biomater. 2015, 11, 233–246. [CrossRef] [PubMed]

31. Chawla, S.; Midha, S.; Sharma, A.; Ghosh, S. Silk-based bioinks for 3D bioprinting. Adv. Healthc. Mater. 2018, 7, 1701204.
[CrossRef] [PubMed]

32. Wang, Q.; Han, G.; Yan, S.; Zhang, Q. 3D printing of silk fibroin for biomedical applications. Materials 2019, 12, 504. [CrossRef]
[PubMed]

33. Oliveira, J.M. Current and future trends of silk fibroin-based bioinks in 3D printing. J. 3D Printing Med. 2020, 4, 69–73. [CrossRef]
34. Mu, X.; Fitzpatrick, V.; Kaplan, D.L. From Silk Spinning to 3D Printing: Polymer Manufacturing using Directed Hierarchical

Molecular Assembly. Adv. Healthc. Mater. 2020, 9, 1901552. [CrossRef]
35. Guo, C.; Li, C.; Mu, X.; Kaplan, D.L. Engineering silk materials: From natural spinning to artificial processing. Appl. Phys. Rev.

2020, 7, 011313. [CrossRef] [PubMed]
36. Andersson, M.; Johansson, J.; Rising, A. Silk spinning in silkworms and spiders. Int. J. Mol. Sci. 2016, 17, 1290. [CrossRef]

[PubMed]
37. Schacht, K.; Jüngst, T.; Schweinlin, M.; Ewald, A.; Groll, J.; Scheibel, T. Biofabrication of cell-loaded 3D spider silk constructs.

Angew. Chem. Int. Ed. 2015, 54, 2816–2820. [CrossRef] [PubMed]
38. Costa, J.B.; Silva-Correia, J.; Oliveira, J.M.; Reis, R.L. Fast setting silk fibroin bioink for bioprinting of patient-specific memory-

shape implants. Adv. Healthc. Mater. 2017, 6, 1701021. [CrossRef]
39. Sun, L.; Parker, S.T.; Syoji, D.; Wang, X.; Lewis, J.A.; Kaplan, D.L. Direct-Write Assembly of 3D Silk/Hydroxyapatite Scaffolds for

Bone Co-Cultures. Adv. Healthc. Mater. 2012, 1, 729–735. [CrossRef] [PubMed]
40. Karageorgiou, V.; Kaplan, D. Porosity of 3D biomaterial scaffolds and osteogenesis. Biomaterials 2005, 26, 5474–5491. [CrossRef]
41. Rockwood, D.N.; Preda, R.C.; Yücel, T.; Wang, X.; Lovett, M.L.; Kaplan, D.L. Materials fabrication from Bombyx mori silk fibroin.

Nat. Protoc. 2011, 6, 1612–1631. [CrossRef] [PubMed]
42. Li, C.; Hotz, B.; Ling, S.; Guo, J.; Haas, D.S.; Marelli, B.; Omenetto, F.; Lin, S.J.; Kaplan, D.L. Regenerated silk materials for

functionalized silk orthopedic devices by mimicking natural processing. Biomaterials 2016, 110, 24–33. [CrossRef]
43. Luo, J.; Zhang, L.; Peng, Q.; Sun, M.; Zhang, Y.; Shao, H.; Hu, X. Tough silk fibers prepared in air using a biomimetic microfluidic

chip. Int. J. Biol. Macromol. 2014, 66, 319–324. [CrossRef] [PubMed]

http://doi.org/10.1038/s41563-019-0560-8
http://www.ncbi.nlm.nih.gov/pubmed/31844276
http://doi.org/10.1002/adfm.200800040
http://doi.org/10.2144/04375RV01
http://www.ncbi.nlm.nih.gov/pubmed/15560135
http://doi.org/10.1126/science.aav9051
http://www.ncbi.nlm.nih.gov/pubmed/31371612
http://doi.org/10.1089/ten.2006.12.83
http://doi.org/10.1021/acsbiomaterials.5b00160
http://doi.org/10.1002/adhm.201701026
http://doi.org/10.1038/nbt.3413
http://www.ncbi.nlm.nih.gov/pubmed/26878319
http://doi.org/10.1038/ncomms7933
http://www.ncbi.nlm.nih.gov/pubmed/25917746
http://doi.org/10.1038/ncomms4935
http://doi.org/10.1038/natrevmats.2018.16
http://doi.org/10.1038/nchembio.1789
http://doi.org/10.1016/j.mbplus.2021.100079
http://www.ncbi.nlm.nih.gov/pubmed/34381990
http://doi.org/10.1002/mabi.201900191
http://doi.org/10.1016/j.coco.2019.03.004
http://doi.org/10.1021/acsbiomaterials.1c00410
http://doi.org/10.1016/j.actbio.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25242654
http://doi.org/10.1002/adhm.201701204
http://www.ncbi.nlm.nih.gov/pubmed/29359861
http://doi.org/10.3390/ma12030504
http://www.ncbi.nlm.nih.gov/pubmed/30736388
http://doi.org/10.2217/3dp-2020-0005
http://doi.org/10.1002/adhm.201901552
http://doi.org/10.1063/1.5091442
http://www.ncbi.nlm.nih.gov/pubmed/34367402
http://doi.org/10.3390/ijms17081290
http://www.ncbi.nlm.nih.gov/pubmed/27517908
http://doi.org/10.1002/anie.201409846
http://www.ncbi.nlm.nih.gov/pubmed/25640578
http://doi.org/10.1002/adhm.201701021
http://doi.org/10.1002/adhm.201200057
http://www.ncbi.nlm.nih.gov/pubmed/23184824
http://doi.org/10.1016/j.biomaterials.2005.02.002
http://doi.org/10.1038/nprot.2011.379
http://www.ncbi.nlm.nih.gov/pubmed/21959241
http://doi.org/10.1016/j.biomaterials.2016.09.014
http://doi.org/10.1016/j.ijbiomac.2014.02.049
http://www.ncbi.nlm.nih.gov/pubmed/24613677


Molecules 2022, 27, 2148 12 of 12

44. Yazawa, K.; Ishida, K.; Masunaga, H.; Hikima, T.; Numata, K. Influence of water content on the β-sheet formation, thermal
stability, water removal, and mechanical properties of silk materials. Biomacromolecules 2016, 17, 1057–1066. [CrossRef] [PubMed]

45. Hu, X.; Kaplan, D.; Cebe, P. Effect of water on the thermal properties of silk fibroin. Thermochim. Acta 2007, 461, 137–144.
[CrossRef]

46. Ishida, M.; Asakura, T.; Yokoi, M.; Saito, H. Solvent-And mechanical-treatment-induced conformational transition of silk fibroins
studies by high-resolution solid-state carbon-13 NMR spectroscopy. Macromolecules 1990, 23, 88–94. [CrossRef]

47. Yan, J.; Zhou, G.; Knight, D.P.; Shao, Z.; Chen, X. Wet-Spinning of regenerated silk fiber from aqueous silk fibroin solution:
Discussion of spinning parameters. Biomacromolecules 2009, 11, 1–5. [CrossRef] [PubMed]

48. Choi, Y.-J.; Cho, D.-W.; Lee, H. Development of Silk Fibroin Scaffolds by Using Indirect 3D-Bioprinting Technology. Micromachines
2022, 13, 43. [CrossRef]

49. Hodgkinson, T.; Chen, Y.; Bayat, A.; Yuan, X.-F. Rheology and electrospinning of regenerated Bombyx mori silk fibroin aqueous
solutions. Biomacromolecules 2014, 15, 1288–1298. [CrossRef] [PubMed]

50. Huang, W.; Tarakanova, A.; Dinjaski, N.; Wang, Q.; Xia, X.; Chen, Y.; Wong, J.Y.; Buehler, M.J.; Kaplan, D.L. Design of Multistimuli
Responsive Hydrogels Using Integrated Modeling and Genetically Engineered Silk–Elastin-Like Proteins. Adv. Funct. Mater.
2016, 26, 4113–4123. [CrossRef] [PubMed]

51. Georgakoudi, I.; Tsai, I.; Greiner, C.; Wong, C.; DeFelice, J.; Kaplan, D. Intrinsic fluorescence changes associated with the
conformational state of silk fibroin in biomaterial matrices. Opt. Express 2007, 15, 1043–1053. [CrossRef] [PubMed]

52. Mu, X.; Sahoo, J.K.; Cebe, P.; Kaplan, D.L. Photo-Crosslinked Silk Fibroin for 3D Printing. Polymers 2020, 12, 2936. [CrossRef]
[PubMed]

53. Jin, H.-J.; Kaplan, D.L. Mechanism of silk processing in insects and spiders. Nature 2003, 424, 1057. [CrossRef]
54. Lim, B.T.; Kimura, T. Conformation-Associated anomalous tyrosine fluorescence of adrenodoxin. J. Biol. Chem. 1980, 255,

2440–2444. [CrossRef]
55. Ross, J.A.; Laws, W.R.; Rousslang, K.W.; Wyssbrod, H.R. Tyrosine fluorescence and phosphorescence from proteins and polypep-

tides. In Topics in Fluorescence Spectroscopy; Springer: Boston, MA, USA, 2002; pp. 1–64.
56. Divya, O.; Mishra, A.K. Understanding the concept of concentration-dependent red-shift in synchronous fluorescence spectra:

Prediction of λSFSmax and optimization of ∆λ for synchronous fluorescence scan. Anal. Chim. Acta 2008, 630, 47–56. [CrossRef]
[PubMed]

57. Partlow, B.P.; Bagheri, M.; Harden, J.L.; Kaplan, D.L. Tyrosine Templating in the Self-Assembly and Crystallization of Silk Fibroin.
Biomacromolecules 2016, 17, 3570–3579. [CrossRef] [PubMed]

58. Ouyang, L.; Yao, R.; Zhao, Y.; Sun, W. Effect of bioink properties on printability and cell viability for 3D bioplotting of embryonic
stem cells. Biofabrication 2016, 8, 035020. [CrossRef] [PubMed]

59. Es-Said, O.; Foyos, J.; Noorani, R.; Mendelson, M.; Marloth, R.; Pregger, B. Effect of layer orientation on mechanical properties of
rapid prototyped samples. Mater. Manuf. Process. 2000, 15, 107–122. [CrossRef]

60. Datta, P.; Vyas, V.; Dhara, S.; Chowdhury, A.R.; Barui, A. Anisotropy properties of tissues: A basis for fabrication of biomimetic
anisotropic scaffolds for tissue engineering. J. Bionic Eng. 2019, 16, 842–868. [CrossRef]

61. Smay, J.E.; Cesarano, J.; Lewis, J.A. Colloidal inks for directed assembly of 3-D periodic structures. Langmuir 2002, 18, 5429–5437.
[CrossRef]

62. Ribeiro, A.; Blokzijl, M.M.; Levato, R.; Visser, C.W.; Castilho, M.; Hennink, W.E.; Vermonden, T.; Malda, J. Assessing bioink shape
fidelity to aid material development in 3D bioprinting. Biofabrication 2017, 10, 014102. [CrossRef] [PubMed]

63. Chen, Z.; Zhao, D.; Liu, B.; Nian, G.; Li, X.; Yin, J.; Qu, S.; Yang, W. 3D Printing of Multifunctional Hydrogels. Adv. Funct. Mater.
2019, 29, 1900971–1900978. [CrossRef]

64. Zhao, S.; Guo, C.; Kumarasena, A.; Omenetto, F.G.; Kaplan, D.L. 3D Printing of Functional Microalgal Silk Structures for
Environmental Applications. ACS Biomater. Sci. Eng. 2019, 5, 4808–4816. [CrossRef]

65. Dickerson, M.B.; Dennis, P.B.; Tondiglia, V.P.; Nadeau, L.J.; Singh, K.M.; Drummy, L.F.; Partlow, B.P.; Brown, D.P.; Omenetto, F.G.;
Kaplan, D.L. 3D Printing of Regenerated Silk Fibroin and Antibody-Containing Microstructures via Multiphoton Lithography.
ACS Biomater. Sci. Eng. 2017, 3, 2064–2075. [CrossRef] [PubMed]

66. Sun, Y.-L.; Li, Q.; Sun, S.-M.; Huang, J.-C.; Zheng, B.-Y.; Chen, Q.-D.; Shao, Z.-Z.; Sun, H.-B. Aqueous multiphoton lithography
with multifunctional silk-centred bio-resists. Nat. Commun. 2015, 6, 8612. [CrossRef] [PubMed]

67. Wang, Y.; Huang, W.; Wang, Y.; Mu, X.; Ling, S.; Yu, H.; Chen, W.; Guo, C.; Watson, M.C.; Yu, Y. Stimuli-Responsive composite
biopolymer actuators with selective spatial deformation behavior. Proc. Natl. Acad. Sci. USA 2020, 117, 14602–14608. [CrossRef]
[PubMed]

68. Wray, L.S.; Hu, X.; Gallego, J.; Georgakoudi, I.; Omenetto, F.G.; Schmidt, D.; Kaplan, D.L. Effect of processing on silk-based
biomaterials: Reproducibility and biocompatibility. J. Biomed. Mater. Res. Part B 2011, 99, 89–101. [CrossRef]

69. Greenleaf, J.F.; Fatemi, M.; Insana, M. Selected methods for imaging elastic properties of biological tissues. Annu. Rev. Biomed.
Eng. 2003, 5, 57–78. [CrossRef]

http://doi.org/10.1021/acs.biomac.5b01685
http://www.ncbi.nlm.nih.gov/pubmed/26835719
http://doi.org/10.1016/j.tca.2006.12.011
http://doi.org/10.1021/ma00203a017
http://doi.org/10.1021/bm900840h
http://www.ncbi.nlm.nih.gov/pubmed/19860400
http://doi.org/10.3390/mi13010043
http://doi.org/10.1021/bm4018319
http://www.ncbi.nlm.nih.gov/pubmed/24661009
http://doi.org/10.1002/adfm.201600236
http://www.ncbi.nlm.nih.gov/pubmed/28670244
http://doi.org/10.1364/OE.15.001043
http://www.ncbi.nlm.nih.gov/pubmed/19532332
http://doi.org/10.3390/polym12122936
http://www.ncbi.nlm.nih.gov/pubmed/33316890
http://doi.org/10.1038/nature01809
http://doi.org/10.1016/S0021-9258(19)85911-2
http://doi.org/10.1016/j.aca.2008.09.056
http://www.ncbi.nlm.nih.gov/pubmed/19068325
http://doi.org/10.1021/acs.biomac.6b01086
http://www.ncbi.nlm.nih.gov/pubmed/27736062
http://doi.org/10.1088/1758-5090/8/3/035020
http://www.ncbi.nlm.nih.gov/pubmed/27634915
http://doi.org/10.1080/10426910008912976
http://doi.org/10.1007/s42235-019-0101-9
http://doi.org/10.1021/la0257135
http://doi.org/10.1088/1758-5090/aa90e2
http://www.ncbi.nlm.nih.gov/pubmed/28976364
http://doi.org/10.1002/adfm.201900971
http://doi.org/10.1021/acsbiomaterials.9b00554
http://doi.org/10.1021/acsbiomaterials.7b00338
http://www.ncbi.nlm.nih.gov/pubmed/33440560
http://doi.org/10.1038/ncomms9612
http://www.ncbi.nlm.nih.gov/pubmed/26472600
http://doi.org/10.1073/pnas.2002996117
http://www.ncbi.nlm.nih.gov/pubmed/32522869
http://doi.org/10.1002/jbm.b.31875
http://doi.org/10.1146/annurev.bioeng.5.040202.121623

	Introduction 
	Results and Discussion 
	Preparation of Highly Concentrated Silk Fibroin Solutions as Printing Inks 
	Characterization of Silk Fibroin Solutions 
	Representative 3D Prints with Silk Fibroin Inks 
	High Aspect Ratio 3D Prints and Cantilevers 

	Materials and Methods 
	Regeneration and Enrichment of Silk Fibroin Solution 
	Fluorescence Spectroscopy 
	UV-Vis Absorbance 
	Rheology 
	3D Printing 
	Morphology 
	Tensile Tests 
	Computational Simulation 
	Statistical Analysis 

	Conclusions 
	References

