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In recent years, significant progress has been made in both three-dimensional (3D) printing technologies
and the exploration of silk as an ink to produce biocompatible constructs. Combined with the unlimited
design potential of 3D printing, silk can be processed into a broad range of functional materials and
devices for various biomedical applications. The ability of silk to be processed into various materials,
including solutions, hydrogels, particles, microspheres, and fibers, makes it an excellent candidate for
adaptation to different 3D printing techniques. This review presents a didactic overview of the 3D print-
ing of silk-based materials, major categories of printing techniques, and their prototyping mechanisms
and structural features. In addition, we provide a roadmap for researchers aiming to incorporate silk
printing into their own work by summarizing promising strategies from both technical and material
aspects, to relate state-of-the-art silk-based material processing with fast-developing 3D printing tech-
nologies. Thus, our focus is on elucidating the techniques and strategies that advance the development
of precise assembly strategies for silk-based materials. Precise printing (including high printing resolu-
tion, complex structure realization, and printing fidelity) is a prerequisite for the digital design capability
of 3D printing technology and would definitely broaden the application era of silk, such as complex bio-

mimetic tissue structures, vasculatures, and transdermal microneedles.
© 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Three-dimensional (3D) printing technology, also known as
additive manufacturing (AM), is defined as “the process of joining
materials to make objects from 3D model data, frequently layer-
by-layer, as opposed to subtractive manufacturing methods” [1].
In recent years, 3D printing has developed rapidly, with applica-
tions ranging from automotive materials to organ transplantation
[2-5]. Artificial tissues and organs created using 3D printing have
the potential to address the challenges in tissue repair and organ
transplantation [6,7]. Considering this significance, considerable
research effort has been made to improve the methods (printing
techniques) and materials (printing inks) used to create biomi-
metic materials for tissue engineering.

* Correspondence authors.
E-mail addresses: junzhang@suda.edu.cn (J. Zhang), whui@suda.edu.cn
(H. Wang), kqzhang@suda.edu.cn (K.-Q. Zhang).

https://doi.org/10.1016/j.eng.2023.09.022

The majoradvantage of 3D printing is the direct realization of cus-
tomized designs, particularly those with sophisticated geometries
and internal structures, which is not possible using traditional fabri-
cation strategies. However, despite significant advances in printing
methods, material development has limited the potential for 3D
printing and remains a bottleneck in the field. Over the last decade,
deliberate attempts have been made to expand the toolkit of materi-
als for 3D printing applications to meet the potential of 3D printing
technologies. An ideal printing ink should exhibit good printability,
printing accuracy, and mechanical integrity. For biomedical applica-
tions, the ink also requires biocompatibility to provide a cell-friendly
environment, particularly for cell-encapsulating bioprinting [8].
However, developing a material that satisfies all these requirements
remains a key challenge. For example, an ink with excellent printing
fidelity and robust mechanical properties may be too stiff to support
live-cell printing or enable post-printing cell proliferation.

In this review, we focus on the use of silk for 3D printing. Silk
has been extensively utilized as a biomaterial in Food and Drug
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Administration-approved sutures for surgical operations. Among
the different types of silk, that derived from the domestic silkworm
Bombyx mori is the most thoroughly characterized and widely used
for biomaterial applications [9]. The abundance of silkworm silk
makes it an excellent candidate for the development of biomedical
devices. Silk fibroin (SF), a structural protein that remains after
degumming, is an attractive material for tissue engineering owing
to its unique combination of elasticity, strength, and good mam-
malian cell compatibility [10]. SF can be chemically modified to
incorporate features such as cell-recognition motifs, minerals, or
cellular growth factors. It has been observed to be biocompatible
both in vitro [11-14], supporting a range of primary cells and cell
lines, and in vivo [15-17]. Silk has demonstrated promise for tissue
engineering in applications such as bone [12,18], cartilage [19,20],
tendon, and ligament repair [17,21,22]. These unique characteris-
tics make it an ideal biomaterial for 3D printing of bio-scaffolds.

Herein, we systematically review the printing mechanism,
material processing, printing requirements, and structural charac-
teristics of SF-based 3D printing (Fig. 1). We also discuss the most
suitable applications for different printing techniques and printed
structures. In addition, we propose promising strategies for further
improvement of the printing quality, for instance resolution, fide-
lity, functionality, to broaden the application of SF-based 3D
printed materials in different fields.

2. 3D printing overview

According to the ISO/ASTM 52900 standard [23], 3D printing
techniques can be classified into seven major categories: material
extrusion (ME), powder bed fusion (PBF), binder jetting (BJ), vat
polymerization (VP), direct energy deposition (DED), material jet-
ting (M]), and sheet lamination (SL) [24], with different material
formats suitable for individual printing techniques. A schematic
of the different printing processes is shown in Fig. 2. Based on dif-
ferent prototyping mechanisms and feedstock material formats,
these seven techniques can be grouped into four major systems:
extrusion, powder, photopolymerization, and solid bulk. Extrusion
printing primarily involves ME, which relies on ME through a noz-
zle (Fig. 2(a)). Two main printing techniques fall into this category:
fused filament fabrication (FFF) and direct ink writing (DIW). Pow-
der system include PBF, BJ, and DED. PBF and B] print objects by
spreading powder layers on a powder bed; the only difference is
that PBF uses a laser source to fuse particles, whereas BJ applies
a liquid binder to bind the particles together (Fig. 2(b)). In contrast,
DED deposits the powder material on a substrate through a nozzle
and then fuses the particles with a laser source (Fig. 2(d)). The pho-
topolymerization system primarily includes VP and M]J, as shown
in Figs. 2(c) and (e). The printing mechanism of both techniques
relies on ultraviolet (UV) or light-induced photopolymerization of
the printing material, except that the printed object is printed
and lifted from a photopolymer vat in VP, whereas MJ uses a print-
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head to jet the photopolymer onto the build platform to form the
part. The last group, the solid bulk system, primarily includes SL,
in which objects are formed by bonding materials in a sheet format
(Fig. 2(f)).

From the perspective of printing materials, different 3D printing
techniques can be further categorized into four types based on the
dimensions of the building unit: dot, line, surface, and volume. An
overview of the printing speed and resolution of the various print-
ing techniques is shown in Fig. 3. With increasing building unit
dimensions (from dot to volume), the printing speed typically
increases at the cost of decreased resolution, except for digital light
processing (DLP) and continuous liquid interface production (CLIP),
both of which are VP techniques. Generally, the printing resolution
is in the order of photopolymerization > powder > extrusion > solid
bulk system, whereas the printing speed varies based on the speci-
fic printing technique.

Regarding printing with silk-based materials or bioprinting,
where living organisms such as cells are printed together with
aqueous biomaterials, techniques with harsh processing condi-
tions, such as lasers, are unsuitable (PBF, DED, and SL). The main-
stream printing technologies for prototyping silk include ME, VP,
and M], which are marked with solid stars in Fig. 3, and they are
the focus of discussion in the following sections. With the highest
printing resolution, VP is the most rapidly developing printing
technology. The recently emerging VP techniques suitable for
printing SF have not yet been explored and are marked with a hol-
low star in the figure; they are explored in detail in Section 7.1.
Additionally, note that some attempts have been made to use silk
powder directly as the powder matrix in B] printing technology
[25], as marked with a smiling face in Fig. 3.

As the most crucial component of 3D printing, inks determine
the structure and function of the tissue formed by providing a
steady and biocompatible microenvironment for cell proliferation
and differentiation. For biomedical applications, an ideal bioink
requires excellent biocompatibility to keep cells active and func-
tional, good printability to form scaffolds by 3D printing, suitable
mechanical strength to maintain the 3D printed structure, and
biodegradation during transplantation. However, traditional inks,
including alginate and synthetic polymer materials, cannot be used
owing to various problems, such as the difficulty in degrading algi-
nate and the weak mechanical strength of polyethylene glycol
(PEG). Silk has demonstrated remarkable development potential
owing to its excellent biocompatibility, biodegradability, minor
inflammatory reactions, and tunable mechanical properties when
used as a solid material [26,27]. Additionally, because silk-based
bioinks are naturally amphiphilic, they can be used to produce pro-
tein drops in the pico- to nano-liter range by adjusting the ink rhe-
ology with different pH and ionic strength values. By dissolving
degummed silk in a chaotropic solvent, such as lithium bromide,
silk fibers can be converted to a liquid and re-solidified into a range
of regenerated products, including powders, gels [28-30], sponges
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Fig. 1. Schematic of different types of 3D printing using silk as the bioink
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Fig. 3. Schematic of different 3D printing approaches

[31,32], and films [33-35], for biomedical applications. Owing to
these unique characteristics, it has been considered as a suitable
candidate for satisfying the requirements of different 3D printing
methods.

3. Silk as printing ink
3.1. Silk structure
Natural silkworm silk is composed of SF, a structural filament,

and sericin, a glue-like coating that binds to the cocoons. Sericin
protein, which accounts for 19%-28% of the weight of silk cocoons,

is predominantly hydrophilic and can be removed from fibroin by
degumming, which most commonly involves boiling cocoons in an
aqueous alkaline solution [9]. Degumming is critical for the use of
silk in biomedical applications because it can inhibit fibroin pro-
cessing, such as dissolution, and undegummed silk is associated
with an immunogenic reaction in the body [36].

The structure of SF consists of a light chain (26 kilodaltons
(kDa)) and a heavy chain (391 kDa) bound together by a disulfide
bond between the cysteine-172 residue on the light chain and the
cysteine-20 residue on the heavy chain [37,38]. A 25 kDa glycopro-
tein called P25, is also non-covalently linked to these chains, which
facilitates this binding. The light chain, heavy chain, and P25 occur
at a ratio of 6:6:1 in the natural fiber. The heavy chain is organized
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into 12 repetitive crystalline domains and 11 amorphous domains
[39]. It consists of a high proportion of repeats of a glycine-X
dipeptide motif, where X is alanine in 64% of the repeats, serine
in 22%, tyrosine in 10%, valine in 3%, and threonine in 1.3% [40].
Highly ordered hydrogen bonding within the hydrophobic
domains form into anti-parallel g-sheets, which in turn pack into
dense p-sheet nanocrystals with reported dimensions of between
26 nm x 3.2 nm x 11.5 nm and 21 nm x 6 nm x 2 nm [40,41].
In contrast, light chains are relatively elastic and hydrophilic blocks
[10,42].

Beyond the secondary structure, SF can form different tertiary
and quaternary forms, the most common of which are silk I, silk
II, and silk III [37]. Silk I refers to the random coil and o«-helix
arrangements, which are random weak interactions between
amino acids with bulky and polar side chains, also known as the
amorphous region. In this conformation, the repetitive S-sheet
forming domains of SF do not interact strongly. Silk II is silk when
it has self-assembled to form highly crystalline anti-parallel p-
sheet nanocrystals or fragments embedded as physical crosslinks
within amorphous domains. Silk III is observed at the air-water
interface and exhibits a three-fold helical structure [43]. With its
unique protein sequence, SF can undergo complex intra- and
inter-molecular self-assembly [9]. As a result, the secondary struc-
ture of the protein and orientation of the crystalline domains are
strongly influenced by the environment and processing conditions.
For example, silk I tends to transition into silk Il owing to elevated
temperature, the presence of dehydrating solvents, and shearing
forces [36]. These structural characteristics endow SF with various
qualities, making it an excellent biomaterial.

3.2. Silk printing ink formats

Among the different silk formats, attempts have been made to
use silk particles, micro/nano fibers, and solutions in the 3D print-
ing of bio-scaffolds, as summarized in Table 1. As reinforcing and
functional parts, native silk particles and micro/nanofibers pro-
cessed from physical milling and chemical etching have been used
in composite scaffold printing with a matrix material such as chi-
tosan [44,45], xanthan gum [46], and polycaprolactone (PCL) [47].
The majority of studies on SF printing use a regenerated silk solu-
tion as the printing ink with different methods to assist with pro-
totyping, such as gelation by inducing SF secondary structure
changes, chemical modification, photopolymerization, and hybrid
printing. The detailed printing strategies and mechanisms are thor-
oughly summarized according to the different features of the three
mainstream printing techniques. Promising gelation and chemical
modification methods have also been proposed as novel prototyp-
ing methods (Section 7.2). In the following sections, we introduce
the printing mechanism, ink requirements, and silk-based ink pro-
cessing using the abovementioned primary printing techniques
and promising strategies that have not yet been explored.
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4. Material jetting
4.1. Printing mechanism and ink requirements

M], also known as inkjet-based 3D printing, is often considered
a facile, cost-effective, and eco-friendly method for AM [48,49].
Typically, ink droplets activated by piezoelectric or thermal forces
are deposited onto a substrate from ink cartridges to form a pre-
designed pattern (Fig. 4(a)) [50,51]. Printing ink frequently has a
low viscosity to ensure good deposition from ultrafine nozzles
[52]. Because of its precision in droplet volume down to picolitre
[53,54] and layer-by-layer printing characteristics, MJ can print
both two-dimensional (2D) patterns with high resolution and mul-
tifunctional 3D structures with good accuracy [50]. M] printing
with SF ink typically remains at the 2D level.

The Z number is commonly used to evaluate printability during
M] printing. The Z number, which is the inverse of the Ohnesorge
number (Oh), is calculated using the formulas shown in Eqgs. (1)
and (2) [55]:

n
Oh:\/‘p‘ya (1)

1

Z=5x (2)
where 7 is the viscosity of the ink, p is the ink density, y is the sur-
face tension, and a stands for the radius of the nozzle. Z is a dimen-
sionless number used to predict the formation of stable droplets.
Stable droplets typically form when 1 < Z < 10 [54]. If Z < 1, the
ink may block the nozzle owing to high viscous forces. However,
when the Z number exceeds 10, unwanted satellite droplets may
occur. Thus, droplet formation and stability depend on the dynamic
regulation of ink viscosity, density, tension, and nozzle radius. Vis-
cosity is related to the stability of the drop, and a high viscosity may
cause the nozzle to clog.

A sufficient surface tension is also critical for MJ printing of silk
inks at it holds the meniscus at the nozzle and prevents the tip
from submerging; is it frequently set in the range of 0.04-0.07
n-L-mol~! at room temperature [54]. The high surface tension
would make the droplets fall faster. A high surface tension would
cause the droplets to fall faster. Moreover, the resolution limit
depends primarily on the nozzle size. The distance between the
droplets must be adjusted based on the droplet size to generate a
continuous line [50,56].

4.2. Silk-based M] printing ink

Owing to its flexibility in terms of nozzle size, number, place-
ment of droplets, and printing temperature, MJ is considered an
effective method of controlling sol-gel reactions [56]. SF has been
used as an excellent bio-ink for MJ printing because of its aqueous
solubility, good biocompatibility, easily controllable crystal

Table 1
SF as printing ink
SF format Processing method Printing technology Role
Particles Milling BJ Printing powder matrix
Milling ME Reinforcing filler
Micro/nano fiber Chemical etching ME Reinforcing filler
Solution Dissolving and regeneration M] Printing ink
Dissolving and regeneration ME Printing ink

Dissolving, regeneration and chemical modification VP

Printing ink
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Fig. 4. (a) Biocompatible silk films with selectively printed methanol treated domains prepared by reactive inkjet printing. Reproduced from Ref. [52] with permission of
Springer, ©2016. (b) Schematic of the preparation of functional silk inks and examples of patterned functional silk inks by inkjet printing. Reproduced from Ref. [54] with
permission of Wiley, ©2015. (c) Optical and SEM images of microhole arrays with different periodicities (i) and depths (ii) generated on silk substrate by silk-based water
lithography. D: the depth of the holes. Reproduced from Ref. [58] with permission of Wiley, ©2018.

Table 2
SF-based inkjet printing strategies

Classifier Ink Composition

Crosslinking type

Prototyping mechanism References

Pure SF SF Physical

Chemically modified SF SF + HRP and H,0,

SF + polylysine + polyglutamic acid

SF Hybrid SF + collagen

SF + alginate

Physical
lonic

Chemical

Chemical

Methanol treatment to convert the SF
secondary structure from silk I into silk IL.
Dityrosine bonds formation using HRP and
H,0, to partially crosslink SF and
modulate ink viscosity for printing.
Diazonium activation of abundant
tyrosine side chains in SF molecules
followed by chemical conjugation of
polylysine or polyglutamic acid to
produce SF-polylysine and SF-
polyglutamic polymers.

Temperature induced solidification.

Gel formation by using alginate and
calcium chloride (CaCl,) followed by
enzymatic crosslinking of SF using HRP.

[50-52,55-57,60]

(63]

[61,62]

(58]
(63]

structure and degradation, polymorphic features, and versatile
functionalization. The SF-based M] printing strategies are summa-
rized in Table 2. The use of methanol to create g-sheet structures
is the most common method [50-52,55-57]. For example, a single
layer of SF ink can be printed, followed by methanol deposition to
promote B-sheet formation and facilitate the printing reaction.
The crystallinity and surface properties of SF can be tuned by
changing the SF-to-methanol ratio [52,56,57]. Moreover, some
functional components such as nanoparticles, enzymes, antibiotics,
growth factors, and antibodies are frequently mixed with SF ink for
printing to achieve specific functions [54,58]. Umar et al. [48] intro-
duced gold nanoparticles (AuNPs) into SF/dye ink and observed that

the lasing wavelength can be slightly tuned by adding AuNPs to
manufacture biomaterial photonic chips intended for advanced
sensing and diagnostic applications. In addition to being used as a
printing ink, SF can also serve as a protein substrate in film format
[49,58,59].

In 2006, Kaplan et al. [60] reported successful cell patterning for
the first time using inkjet deposition in a 0.6% water-based silk
solution. The study created cellular patterns with 111 + 24 pm res-
olution and demonstrated successful cell function regulation with
such a method. However, the toxicity of methanol may hinder the
encapsulation and growth of cells, which can be solved using
chemical modification [51]. Suntivich et al. [61,62] introduced a
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method for grafting polylysine and polyglutamic groups onto SF
molecules, creating cationic and anionic sites and forming stable
bonds upon alternate deposition. The results showed that the pre-
pared SF nests can encapsulate Escherichia coli (E. coli) cells and
print them into structures in a customized manner [61]. Another
method is adding horseradish peroxidase (HRP) and hydrogen per-
oxide (H,0,) into SF solutions to form covalent dityrosine bonds
between tyrosine residues and partially crosslink SF to modulate
the ink viscosity for printing [50]. Additionally, hybrid inks exist
in which SF is mixed with other materials such as collagen and
alginate. In addition, freeze-drying post-treatment is required in
some printing cases to preserve the printed structures and avoid
melting [50].

Fig. 4 shows that the representative SF printing structures with
M] have excellent details but frequently remain at the 2D level.
Cheryl et al. [52] produced a biocompatible film through the alter-
nate printing of an SF aqueous solution and methanol using reac-
tive inkjet printing. The inkjet-printed SF films were
biocompatible with fibroblast cellular adhesion and proliferation
on the film surface. Another advantage of SF-based inks is that they
can be prepared using a water-based process, thus providing a
wide range of opportunities by combining SF inks with other
macromolecules such as antibodies, carbohydrates, lipids, nucleic
acids, and functional polymers. This provides valuable avenues
for printed functional forms, such as the design of sensors and
assays. Tao et al. [54] synthesized a functional SF ink by introduc-
ing several biological dopants (Fig. 4(b)). The mechanical and bio-
chemical properties were tuned by changing the SF polymorphism
and adding other functional components. They also regulated the
printing parameters of SF water lithography, which enabled the
creation of grayscale structures [58]. As shown in Fig. 4(c), the indi-
vidual letters of the “SIMIT” pattern are composed of 2D dot arrays
with different lattice constants (A = 100, 70, and 45 pm, respec-
tively), which shows a difference in terms of the shades. Such con-
trol over the pattern geometry, periodicity, and function of the silk
water lithography promises a convenient “print-to-pattern” plat-
form for biophotonics.

5. Material extrusion
5.1. Printing mechanism and ink requirements

The ME category has to primary types of printing: FFF and DIW.
FFF printers are perhaps the most widely used household 3D print-
ers. They use thermoplastics as printing materials using a melt-
extrusion printing methodology. Despite the reports of regener-
ated silk exhibiting thermoplasticity under specific heating and
pressurization conditions, its use in printing systems remains chal-
lenging [64]. The high printing temperatures required for this
method also pose a challenge for SF, which can degrade or oxidize
at elevated temperatures. However, Vyas et al. [47] used pulver-
ized silk particles as a filler material for the FFF printing of PCL
composite scaffolds, and the results showed a favorable cellular
response with the addition of silk, suggesting that silk could help
tune the degradation rate of PCL.

DIW is another extrusion-based printing method that can be
considered an analogue to FFF. It enables the use of a wide range
of fluids, as long as they have suitable rheological properties or
can be modified to have the correct properties. During the DIW
printing process, the ink is extruded and solidified in a designated
area, and an object is printed layer by layer composed of filaments.
It was first developed at Sandia National Laboratories, USA, as a
moldless fabrication technique in 1996 [65,66]. Because of the
wide range of material options and ease of handling, most pub-
lished silk-based printing uses this method. Elevated temperatures
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are not required. However, DIW printing depends on the rheolog-
ical properties of the printing ink. The most fundamental and crit-
ical properties, the desired rheological properties of DIW ink
include the following:

@ Good flow of the ink to be extruded out of the micron-sized
nozzles without causing any blockage.

® Shear-thinning is favored for most inks in DIW, which means
that the ink demonstrates solid-like behavior (storage modulus
(G’) > loss modulus (G")) in the static form and transforms into
fluid behavior (G” > G’) under shearing. This behavior is also
demonstrated by the decrease in viscosity with increasing shear
rate.

@ Instant ink solidification after extrusion is essential to ensure
printing fidelity. This liquid-to-solid transition process can either
rely on the suitable self-recovery properties of the ink to retain
its storage modulus (G’) when deposited or can be induced by
external sources, such as a coagulation bath (e.g., in alcohol to
induce physical crosslinking) or UV (e.g., it requires the use of
methacrylated silk).

In a typical flow process, the shear rate of a Newtonian fluid can
be calculated according to the Mooney analysis [67]:

4Q

T

3)

where 7, is the shear rate of the Newtonian fluid, Q is the volumet-
ric flow rate (mm>s~1), and r is the radius of the nozzle (mm). For
non-Newtonian fluids, according to the power-law model [68], the
equation can be corrected as

N

. 3n+1.

[T @
where 7 is the shear rate of the non-Newtonian fluid, and n is the
flow index (non-Newtonian index). When n = 1, the fluid is Newto-
nian, when n > 1, the fluid exhibits shear thickening (dilatant), and
when n < 1, the fluid exhibits shear thinning (pseudoplastic).

The pseudoplastic behavior of printing inks are expressed by
the Herschel-Bulkley model:

T="1,+K" (5)

where 7 is the shear stress, 7, is the yield stress, K is the consistency,
and n is the flow index [69]. Thus, the shear stress applied at the
nozzle should exceed the yield stress of the ink to induce an ink
flow. The correlation between ink rheology and printing prerequi-
sites enables researchers to develop different types of silk-based
DIW printing inks for various applications, as summarized in Fig. 5.

The shear rate-viscosity curve is often used to evaluate the flow
properties of DIW printing ink. The apparent viscosity typically has
been reported to be between 10~! and 10> Pa-s at a shear rate of
0.1 s! to ensure proper printability [70]. In Figs. 5(a)-(d), all
silk-based printing inks exhibit shear-thinning behavior, with the
viscosity values falling within the printable range. Xuan et al.
[71] observed that a pure SF solution exhibited an exponential
increase in viscosity with increasing concentration, primarily
because of increasing molecular entanglements. The SF inks were
characterized to reveal concentration-dependent molecular mech-
anisms, such as tyrosine interactions, which may facilitate the sol-
gel transition of SF. The hybrid printing ink composed of SF and
alginate also exhibited evident shear-thinning behavior (Fig. 5
(b)). The ink viscosity increased for DIW printing through the ionic
crosslinking treatment of alginate [72]. A “CareGum” multifunc-
tional ink composed of SF, tannic acid (TA), CaCl,, and reduced gra-
phene oxide (rGO) had a viscosity of 200-2000 Pa-s at a shear rate
of 100 s~! (Fig. 5(c)), which equaled the shear rate upon manual
extrusion through a 22 gauge needle, providing guidance in the
actual printing processing [73]. The viscosity of the SF ink could
be tailored by introducing nano-fillers (Fig. 5(d)). An increase in
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Fig. 5. (a) Shear rate-viscosity profiles of SF solution at 10, 14, 20, and 25 wt%. Inset shows the exponential increase of ink viscosity at 10 s! shear rate with increasing
concentration. Reproduced from Ref. [71] with permission of MDPI, ©2022. (b) Shear-thinning behaviors of pre-crosslinked alginate (Alg) and alginate/SF solutions.
Reproduced from Ref. [72] with permission of American Chemical Society, ©2021. (c) Shear rate-viscosity of different concentration of CareGum ink composed of SF, TA,
CaCl,, and rGO. Reproduced from Ref. [73] with permission of Wiley, ©2021. (d) Shear rate-viscosity of SF composite printing ink with different ratio of OBC nanofibrils.
Reproduced from Ref. [74] with permission of Springer, ©2021. (e) Schematic of the extrusion printing process. The images of under, proper and over gelation are obtained
from Ref. [75]. Reproduced from Ref. [75] with permission of KeAi, ©2022. (f) Oscillatory time sweep of SF ink with their storage modulus rising upon addition of different
potassium concentrations. Reproduced from Ref. [76] with permission of Wiley, ©2020. (g) Oscillation time seep test of a printing ink composed of xanthan gum (XG) and SF.
STMP: sodium trimetaphosphate, #: shear viscosity. Reproduced from Ref. [46] with permission of Elsevier, ©2020. (h) Amplitude sweep of a self-gelling ink composed of SF
blends and gelatin (G). T: tyrosinase, S: sonication. Reproduced from Ref. [77] with permission of American Chemical Society, ©2019. (i) Gelation kinetics of SF ink with
different crosslinking methods. Reproduced from Ref. [78] with permission of Elsevier, ©2015.

viscosity of approximately five-fold was observed with the addi-
tion of oxidized bacterial cellulose (OBC) nanofibrils to pure SF
printing ink [74]. The ink rheology directly affects ink gelation
upon extrusion and is thus detrimental to a successful extrusion
printing process (Fig. 5(e)) [75].

Oscillation tests are commonly used in extrusion ink rheology
measurements. As shown in Fig. 5(f), the storage modulus of the
SF ink increased significantly with the addition of high concentra-
tions of potassium. This provided supporting data for the selection
of an efficient coagulation agent and its working concentration
[76]. To mimic the extrusion process, a three-step oscillation time
sweep, including the initial state, extrusion process, and recovery,
was used to measure the ink deconstruction and recovery proper-
ties (Fig. 5(g)) [46]. Fig. 5(h) shows the amplitude sweep of the SF-
based printing ink used to assess the linear viscoelastic region
(LVER). Within a LVER from 0.01% to 1% strains, the ink exhibited
G’ predominantly over G”, indicating gel-like behavior. After the

LVER, the ink began to deform permanently, and the crossover of
G’ and G” occurred when the ink began to flow like a liquid [77].
The gelation kinetics of the printing ink were assessed using the
complex viscosity changes with different solidification methods,
as shown in Fig. 5(i) [78]. In addition to the qualitative analysis
mentioned above, a more recent study on the extrusion printing
of silk/hydroxyapatite (HA) composites was performed by correlat-
ing the key linear and nonlinear viscoelastic properties to the geo-
metric outcomes of printing. The study also proposed an
estimation of ink printability by developing dedicated machine-
learning algorithms based on linear and nonlinear rheological mea-
surements [79].

5.2. Silk-based ME printing ink

ME is the most commonly used SF printing method. Unlike
other printing methods with many ink requirements, ME facilitates
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Table 3
SF-based extrusion printing strategies
Classifier Ink Composition Crosslinking type  Prototyping methodology/mechanism References
Pure SF SF Physical Induce regenerated SF aggregation (dehydration) with methanol by [71,80]
in situ structural transition of SF from random coil to s-sheet.
SF Physical Direct the hierarchical assembly of SF with an aqueous bath containing [76]
inorganic salts.
SF Physical One step gelation of SF through extrusion into nanoclay/PEG [81]
suspension.
Chemically modified SF Methacrylated SF + Physical and Self-assembly, photo-crosslinking and micro-particle covalent linkage [82]
methacrylated hollow photocrosslinking
mesoporous silica
microcapsules
SF-Norbornene Physical and A weak and chemically crosslinked network was developed by [83]
photocrosslinking  conjugating norbornene to SF molecules and UV radiation for smooth
extrusion, followed by ethanal treatment.
SF-HRP and H,0, Chemical Form dityrosine bonds between tyrosine residues using HRP and [84]
partially crosslink SF to modulate ink viscosity for printing.
SF Hybrid SF + gelatin Physical Gelatin acts as bulking agent that undergoes phase transition in [85,86]
physiological conditions.
SF + tyramine-substituted Physical Temperature induced solidification and HRP mediated crosslinking. [92]
gelatin
SF + collagen Physical Temperature induced solidification. [87,88]
SF + carrageenan Physical Temperature induced solidification. [93]
SF + silica Physical Sol—gel transition and self-assembly. [94]
SF + alginate Ionic and Pregelatinized by the ionic cross-linking of alginate to increase the ink [72]
photocrosslinking  viscosity for extrusion printing, then photocrosslinking using
riboflavin/sodium persulfate (SPS) system through oxidation of SF
tyrosine residue.
SF + alginate Ionic Ionic crosslinking of alginate with calcium ions and Pluronic F127 [89]
SF + soy protein isolate Photocrosslinking  Photocrosslinking using Riboflavin/SPS system through oxidation of SF [95]
tyrosine residue.
SF + PEG Physical PEG induces p-sheet structure formation in SF structure and thus [90]
facilitates gelation in printing process.
SF + Silica Physical and Acid catalyzed crosslinking of the SF and simultaneous [96]
chemical polycondensation of tetramethyl orthosilicate with 5-(trimethoxysilyl)
pentanoic acid as a coupling agent.
SF particulate/ SF + OBC nanofibrils Physical SF backbone crosslinked by HRP/H,0, and gel printing fidelity improved [74]
fibre composites by addition of OBC.
SF + Nanocellulose Photocrosslinking  Photocrosslinking using riboflavin/ammonium persulphate system [97]
through oxidation of SF tyrosine residue.
SF + hydroxypropyl methyl Physical Synergistic effects of hydrogen bonding and hydrophobic interaction [98]
cellulose (HPMC) between HPMC and SF molecules resulted in uniformly dispersed
crosslinks composed of g-sheet structures.
SF + carbon nanotubes Physical Molecular interactions between SF and carboxyl groups of carbon [99]
nanotubes result in structural increase of the g-sheet formation.
SF + HA Physical Drying and setting of the high solid-content paste. [91]
SF hybrid particle/fibre  SF + chitosan + cellulose Physical Interconnected network structures generated by the strong interactions [100]
composites nanoparticles between polymer chains and nano-fillers.
SF + gelatin + glycerol + Physical BC to improve shape fidelity of SF/gelatin hydrogel [101]
bacterial cellulose (BC)
SF + TA + CaCl, + rGO Physical The addition of CaCl, and nano reinforcement of rGO to SF-TA both [73]
increase the percentage of g-structures.
SF + sodium alginate (SA) + HA  Physical SA acting as a binder to form an injectable composite paste. [102]
SF + gelatin + HA + tricalcium Physical Gelatin acts as bulking agent that undergoes phase transition in [103]

phosphate

physiological conditions, together with post-crosslinking treatment.

nearly any fluid to be extruded from a nozzle as long as the ink rhe-
ology is adjusted to the correct range. Herein, we review studies on
SF-based extrusion printing based on different ink formulation
strategies. We have categorized the SF extrusion printing cases into
five major classifiers: Pure SF, chemically modified SF, pure SF
solutions, SF hybrids, SF particulate/fiber composites, and SF
hybrid particle/fiber composites. The detailed ink compositions,
crosslinking types, and prototyping mechanisms are listed in
Table 3.

A pure SF solution is frequently difficult to print directly with
ME owing to its low viscosity. Only a few pure SF printing cases
have been observed, which rely on in situ induction of the SF struc-
tural conformation using a methanol [71,80] or salt bath [76], or
relying on a suspension printing methodology [81]. Chemical mod-
ification methods can be useful in imparting certain functionalities,
such as photocrosslinking properties, to the printing process

[82-84]. The SF hybrid is the most common strategy used in extru-
sion printing to modulate ink rheology or incorporate certain func-
tionalities. Natural polymers (e.g., gelatin [85,86], collagen [87,88],
and alginate [72,89]) and synthetic polymers (e.g., PEG [90]) are
commonly mixed with SF for extrusion printing. Nanoparticles or
fibers have also been observed to reinforce or functionalize the
SF ink. For example, OBC nanofibrils have been observed to
improve SF gel printing fidelity [74]. Bio-scaffolds printed with
SF/HA ink exhibit enhanced bone-regeneration properties [91].
The SF hybrid particle/fiber composite is the last group fully uti-
lizes hybrid printing and particle reinforcement.

Some representative ME-printed shapes are shown in Fig. 6.
Zheng et al. [90] reported use of SF/PEG hydrogels as bioinks for
3D printing in tissue engineering (Fig. 6(a)). Blending PEG with
SF induces silk p-sheet structure formation and thus gelation and
water insolubility owing to physical crosslinking. These results
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Fig. 6. (a) Schematic of the process of Silk/PEG bioink by 3D printing. Reproduced from Ref. [90] with permission of Wiley, ©2018. (b) Bio-printable and cell-laden SF-gelatin
hydrogel. Reproduced from Ref. [78] with permission of Elsevier, ©2015. (c) Schematic representation of the process used to develop the SF/HPMC 3D scaffolds. Reproduced
from Ref. [98] with permission of Sage Publications, ©2019. (d) Schematic of 3D printing with SF inks using a salt bath. Reproduced from Ref. [71] with permission of MDPI,

©2022.

suggest that the SF/PEG hydrogel provides a suitable environment
for cell printing and function. Das et al. [78] developed a bio-
printable, cell-laden SF-gelatin hydrogel (Fig. 6(b)). The gelation
of the bio-ink was induced by enzymatic crosslinking using mush-
room tyrosinase and physical crosslinking via sonication. Mecha-
nistically, tyrosinases oxidize the accessible tyrosine residues of
SF and gelatin in a three-step reaction. Sonication can aid in form-
ing -sheet formation within SF by accelerating the self-assembly
of SF macromolecules. In this study, human nasal inferior turbinate
tissue-derived mesenchymal progenitor cells were encapsulated
and printed using this bio-ink, offering a new direction for the
direct printing of tissue scaffolds in a patient-specific manner.
Zhong et al. [98] blended silk and HPMC as a bio-ink to print
hydrogels for the regeneration of tracheal epithelia (Fig. 6(c)).
The studies reported that the addition of HPMC changed the size
of the p-sheet crystal structure and synergistically affected the
gelation behavior to obtain a regenerated SF hydrogel with good
mechanical properties. This is an excellent method of forming a
hydrogel by incorporating additional polymers to induce the j-
sheet structure of SF. Incorporating other natural polymers into
the bio-ink can aids in lowering the temperature requirements
during printing while providing support comparable to the extra-
cellular matrix for the cells. Natural polymers such as chitosan,
gelatin, and alginate have been demonstrated to undergo sol-gel
transformations at physiological temperatures. However, these

polymers exhibit poor mechanical properties. Crosslinking can
occasionally be induced to increase the mechanical integrity of
the prints. More recently, extrusion-based SF printing using a con-
centrated SF solution with a salt-bath coagulation system has been
reported (Fig. 6(d)) [71]. The paper revealed excellent printing res-
olution with printed high-aspect-ratio structures, such as a can-
tilever with only one supported end.

Owing to the material versatility and flexibility in the prototyp-
ing methodology design, ME has several noticeable limitations. For
example, the printing resolution is frequently low depending on
the nozzle size. Furthermore, a compromise between printing reso-
lution and nozzle clogging is set to ensure a smooth extrusion pro-
cess. The printing geometry is still limited to basic shapes because
complex shapes, particularly those with overhangs, have a high
requirement for the self-supporting ability of the material, which
is difficult to achieve for materials with low moduli, such as SF
hydrogels. In addition, printed structures often lack mechanical
integrity owing to the poor adhesion between the printing layers.

6. Vat polymerization
6.1. Printing mechanism and ink requirements

Unlike M] and ME, in which bioinks are deposited in designated
areas, VP is a light-assisted printing technique. Most SF-based VP



X. Cui, J. Zhang, Y. Qian et al.

printing studies use DLP as the printing technique. As a projection-
based printing technique, DLP prints a part by illuminating a pho-
tocurable resin with a 2D pixelated pattern. When one layer of
resin is cured, the platform drops a certain distance and repeatedly
solidifies the material layer-by-layer until a solid 3D object is gen-
erated [104]. The curing kinetics of the VP printing process can be
complex; however, a semi-empirical equation adapted from the
Beer-Lambert equation can be used to describe the curing process
[105]:

Co =Dy () 6)

where Cq is the curing depth; D, is the light penetration depth; E
and E. are the irradiation dose and critical energy, respectively.
Thus, the curing depth C4 is determined by both the optical proper-
ties (D, and E.) of the bioink and the printer setting of the irradia-
tion dose E. The optical properties of the bioink are directly affected
by the printing ink formulation, polymer concentration, and pho-
toinitiator concentration [106]. For proper curing of the bioink, E
must exceed E. [107].

For commercial resins, such as acrylic resins, strength is fre-
quently not a significant problem because of their highly cross-
linked structures. However, for bioresins, such as SF hydrogels,
whose strength at the gelling point is low, excess energy E is pro-
posed to increase the gelling strength of the hydrogel material and
is defined as:

Engineering xxx (XXXX) XXx

Excess energy E is positively correlated with E. and negatively
correlated with Cq. Typically, for VP printing, the bioink comprises
a polymer or monomer, photoinitiator, and light absorber/photoin-
hibitor. While polymers, monomers, and photoinitiators are the
major components of the photocrosslinking reaction, the light
absorber competes with the photoinitiator for photons to attenu-
ate light [107]. Light absorbers reduce structural bleeding by mit-
igating the free-radical migration distance, which is particularly
useful when printing geometries with high aspect ratios
[108,109]. Commonly investigated light absorbers include syn-
thetic or natural food dyes, inorganic particles, and pigments. UV
blockers used in sunscreen also have the potential to be used as
light absorbers. Meanwhile, some UV absorbers such as dyes can
impart specific functional properties on printed constructs, such
as tunable surface wettability and permeability, mechanical prop-
erty modulation, light emission, and mechanochromic features
[110]. However, these factors have not been exclusively investi-
gated [107]. Thus, an investigation of ink formulations is required
to achieve constructs with optimum resolution and adequate green
part strength.

The ink viscosity is also detrimental to the VP printing process
because it affects the curing rate, curing depth, green part strength,
oxygen inhibition, and peeling force after one-layer printing. As
opposed to ME, the desired viscosity for VP is low: 1-10 Pa-s
[107]. This is because a high ink viscosity may result in bubbles
in the ink vat, difficulty in peeling, and insufficient ink coating
between the layers. In summary, the VP printing bioinks require:
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Fig. 7. (a) Rheological behavior of PEG4A bioinks with SFM by in situ photorheometry. Reproduced from Ref. [112] with permission of American Chemical Society, ©2018. (b-
¢) In situ rheology during UV exposure. The effect of LAP contents and Sil-MA contents on the G’ during UV exposure. Reproduced from Ref. [113] with permission of Springer
Nature, ©2018. (d) Graph of storage and loss moduli of SGOB1 bioinks as a function of time under UV exposure (14.1 mW-cm~2). Reproduced from Ref. [114] with permission
of American Chemical Society, ©2020. (e) Schematic diagram of light curing printing (DLP) mechanism. Bioink-added photoinitiator was printed in a layer-by-layer style with
DLP printer. Reproduced from Ref. [116] with permission of Wiley, ©2021. (f) Rheological determination of gelling points of gelatin-meth acrylate (GelMA) and Sil-MA with
different additives. Reproduced from Ref. [115] with permission of IOP Publishing, ©2021.
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@ Good fluidity and low viscosity, which contrast the demands
for extrusion printing;

Q@ Appropriate curing kinetics.

Light curing and finalization should be completed before the
platform action; therefore, the curing kinetics should be carefully
adjusted, and it is important to select a suitable photoinitiator
[109,111].

Rheological evaluation is a prerequisite for the development of
printable inks that can improve printing quality. Representative
photocuring rheological characteristics of the SF-based ink are pre-
sented in Fig. 7. Shin et al. [112] studied the rheological properties
of a 4-am polyethylene glycol acrylate (PEG4A) precursor solution
containing SF incorporated with melanin nanoparticles (SFM), as
shown in Fig. 7(a). Immediately the light was irradiated, the G’ of
the precursor solution containing SFM biological ink increased
rapidly and reached a plateau, indicating that the gelation process
took place very quickly and was completed within 1 min. Kim et al.
[113] adjusted the rheological properties by changing the content
of the photoinitiator and Sil-MA, as shown in Figs. 7(b) and (c).
An SF-based bioink (Sil-MA) was produced through methacrylation
by adding glycidyl methacrylate to the SF solution. The results
showed that the curing kinetics increased with increasing LAP
and Sil-MA content. With an increase in the UV curing time, Sil-
MA hydrogels tended to become stiffer, probably because of the
formation of a more stable hydrophobic domain. Ajiteru et al.
[114] covalently rGO with glycidyl methacrylated SF to prepare a
bioink (SGOB1). As shown in Fig. 7(d), the bioink was entirely poly-
merized after 4 s of UV irradiation. Photorheology was also used to
assess the gelling strength. As shown in Fig. 7(f), the complete gel-
ling time was assessed for Sil-MA with different additives [115]. In
summary, VP bioinks generally exhibit a good flow performance
and low viscosity before the photocuring reaction. Upon light irra-
diation, the ink can be rapidly crosslinked and quickly solidified
into a solid/gel state with a higher modulus.

6.2. Silk-based VP printing ink

We also classified SF-based VP printing strategies into four
main groups based on the ink formulations: pure SF, SF hybrid,
Sil-MA, and Sil-MA hybrid (Table 4). Another distinct characteristic
could also be the photoinitiator used. Three types of photoinitia-
tors are primarily used for SF-based VP printing: riboflavin, eosin
Y and lithium phenyl-2,4,6-trimethylbenzoyl phosphonate (LAP).
The first two are photooxidation reactions, and the last is
methacryloyl-based free radical irradiation. A more detailed expla-
nation of SF photocrosslinking strategies is provided in a published
review paper [117].
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Compared with other printing methods, VP techniques are
straightforward and easier to operate. More importantly, they offer
excellent printing accuracy and reliable reproducibility of the SF
printing materials, as shown in Fig. 8. Therefore, much effort has
been devoted to printing SF using the VP method. The tyrosine con-
tained in the SF molecule, whose phenolic hydroxyl group, can be
crosslinked by the initiator under visible-light conditions to form
dityrosine and then a crosslinking network. Shin et al. [118] fabri-
cated SF microneedles by the DLP 3D printing of an SF solution
with riboflavin as the enzymatic photoinitiator (Fig. 8(a)). The SF
microneedle was robust and demonstrated no severe damage to
the structure upon the application of a compressive stress of
~300 mN. They also obtained a hydrogel with excellent structural
stability by adding gelatin to the SF ink owing to the additional
crosslinking points using DLP 3D printing [120].

The inclusion of photosensitive polymers in the SF ink is
another method for developing VP printing ink. Kwak et al. [122]
used SF incorporated PEG4A as a bioink for the 3D printing of
DLP (Fig. 8(b)). They observed that the incorporation of biocompat-
ible SF particles enhanced the mechanical properties of the SF
hydrogel and provided elasticity for the generation of artificial
skin. The SF-PEG4A hydrogel embedded with fibroblasts generated
a thicker keratin layer than the pure PEG4A hydrogel. They also
added SF particles to GelMA as a bioink for DLP 3D printing. The
cells encapsulated in the structure showed high levels of metabolic
activity, indicating that SF-GelMA is a biocompatible material
[121].

Although the VP printing technique has the advantages of rapid
printing speed, high resolution, realization of highly complex
structures, and biocompatible nozzle-free printing methodology,
it is still not widely adopted, primarily because of the limited num-
ber of photosensitive materials that can be applied. Therefore,
novel bioinks that are biodegradable, biocompatible, printable,
and mechanically stable must be developed. In 2019, Kim et al.
[113] synthesized a bioink generated from SF for DLP 3D bioprint-
ing, targeting tissue-engineering applications (Fig. 8(c)). The Sil-
MA hydrogel fabricated using DLP showed outstanding biocompat-
ibility as well as mechanical and rheological properties. This could
be a superior bioink for DLP printing in biological and clinical
applications.

To fabricate 3D structures using Sil-MA via DLP 3D printing, Aji-
teru et al. [114] fabricated a DLP-printable bioink through the
covalent reduction of GO by glycidyl methacrylated SF (Fig. 8(d)).
These hydrogels exhibit superior mechanical, electroconductive,
and neurogenic properties. Ajiteru et al. [115] developed a mag-
netic bioreactor system and magnetic hydrogel by single-stage
3D printing using the DLP technique for the differentiation of myo-
blast cells. The 3D-printed magnetic bioreactor system provides a

Table 4
SF-based VP printing strategies.
Classifier Ink Composition Photo initiator Prototyping mechanism References
Pure SF SF Riboflavin The phenolic photocrosslinking between SF molecules. [118]
SF Ruthenium (Ru)/SPS The phenolic photocrosslinking [119]
between SF molecules
SF Hybrid SF + Gelatin Riboflavin The phenolic photocrosslinking between SF and gelatin. [120]
SF + GelMA Eosin Y The modification of gelatin with pendant methacrylate [121]
groups can carry out chemical crosslinking under the UV.
SF + PEG4A Eosin Y The crosslinking reaction occurred between the acryl [112,122]
functional groups of PEG4A molecules by irradiation.
SF + PEGDMA LAP The crosslinking reaction occurred between the methacrylate [116]
groups of PEGDMA molecules.
Sil-MA Sil-MA LAP The vinyl double bonds on GMA of Sil-MA could react with [113,123-125]
each other intra-chain or between chains under the UV.
Sil-MA Hybrid Sil-MA + GO LAP Similar with Sil-MA [114]
Sil-MA + GelMA + iron oxide (10) LAP The crosslinking between The GMA group of Sil-MA and the [115]

MA group of GelMA
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Fig. 8. (a) DLP 3D printing of SF microneedles using SF ink. Reproduced from Ref. [ 118] with permission of Elsevier, ©2021. (b) DLP 3D printing of SF-PEG precursor solution in
a visible range of light. Reproduced from Ref. [122] with permission of Elsevier, ©2019. (c) Printability of 30% Sil-MA using DLP printer. A porous scaffold and Eiffel Tower
imitation. Reproduced from Ref. [113] with permission of Springer Nature, ©2018. (d) Dragon logo and 3D molecular structure of graphene using 2.5% SGOB1 bioink.

Reproduced from Ref. [114] with permission of American Chemical Society, ©2020.

suitable 3D environment for myoblast cells to further differentiate
into silk magnetic composite hydrogels.

7. Promising strategies for 3D printing SF
7.1. Technique aspect

7.1.1. Emerging photopolymerization techniques

Although most silk-based printing studies rely on extrusion-
based printing methods, VP printing techniques have shown enor-
mous potential in the biomedical field because of their superior
printing quality and speed. Recently, emerging VP techniques such
as two-photon/multiphoton polymerization (2PP) and volumetric
additive manufacturing (VAM) have shed light on this field.

Among the various VP techniques, stereolithographic appear-
ance (SLA) was first developed in the early 1980s [126]. As shown
in Fig. 9(a), a laser beam was emitted by the laser source to cure
one layer of photopolymer resin onto the build platform in a
point-wise manner. Eventually, the entire object was printed layer
by layer through the movement of the platform and lifted from the
liquid resin. The relative positions of the light source and vat can be
altered depending on the printer configuration [127]. Using a
mechanism similar to that of SLA, DLP uses a projector to project
UV light onto the resin surface such that the entire resin layer
can be cured simultaneously (Fig. 9(b)). Compared with the dot-
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wise printing of SLA, the layer-wise printing characteristic of DLP
offers higher efficiency. Building on this, another fast and continu-
ous printing method, continuous CLIP, has recently been developed
[128]. In traditional VP methods, oxygen inhibition causes incom-
plete polymerization and surface tackiness. Introducing a thin
layer of liquid resin (“dead zone”) between the projecting window
and printed surface solved the issues of superb surface finish and
faster printing speed.

Despite all the developments in VP printing techniques and
being the most precise method, the lateral resolution is around
10-50 um for the aforementioned VP techniques [129]. In compar-
ison, 2PP holds promise for printing nanosized features with a high
lateral resolution of approximately 100 nm [130,131]. Since the
two-photon absorption of light with wavelength of / would intri-
gue a tightly focused voxel area with a volume of /3, the initiated
polymerization area is much smaller in 2PP compared with tradi-
tional photopolymerization (Fig. 9(c)) [132,133]. Furthermore, a
more recent study developed a volume-based printing methodol-
ogy by concurrently printing all points within an object through
a rotating-illumination system (Fig. 9(d)), offering another signifi-
cant leap in printing speed and surface finish.

3D printing is a rapidly developing field for achieving maxi-
mized printing resolution and speed, which can be seen particu-
larly in the various VP techniques that have emerged in recent
years, from the earliest SLA, 2PP, to DLP, CLIP, and the most recent
VAM. However, from the printing material point of view, the
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VP-based printing technique has no significant effect on the mate-
rial properties. Currently, DLP is the predominant technique used
to print SF-based inks, as summarized in Section 6. When more
advanced techniques are introduced in SF printing, there will be
vast potential for achieving SF-based printed structures with a
greater level of complexity and functionality.

7.1.2. Four-dimensional printing

Four-dimensional (4D) printing is a result of the rapid develop-
ment of printing techniques, designs, and multidisciplinary smart
materials. It has attracted great interest in various fields since its
conceptualization in 2013 [134]. Compared with 3D printing, one
more dimension of “time” is involved, which means the 3D printed
part changes its configuration, property or certain functionality
along with the time when exposed to external stimuli such as heat,
light, water, pH, and so forth [135]. Thus, it can be used to create
materials with self-healing and self-folding properties, or on-
demand shape transformations from one shape to another [136].
Such properties can be beneficial in various fields such as self-
healing batteries in the case of an accident and bio-scaffolds with
shape memory capabilities [137]. Meanwhile, 4D printing is
achievable using the most commonly used 3D printing techniques,
such as ME and VP. Printing material systems include shape-
memory polymers, liquid-crystal elastomers, and composite
hydrogels [135].

Very few SF-based 4D printing studies have been conducted at
its infancy stage. In one study, a shape-morphing Sil-MA hydrogel
was fabricated using DLP printing [138]. Shape-morphing was
achieved by changing the exterior or interior properties of the
Sil-MA hydrogel under physiological conditions. A tracheal-
mimetic tissue structure was prepared using this technique, and
the in vivo results suggested the potential value of such a 4D bio-
printing system for biomedical applications (Fig. 10). In another
study, a tendril-like structure was printed with graphene
nanoplatelets-modified SF as the core and PHBV as the shell. The
fourth dimension of motion is realized by the different thermal
expansion coefficients of the two materials and the conversion of
thermal energy into mechanical actuation [138]. Thus, taking this

13

initial step forward, there is vast potential to transfer the unique
properties of SF into 4D printed objects that are “smart or alive”
for applications in various fields. Apart from the shape-morphing
structures mentioned above, stimuli-responsive drug delivery is a
promising application field for 4D printing SF material.

7.2. Material aspect

7.2.1. Promising SF gelation methods

Despite advances in the progress of SF-based hydrogels, recent
methods for SF gelation, including sonication, pH adjustment, and
the use of organic solvents, have apparent limitations, such as non-
physiological conditions, lack of reversible crosslinking, and weak
mechanical properties [139]. Specifically, the absence of dynamic
sacrificial bonds in the network to efficiently dissipate energy at
the molecular level limits the recapitulation of outstanding tough-
ness in vitro; therefore, most are affected by brittle behavior. Incor-
porating a dynamic energy dissipation mechanism into the
physical interconnection network may be an effective strategy
for enhancing the mechanical properties of regenerated SF-based
hydrogels. Shi et al. [14] developed a dynamic metal-ligand coordi-
nation chemistry strategy to assemble SF-based hydrogels between
SF microfibers and a polysaccharide binder under physiological
conditions. The obtained SF-based hydrogels exhibited outstanding
shear-thinning and self-healing properties, thereby enabling the
filling of irregularly shaped tissue defects without gel fragmenta-
tion. In another study, Huang et al. [140] grafted cholesterol or j-
cyclodextrin onto the carboxylated SF. The two chemically modi-
fied SF were assembled into an SF-based hydrogel via host-guest
interactions. Compared with conventional SF hydrogels, the pre-
sented hydrogel showed higher mechanical strength, toughness,
and suitable self-healing properties without external stimuli. These
results reveal that the dynamic crosslinking of SF-based hydrogels
is a promising novel generation of 3D printing SF materials.

7.2.2. Chemical modification methods
In recent years, research on SF chemistry has primarily focused
on understanding the molecular structures and structural property
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relationships of native SF and developing advanced techniques for
processing SF into functional materials [141]. However, studies on
the chemical modification of SF have been limited to obtaining
rationally designed physicochemical and biological properties. To
promote SF research and expand its applications in 3D printing,
it is crucial to develop chemical tools for modifying the molecular
structure of SF for the precise tailoring of material properties to
meet application needs. Moreover, the preparation of silk-based
fine chemicals with precise structures, functions, and high added
value has attracted increasing interest and potential, particularly
in the fields of biomedicine and cosmetics. From a chemical per-
spective, silk proteins are biopolymers composed of amino acids,
including serine, threonine, tyrosine, glutamic acid, aspartic acid,
lysine, and arginine, which have several reactive groups (hydroxyl,
carboxyl, and amino groups). The most abundant reactive groups
were serine (12.1%) and tyrosine (5.3%) and the rest of the reactive
groups are less than 1% [142]. There is a vast potential to develop
silk materials with good printability and mechanical properties for
3D printing through reactions between the reactive groups of SF
and other molecules. Recently, a study introduced an esterification
method to modify SF using succinic anhydride in an ionic liquid/
dimethylformamide homogeneous solution and achieved con-
trolled SF carboxylation with less protein degradation [143]. This
strategy promises to become a novel SF-based material for 3D
printing.

8. Conclusions and prospects

Silk-based protein materials have attracted significant interest
for the formulation of 3D printing bioinks owing to their process-
ing flexibility, mechanical integrity, cytocompatibility, controllable
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biodegradability, and immune tolerance. From the statement of the
mainstream 3D printing techniques according to the ISO/ASTM
52900 standard to the illustration of the chemical and structural
characteristics of the silk material, we discuss the adaptability of
the silk material in each printing technique. The focus was then
on MJ, ME, and VP, which are the most frequently used techniques.
Comparing the printing mechanism, ink requirements, and silk
printing structures with the three different techniques, MJ printed
precise but 2D structures that are frequently attached onto a sub-
strate, ME was the most widely adopted technique owing to its
material flexibility but presented relatively low printing resolution
and shape fidelity, and VP held the promise of manufacturing
structures with both high resolution and complexity; however,
there is a major lack of silk-based printing material for the VP pro-
cess. We also propose promising strategies from both technical and
material aspects for prototyping highly precise and functional tis-
sue engineering scaffolds or devices from silk-based materials to
broaden their applications in biomimetic tissue structures such
as vasculatures, highly precise biomedical devices such as micro-
needles, and personalized medicine.
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