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1. Introduction

Silk spinning has evolved for hundreds of millions of years and 
represents a striking engineering marvel.[1–3] Many arthropods 
spin fibers with silk, representing a large category of proteins 
with similarities in molecular design. Among these organ-
isms, silkworms and spiders are best-known for using silk 
for manufacturing protective cocoons and prey-capturing orb-
webs, respectively (Figure 1). Mulberry silkworm (Bombyx mori) 
cocoons have long been harvested and utilized in weaving tex-
tiles with an elegant and glossy appearance, soft feel, and dura-
bility; silk textiles date back to the second century BC in ancient 
China (Figure 1B)[4] and remain popular in fashion designs to 
date. Silk textiles have been important commodities for inter-
continental trade, such as the Silk Road until the onset of low 
cost and versatile synthetic fibers (e.g., nylon, polyester, others). 
Similar to silkworm silks, spider silks have been harvested 
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for fishing lines and wound dressings, 
although they are available in significantly 
lower quantities due to the cannibalistic 
nature of spiders and the difficulties of 
domestication.

Beyond the historical implications of 
silks in luxury textiles, silks are increas-
ingly recognized as a useful biomaterial 
with excellent mechanical performance, 
superior or comparable to a variety 
of natural and synthetic polymers 
(Figure  1C).[5,6] Particularly, spider dra-
gline silk (tensile toughness, ≈160 J g−1) 
is tougher than most commercial high-
performance polymers, including Kevlar  
49 (≈50 J g−1),[7] Nomex (≈44 J g−1),[8] Nylon 
66 (≈80.5 J g−1),[8] polyester (≈50 J g−1),[8] 
and ultra-high molecular weight poly-
ethylene (47–70 J g−1),[9] as well as fibers 
in development, including multifibrillar 
polyacrylonitrile yarn (137  ±  21 J g−1),[10] 
cellulose nanofibrils (≈55 MJ m−3),[11] and 
graphene yarn (11.5–23.75 J g−1).[12] Only 

a handful of synthetic fibers have been reported to surpass 
the toughness of the spider dragline silk, including polyvinyl 
alcohol (PVA)/single-walled nanotubes (570 J g−1),[13] PVA/
multiple-walled nanotubes (870 J g−1),[14] PVA/carbon nano-
tubes/reduced graphene oxide flakes (1000 J g−1),[15] and poly-
acrylonitrile nanofibers (≈500 J g−1 in a diameter of 100 nm).[8] 
This high toughness of spider dragline silk results from the 
combination of high strength (≈1.4  GPa) and extensibility  
(≈30–150%). High extensibility is unfavorable in maintaining 
shape, but particularly useful to support loads normal to the 
long axis of the fiber,[16] e.g., flying insects. Thus, silk-like mate-
rials are highly desired for a variety of applications, including 
athletic gear and reinforced polymer composites.[17] In addition, 
silk is a remarkable biomaterial with inherent biocompat-
ibility and biodegradability, in contrast to most synthetic petro-
leum-derived materials. Silk consists of amino acid building 
blocks,[18] thus supporting proteolytic degradation[19] and in 
vivo compatibility in terms of eliciting low inflammation, low 
immune responses, and low blood clotting, all desirable fea-
tures for biomaterial systems.[20] The degradation mechanisms 
of silk materials have been intensively studied[19,21,22] and sum-
marized in a recent review paper.[23] Briefly, proteolytic degra-
dation by the host immune system, especially macrophages 
and foreign-body giant cells, is key. It should be noted that the 
β-sheet crystals in the silk materials are different from the path-
ogenic β-amyloid structures; the silk β-sheet and its degraded 
product show no cellular toxicity.[21] The biocompatibility of 
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silks provides benefits to a wide range of biomedical applica-
tions from tissue scaffolds[18,24] to bioelectronic devices.[25–31] 
Furthermore, silks possess other useful material properties, 
such as optical transparency for applications of bio-optics[32–36] 
and controlled water uptake related to actuation.[37,38] The bio-
medical applications of silk materials have rapidly emerged in 
recent years, which has been extensively summarized in several 
excellent reviews.[20,39–42]

While silk is a remarkable and versatile material, silk spin-
ning as a manufacturing processing, is even more remarkable 
and scientifically valuable. Silk spinning, in combination with 
the unique chemistry and sequence in the silk proteins, results 
in the superior properties of the silk in material formats. Silk 
spinning is also notably energy-efficient and environmentally 
benign (sustainability), which represents a fundamentally dif-
ferent mechanism from traditional industrial manufacturing. 
The all-aqueous and ambient conditions for the silk spinning 
are in contrast to the high temperature, high pressure, and 
organic solvent used for the manufacturing synthetic polymers. 
These nonsustainable conditions of industrial polymer manu-
facturing are often criticized because of the energy require-
ments, and adverse environmental impact.[43,44] In particular, 
silk spinning uses minimum energy due to the evolutionary 
pressure of survival. An in vitro experiment of shear-induced 
fibrillation suggested that silk spinning can be ≈90% more effi-
cient in energy use in comparison to processing high-density 
polyethylene at 125 °C.[45]

From the perspective of energy information conversion, silk 
spinning relies on the incredibly rich chemical information 
encoded into the primary amino acid sequence of the protein 
in order to optimize self-assembly (thus reduce energy require-
ments) and promote processing in water. Besides, silk spin-
ning also relies on the information for solvent conditions in 
the spinning process that is tightly and dynamically regulated 
by biological systems (especially by the cells lining the gland) 
(Figure 1A). The silk spinning process is based on directed hier-
archical molecular assembly. This evolutionary-based strategy is 
also found with other structural proteins, including collagenous 
tendons,[46] cytokeratin hair, and amyloid fibrils.[47] However, 
there is a notable difference between the manufacturing of silks 
and other protein structures: silk fibers are spun on-demand in 
the time scale of seconds or less, while other protein structures 
are grown most often in time scales of days, weeks, or longer. 
The rapid spinning processing with silks assures the efficiency 
of manufacturing. Thus, silk spinning provides a particular bio-
mimetic ideal and a source of inspiration for advanced and sus-
tainable artificial polymer manufacturing.[48,49]

Silk spinning has inspired diverse and substantial efforts 
toward artificial manufacturing with regenerated silk proteins 
and even other polymers.[50,51] To translate silk spinning 
into artificial manufacturing, the underlying manufacturing 
mechanisms at the molecular level need to be understood. 
Several mutually inclusive models have been proposed 
(Figure  1), including string-beads[48,52,53] and micelle models 
(Figure  1D,E).[2,54,55] These mechanisms provided insight 
into the relationships between molecular conformation and 
mechanical performance, the formation of crystalline and 
amorphous regions, the orientation of the molecular chains, 
as well as the storage of highly concentrated protein solution 

in a metastable state; however, besides these key aspects, the 
molecular landscape of silk spinning remains incomplete and 
thus requires further insight.

In this report, we focus on recent and universal (e.g., silk-
worms and spiders) mechanistic discoveries regarding silk 
spinning. We also discuss the current developments toward 
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biomimetic fiber spinning of recombinant and regenerated 
silks. The technical considerations for preparing silk feed-
stocks for artificial manufacturing from silkworm cocoons 
are emphasized. Finally, we discuss the recent development, 
limitations, and future trends in the 3D printing of silks. Silk 
spinning is an example of biofabrication[56] and a remark-
able source of inspiration, especially for developing sustain-
able manufacturing techniques with tremendous versatility in 
material formats, properties, functionalization, chemistry, and 
opportunities.

2. Natural Silk Spinning

2.1. Silkworms and Spiders

Mulberry B. mori silkworms and golden web spiders are the 
two predominately used arthropods for studying silk and silk 
spinning. Because silkworms and spiders have evolved in dis-
tinct pathways over millions of years, the comparative study of 
the two species provides key insights to the general principles 
that underlie silk spinning. A brief comparison of silk spin-
ning between spiders and B. mori silkworms is summarized in 
Table  1. There are species-dependent differences in fiber per-
formance as well as the process of silk spinning. For example, 
the tensile strength of B. mori silkworm silk is about almost 
half that of silks from spiders, such as Araneus diadematus and 
Nephila clavipes. Of note, insect and spider silks have many 
variants; some of the insect silks (bagworm silks) show extraor-
dinary strength and toughness that are comparable and even 

superior to most spider silks.[57] Several studies have revealed 
the critical relationship between the physical properties and the 
molecular design among silk variants.[16,58–60] One particular 
insight is that the design of repetitive sequences determines the 
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Figure 1.  A) Schematic illustration of universal spinning conditions of both silkworms and spiders. Reproduced with permission.[119] Copyright 2019, 
John Wiley and Sons. B) An embroidered silk gauze ritual garment. Reproduced with permission.[4] Copyright 2014, Springer Nature. C) A brief com-
parison in tensile performance between silks and other polymers. D) Schematic illustration of silk fibroin assembles into a micelle. Reproduced with 
permission.[2] Copyright 2003, Springer Nature. E) Schematic illustration of the “string of beads” model to show hairpin folding morphology. This 
model explains the fractions of disorder and order, as well as the mechanical strength of silk fibers. Reproduced with permission.[52] Copyright 2006, 
The Royal Society of Chemistry.

Table 1.  Comparison of silk spinning between spiders and B. mori 
silkworms.

Spider Silkworm

Spinning 

conditions

Shear stress Yes (Higher) Yes (Lower)

Kosmotropic ion-Potassium Yes Yes

Acidification (pH) 7.6–5.7 8.2–6.2

Dehydration Yes Yes

Spinning gland Tapering geometry  

(for shear stress)
100 to < 10 µm 400–50 µm

Carbonic anhydrase and ATPase 

driven proton pumps (for pH)

Yes Yes

The microvilli  

(for removing water)

Yes Yes

Spinning dope Concentration High (>30%) High (>30%)

Liquid crystal spinning Yes Yes

Molecular conformation  

and orientation

Yes Yes

Repeated motif AAAAAA GAGAGS

Beta-sheet crystal size Smaller Larger

Polymer melts-like rheology Yes Yes
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size, ratio, and distribution of β-sheet crystallites, thus leading 
to different mechanical performance.[58] In general, more 
homogenously distributed crystallites lead to higher mechanical 
strength.[58] In addition, the silk spinning gland originates from 
a salivary gland in silkworms, while this is from the abdominal 
area in spiders. Despite these differences, however, there is 
considerable similarity in silk spinning between the two groups 
of organisms,[61] thus offering a general scientific framework 
for silk spinning, which is desired for developing biomimetic 
manufacturing techniques.

2.2. Spinning Dope

The spinning dope is the highly concentrated aqueous solu-
tion (>30 wt%) of silk proteins within the spinning gland. 
Several properties of the spinning dope, including the mole-
cular weight of the proteins utilized, amino acid content and 
patterns, liquid crystal phases, and rheological behavior are 
compared by species and further discussed in the context of 
polymer manufacturing.

2.2.1. Large Molecular Weight

Silks are among the largest proteins in nature, with molecular 
weights larger than 300  kDa. The main structural component 
of B. mori silkworm silk is fibroin, which is composed of a 
heavy chain (≈390 kDa), a light chain (≈26 kDa), and a linking 
protein, P25 (≈30  kDa).[62] In the silk fiber, the silk fibroin is 
coated with a layer of sericin proteins (≈30–400 kDa). The dra-
gline silk of spider N. clavipes is composed of two major ampul-
late spidroin proteins 1 and 2 (MaSp1 and MaSp2, ≈300  kDa 
each). The large molecular weight (size) is associated with the 
high tensile strength of silk fibers due to increased interchain 
interactions and fewer chain-end defects, the same principle as 
in artificial polymer manufacturing.[63]

2.2.2. Amino Acid Sequence

Both silks contain short repetitive domains that are rich in 
glycine (G) and alanine (A), such as GAGAGX for silkworm 
silks and AAAAAA for spider silks (Figure  1E). Glycine 
and alanine have the smallest sidechains, a hydrogen, and 
a methyl group, respectively. The small size of the side-
chains is beneficial for tight packing or hairpin folding of 
the chains. The short repetitive domains are hydrophobic 
and interspersed between smaller hydrophilic nonrepetitive 
domains. Thus, silk proteins resemble amphiphilic block co-
polymers, which allows the use of polymer theory to explain 
the folding and assembly of silk proteins, e.g., in the forma-
tion of micelles.[2]

The design of the amino acid sequence also determines the 
fraction of order and disorder[52,64] as well as the size of the  
folded molecular structure (the beads),[52,65] both of which 
tightly relate to the mechanical performance of the natural and 
the regenerated silks, as semi-crystalline materials generated 
from these processes.

2.2.3. Liquid Crystal Phase

Both native silk dopes of silkworms[66–69] and spiders[68,70] are 
reported to include liquid crystal phases (Figure  2); the silk 
dope is flowable while containing well-aligned molecules in a 
crystal-like manner. The characteristic birefringence to show 
the alignment of molecules is observed in the native silk spin-
ning gland[67,70] and in the nematic schlieren textures of native 
silk secretions after water evaporation.[68] These findings imply 
liquid crystal spinning of silks.[1] Liquid crystal phases are par-
ticularly important to manufacture high-performance fibers 
such as Kevlar and Vectran, providing a precursor to aligned 
molecular chains.[71]

Of note, industrial liquid crystal polymers are thermotropic, 
thus based on temperature and pressure to transit isotropic 
polymer solutions into liquid crystal phases that are then spun 
into high-performance fibers. While the native silk dope is a 
lyotropic liquid crystal, this material relies on solvent condi-
tions to induce the phase transition. By using solvent condi-
tions instead of temperature, lyotropic transitions require 
much less energy in comparison with thermotropic ones. The 
liquid crystal spinning of silks was modeled by using nema-
todynamics, nematostatics, and interfacial thermodynamics, 
and the resulting semiquantitative prediction was consistent 
with the birefringence observed in the native spinning gland 
(Figure 2D).[72,73]

2.2.4. Rheological Behaviors

Native silk dope is a non-Newtonian liquid and demonstrates 
two interesting rheological behaviors: 1) shear-thinning[74] 
and 2) a cross-over point of modulus in frequency sweeps 
(orange arrows in  Figure  3A).[75,76] Shear-thinning refers to 
the decrease of viscosity as a result of increased static shear 
stress; this property is particularly beneficial to extruding vis-
cous liquids from a small die, e.g., the fiber spinning of silks, 
because the viscosity is reduced during extrusion, leading to 
decreased extruding pressure requirements and thus lower 
energy expenditures.

The cross-over point of silk proteins resembles that of undi-
luted melts of polymers with high molecular weights.[75,76] In 
particular, at the low frequency of oscillation, the loss modulus 
of the silk dope is higher than the storage modulus, implying 
a liquid state; while at high frequency, the storage modulus 
is higher than the loss modulus, implying a solid. Thus, an 
increase of oscillatory frequency results in fibril formation and 
gelation of silk proteins from the soluble state.[75,76] Fibril for-
mation under mild shear forces presents an energy-efficient 
strategy, in sharp contrast to the fibril formation of synthetic 
polymers by temperature-driven phase transitions.[45]

2.3. Spinning Conditions

Solvent conditions are tightly controlled by cells along the 
spinning gland to direct the hierarchical assembly of the silk 
proteins and the change of molecular conformations, which 
enables the phase transition from silk dope to water-insoluble 
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silk fibers. The widely accepted conformal change is from 
random coil/helix (disorder) to β-sheet crystalline (order), 
while intermediate conformation silk I (β-turn) is also pro-
posed through an extensive investigation of the structure using 
NMR.[77]

The role of solvent conditions in the silk spinning is as 
important as the information encoded in the amino acid 
sequence of the proteins. Of note, several conditions appear to 
be universal during silk processing in the native systems when 
comparing among spiders and silkworms, including mechan-
ical forces,[75] acidification,[78,79] gradients of salt ions (like 
potassium and sodium),[54,80,81] and dehydration.[2]

2.3.1. Mechanical Forces

There are two distinct mechanical forces involved in silk spin-
ning. The first is shear forces that are generated by the flowing 
silk dope within the spinning duct. The spinning duct has a 
gradual decrease toward the spinneret in terms of diameter 
from ≈100 to < 10 µm in spiders,[82] and from ≈400 to ≈50 µm 
in silkworms.[66] Despite the different sizes, the change in 
diameter is similar in both silkworms and spiders, fit by the 
same second-order exponential decay.[66] The range of spinning 
speed is around 10–20 mm s−1 in both spiders and silkworms. 
Shear stress above a critical level of around 1–10 s−1[83] is 

believed to extend and align the protein chains and induce fibril 
assembly[84,85] and beta-sheet formation,[86] as the extended 
molecules tend to expose their hydrophobic domains to enable 
interchain interaction.

The other mechanical force is the pulling force imposed 
on nascent silk fiber immediately after exiting the spinneret. 
The pulling force is primarily generated by the bodyweight 
for the dragline of the spider and the head movement for  
B. mori silkworm silk. The pulling force is believed to foster the 
alignment of the backbone and side-chains of silk protein mole-
cules along the longitudinal direction, crucial to mechanical 
performance.[87]

The exact roles of the shear forces and the pulling forces in 
silk spinning remain elusive. The pulling force has been sug-
gested to be more dominant than the shear force; however, the 
shear force still seems necessary for the silk spinning. Recently, 
simulation and experimental evidence showed that the silk fiber 
is mainly pulled instead of pushed (sheared).[88] In one study, 
the head of the silkworm was fixed to remove the pulling force 
by head movement.[67] As a result, the silkworm extruded liquid 
instead of spun fibers. The extrusion of liquid may be achieved 
by two pairs of muscles around the middle part of the spin-
neret, which are the only muscles found around the spinning 
gland. In addition, the absence of muscles in the peristalsis of 
the spinning gland also suggests the dominant role of pulling 
forces in the silk spinning.[88]
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Figure 2.  A) Polarizing micrographs show the cellular optical texture of the silk fibroin in situ within the duct. A first-order red compensator is 
used, and the slow axis is 45° to the longitudinal direction of the duct. Reproduced with permission.[66] Copyright 2007, American Chemical Society.  
B) Polarizing micrographs show the cellular optical texture of the spider silks in situ within the duct. The slow axis of the first-order red compensator 
is parallel to the longitudinal direction of the duct. Reproduced with permission.[70] Copyright 1999, The Royal Society. C) Left: a nematic schlieren 
texture of N. clavipes major ampullate gland secretion after partial drying between a glass microscope slide and a coverslip. Four disclinations are 
indicated by orange arrowheads. Reproduced with permission.[68] Copyright 1991, Nature. Right: a mosaic lamellar texture of exfoliated silk nanofi-
brils. Reproduced with permission.[127] Copyright 2017, Springer Nature. D) Texture transformation along the duct section of the silkworm spinning 
gland with flanked sericin and decreased diameter. There are three textures: escape (E), point defect (PD), and isotropic (I). The PD consists of 
alternating +1 and −1 point defects separated by a distance that scales with the duct diameter. Reproduced with permission.[72] Copyright 2010, 
The Royal Society of Chemistry.
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2.3.2. pH

Along with the spinning gland in both silkworms and spi-
ders, the pH gradually decreases, i.e., acidification. In the silk-
worm, the pH decreases from 8.2 to 6.2;[78] while in spiders, 
from 7.6 to 5.7.[89] The maintenance of this pH gradient is likely 
through epithelial cellular secretions of proton and carbonic 
anhydrase that converts water and carbon oxide to carbonic acid.

Several in vitro experiments indicated that pH influenced 
the stability and dimerization of the nonrepetitive terminal 
domains (Figure  3C),[78,90] molecular conformation,[91] and 
rheology[92] of silk proteins. The pH-induced effects are usu-
ally relevant at low isoelectric points (PI) and the presence of 
amino acids with acidic side chains. For example, B. mori silk 
has a low PI of 4.2, and the acidic amino acids mainly exist in 
the N-terminal domain as well as in the multiple interspersed 
hydrophilic domains. At neutral pH, the acidic amino acids 
have negative charges, which prevents interactions between 
protein chains; while at lower pH, the electrostatic repulsion 
becomes less effective, permitting hydrophobic interactions 
and facilitating conformational changes and gelation.[92] The 
programmed acidification along the spinning gland has been 

suggested as a lock-and-trigger mechanism for the on-demand 
formation of silk fibrils (Figure  3C).[79] Here, the incorpora-
tion of the N-terminal domains from the spider Euprosthenops 
australis prevented the formation of fibrils at high pH, while 
allowing fibrillation at low pH. The fibrillation was triggered by 
the assembly of the N-terminal domains into dimers.

2.3.3. Salt Ions

Salt (metallic) ions have significant effects on the folding and 
assembly of a variety of proteins, especially silk proteins, inter-
acting with hydrated surfaces of the backbone and side chains of 
proteins.[81] According to the capability to capture water molecules 
from proteins, common salt ions are compared in the Hofmeister 
series,[93] and categorized into kosmotropic and chaotropic ions. 
For most proteins, kosmotropic ions facilitate aggregation (salting 
out), while chaotropic ions promote dissolution (salting in).

In the spinning glands of both spiders and silkworms, sev-
eral metallic ions are involved: Na+, K+, Mg2+, Ca2+, Cu2+, and 
Zn2+. The two most abundant metallic ions are potassium 
and calcium in silkworms, as well as potassium and sodium 
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Figure 3.  A) Rheological behavior of native and regenerated dopes of silk fibroin. Left: oscillatory frequency sweep. Cross-over points (indicated by 
orange arrows) exist in the native silk dopes but not in the regenerated silk dopes. Right: steady shear sweep. The shear-thinning behavior (purple 
arrow) exists in the native silk dopes but not in the regenerated silk dopes. The percentages in the brackets indicate silk protein dry weight concen-
tration in weight per volume. Reproduced with permission.[165] Copyright 2007, John Wiley and Sons. B) An in vitro experiment of the dehydration of 
silk solution. A higher concentration of PEO leads to smaller globular structures that are similar to the native silk dope after treating with methanol. 
Reproduced with permission.[2] Copyright 2003, Springer Nature. C) Schematic illustration of a lock-and-trigger mechanism of spider silk for spinning, 
where N-terminal (NT) domain, as a lock, initially is dynamic but becomes increasingly stable as pH drops and eventually forms dimers; meanwhile, 
C-terminal (CT) domain gets destabilized, unfolds, and forms amyloid-like fibrils that may trigger fiber formation. The black lines represent the repeti-
tive regions. Reproduced with permission.[97] Copyright 2015, Springer Nature. D) The NT of spider dragline silk shows a pH and salt-dependent 
monomer–dimer equilibrium. The decrease of pH and sodium ions promote the formation of antiparallel dimers. Reproduced with permission.[102] 
Copyright 2011, John Wiley and Sons. E) A high concentration of salts captures the water molecules on the surface of proteins, facilitating the inter- and 
intramolecular interaction and the transition from random coil to β-sheet. Reproduced with permission.[104] Copyright 2005, Elsevier.
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in spiders. Along with the spinning gland, the content of kos-
motropic ions such as potassium increases, while chaotropic 
ions such as sodium decrease (Figure  3D).[94,95] From the silk 
dope within the spinning gland to the silk fibers of the spider 
N. ephila, K+ increases from 750 × 10−6 to 2900 × 10−6 mol L−1 
and Na+ decreases from 3130 × 10−6 to 300 × 10−6 mol L−1.[96] 
The opposite variation of kosmotropic and chaotropic ions 
along the spinning gland is desired for the silk spinning, in 
order to promote the gradual aggregation of the protein. It is 
noteworthy that restricted by current analytical techniques, the 
exact concentration of salt ions in the spinning duct remains 
largely unknown.[97] The exact mechanism of the salt effects in 
silk spinning is challenging to understand using conventional 
techniques, such as circular dichroism, NMR, and Raman 
spectroscopy,[94,98–100] because of the high concentration of the 
silk dope, as well as the large size and the repetition of short 
domains of the native silk proteins.

Nevertheless, some insights have been reported. A series of 
studies showed the effect of salt ion on the storage and fibril 
assembly of silk proteins.[54,101–103] For example, high ionic 
strength of potassium (>1 m) generated silk particles while 
low ionic strength gave rise to bulk gelation. Sodium (up to 
500 × 10−3 m) helped to solubilize silk proteins against thermal 
and chemical denaturation and allowed long-term storage of 
the silk dope. By contrast, Na+ over the same range of concen-
trations (up to 400 × 10−3 m) promoted the aggregation of silk 
fibroin and the generation of β-sheet crystallinity. The seem-
ingly conflicting results are likely attributed to the modes of 
preparation of the silk samples. In the former work, the silk 
sample was prepared as a solution and then stored, while in the 
latter work, the silk sample was dried completely to form a solid 
film. Of note, the drying (evaporation of solvent) elevates the 
concentrations of the silk protein and the salt. Thus, in the silk 
film, the concentration of sodium can be much higher than in 
solution; at high concentration, sodium effectively changes the 
molecular conformation and aggregates the proteins, as demon-
strated by salt-leaching to generate silk sponges (Figure 3E).[104]

2.3.4. Dehydration

The solid content (silk proteins) in the silk 
dope increases along with the spinning gland 
from ≈12 wt% in the posterior division to 
≈30 wt% in the anterior division,[105] and 
≈100% in the silk fibers (depending on envi-
ronmental humidity).[106] The enrichment of 
silk proteins, accompanied by the removal 
of water, i.e., dehydration, is achieved by two 
steps, active reabsorption of water within the 
spinning gland and passive evaporation in 
the air after exiting the spinneret. The apical 
microvilli of cells lining the spinning gland 
increases surface area and favor dehydration. 
An in vitro experiment showed that dehydra-
tion by polyethylene oxide (PEO) influenced 
the size of the globular structures assem-
bled by silk fibroin (Figure  3B).[2] Moreover, 
dehydration was not restricted within the 

spinning gland; as by IR spectra, the water content of the 
immediately spun (<1 s) silk fiber was close to the unspun silk 
dope.[107] Because some silks are spun underwater,[108] dehydra-
tion may not be a prerequisite for silk spinning; however, the 
water content of the silk fibers relates to the mechanical perfor-
mance of silks.[109,110]

3. Artificial Spinning of Silks

Natural silk spinning has inspired many efforts toward devel-
oping fabrication techniques for artificially manufacturing silk 
proteins as well as other synthetic polymers.[50,51,111,112] These 
techniques include fiber spinning,[113–116] casting/molding,[104] 
lithography with electron beam,[117,118] and 3D printing/additive 
manufacturing.[119–122] Among these techniques, fiber spinning 
is the most widely explored due to the similarity to the natural 
spinning process. A brief comparison between the artificial and 
natural spinning of silk is illustrated in Figure 4. Despite these 
efforts, the artificially spun fibers remain mechanically inferior 
to spider dragline silks and suffer from heterogeneity.[123] In 
addition to fiber spinning, other techniques for manufacturing 
silks have demonstrated unique features, as reviewed in the 
context of microfabrication[124] and nanomaterials.[125]

In this section, we will emphasize the technical considera-
tions for preparing silk feedstocks and the reconstruction of 
natural spinning conditions.

3.1. Silk Feedstocks

Silk feedstocks from different species of silkworms and spiders 
require different preparation techniques. Domesticated B. mori 
silkworms are the largest and probably the easiest source for 
preparing silk feedstocks because sericulture worldwide pro-
duces a massive number of cocoons. The silkworm cocoons 
are sequentially degummed and dissolved to regenerate silk 
solution feedstocks. Degumming refers to boiling cocoons in 
alkaline solutions to remove the coating layer, including waxes 

Adv. Healthcare Mater. 2020, 9, 1901552

Figure 4.  Comparison between natural and artificial silk spinning in stepwise procedures.
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and sericins; the degummed silk is then dissolved in hydrogen-
bond-destroying solvents, such as 9.3 m lithium bromide 
solution.[126] The chemicals used in the degumming and the 
dissolution are removed by dialysis against deionized water to 
obtain a solution of silk proteins. An alternative to the solution 
of silk protein (molecule), solutions of silk nanofibrils can also 
be prepared and used for spinning fibers. These structures are 
prepared directly from silkworm cocoons by exfoliation in either 
hexafluoroisopropanol (HFIP)[127] or CaCl2-formic acid.[128] Of 
note, the spinning of silk nanofibrils is not covered here, as the 
spinning mechanism is different from native silk spinning but 
similar to the spinning of cellulose nanofibrils.[129,130]

The feedstocks of spider silks are prepared by genetic engi-
neering techniques due to the difficulties to domesticate spi-
ders. The spider silk feedstocks are usually generated through 
a range of hosts, including Escherichia coli, plants, mammalian 
cells, yeasts, and transgenic animals.[131–135] Detailed protocols 
for producing recombinant spider silks for artificial spinning 
have been presented.[136] In addition, transgenic silkworms 
encoding chimeric silkworm/spider silk genes have been 
developed to spin artificial fibers that are either stronger[137] or 
tougher[138] than their natural counterparts.

3.1.1. Molecular Weight and Concentration

It has been a long-standing interest to generate silk feedstocks 
with high molecular weight (MW) and high concentrations in 
aqueous solutions, related to the mechanical strength of artifi-
cially spun fibers.

For recombinant spider silks, the large gene sizes are 
restricted due to the instability of long and repetitive DNA 
sequences in heterologous hosts, low efficiency of RNA trans-
lation due to complex secondary structures, as well as the high 
demand for specific amino acids in the silk sequences, such 
as glycine and alanine.[139] Metabolically engineered E. coli can 
address some of these limitations and have been used to produce 
native-sized recombinant spider silk proteins (250–320  kDa), 
leading to 20% w/v solutions in an organic solvent, HFIP for 
spinning fibers.[132] A synthetic biological approach, combining 
standardized DNA assembly and split intein-mediated ligation, 
was utilized to produce recombinant spider silks with an even 
higher MW, 556 kDa.[140] They also prepared silk feedstocks in 
HFIP (17% w/v), the artificial silk fibers spun from these pro-
teins were mechanically comparable to natural spider silks.

Of note, HFIP was used for dissolving the recombinant 
silks, because of their low solubility in aqueous solution 
(0.4–2% w/v).[141,142] The low aqueous solubility, partly resulting 
from the deviation from the conformations of native silk proteins, 
represents a challenge to the preparation of spider silk feedstocks. 
The use of organic solvents, such as HFIP, significantly alters the 
spinning conditions as well as compromises the sustainability of 
the process and potentially the biocompatibility of the materials. 
One solution to increase the solubility is to fuse the recombi-
nant spider silk proteins with a highly hydrophilic domain. For 
example, a recombinant chimeric spider silk protein was gener-
ated containing the N-terminus (NT) from E. australis, major  
ampullate spidroins (MaSp1) and a C-terminus (CT) from Araneus 
ventricosus minor ampullate spidroins (MiSp), bracketing a short 

repetitive region from E. australis (NT2RepCT). The recombinant 
protein was soluble in aqueous solution at a high concentration 
up to 500 mg mL−1 (>50% w/v)[114] due to the solubility of both 
the NT and CT domains.

For silkworm silks (fibroin), MW is inherently smaller than 
the natural counterparts, because both degumming and dis-
solution cleave backbone peptide bonds and thus reduce the 
MW. Also, cleavage occurs at random sites, which broadens 
the polydispersity of the protein. Of note, dissolution seems to 
have a lower impact on the reduction of MW in comparison 
with degumming.[143] Nevertheless, by tuning the processing 
conditions, such as the processing time and the reagents, the 
MW can be controlled.[143,144] For example, longer boiling time 
during degumming corresponds to lower MW, and vice versa 
(5 min, ≈300 kDa; 30 min, ≈100 kDa; and 60 min, ≈50 kDa).[144] 
Normally, regenerated silkworm silks have a much higher solu-
bility than recombinant spider silks. After dialysis, the concer-
tation of silk fibroin is around 8–10% w/v. Two techniques, 
reverse dialysis against polyethylene glycol (PEG) solution[145] 
and air drying in cool and humid environments,[146,147] are 
often used to achieve higher concentrations, such as 30% w/v 
and above. Of note, the concentration of silk proteins impacts 
gelation rate and viscosity related to spinning, constituting 
challenges in reproducible results in processing and spinning. 
Na+ and Ca2+ ions delay gelation and are useful to achieve high 
concentrations of silk dopes for spinning.[54,146] Moreover, the 
concentration of silk fibroin solution is inversely related to the 
MW, a trade-off as both concentration and MW are favorable 
for mechanical performance.

3.1.2. Processing Biocompatibility

All-aqueous processing is a characteristic of silk spinning 
and desired for the artificial manufacturing of polymers. This 
water-based process also helps the integration of functional 
biomolecules into the spun silk structures.[148] Because bio-
molecules are often sensitive to denaturation or loss of activity 
in organic solvents, the use of toxic organic solvents, such as 
HFIP,[149] formic acid,[150,151] and methanol,[152,153] should be 
minimized to achieve these goals. Lithium bromide, as an 
inorganic salt, dissociates completely in water/body fluids into 
lithium and bromide ions, implying the convenient and com-
plete removal by water extraction during the preparation of silk 
materials. Second, lithium and bromide are essential micronu-
trients to humans. For example, bromide ion exists in seawater 
(65–67 mg kg−1),[154] plants (8–43 mg kg−1 dry weight)[154] as well 
as human blood (5.3 ± 1.4 mg L−1, whole blood).[155] Lithium is 
found naturally in the aquatic and terrestrial environment.[156] 
The recommended total daily intake of bromide and lithium 
is 24  mg per person per day[157] and 1  mg day−1 for a 70  kg 
person,[158] respectively. Overall, lithium bromide shows very 
low acute toxicity upon oral administration[157] and low environ-
mental toxicity and low bioaccumulation in the human body,[156] 
in sharp contrast to heavy metals of public health significance, 
including arsenic, cadmium, chromium, lead, and mercury.[159]

Alternatively, lithium bromide can be replaced with other sol-
vents that destroy hydrogen bonds,[143] including ternary solu-
tions (Ca2+:water:methanol)[123,152,153,160] and ionic liquids.[143,161] 
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All of these solvents, especially the nonorganic solvents, are 
useful for wet-spinning[123,149,160] and electro-spinning of 
silks.[151,162] Thus, there are multiple options for the dissolution 
of the degummed silks for meeting different levels of biocom-
patibility and environment protection.

3.1.3. Rheological Characterization

Rheological characterization of regenerated silk feedstocks pro-
vides a quantitative manner to measure the interactions between 
the chains and to compare to the native silk dope.[119,163–169] 
However, rheological results can be inconsistent. For example, 
low concentration silk feedstocks (3.8–5%) show similar vis-
cosity at the shear rate of 1 (s−1): 0.03,[164] 0.01,[165] and 0.02 Pa 
s.[120] However, only two of the results showed shear-thinning 
behavior;[120,164] while the third did not.[165] For highly con-
centrated silk feedstocks (29–30 wt%, close to the concentra-
tion of native silk dope), similar inconsistencies exist. The 
shear-thinning effect of the silk solution was negligible in the 
two studies,[120,168] while in other studies, this effect was sig-
nificant.[119,169] Of note, native silk dope shows a considerable 
shear-thinning effect.[74] According to classical polymer rheology 
theory, shear-thinning refers to the decrease of viscosity under 
increased shear stress.[170] The strength of the molecular interac-
tions determines whether the shear stress can disentangle and 
align molecules, which in turn allows molecules to slide past 
each other easily, lowering the overall viscosity.

We thus attribute the conflicting rheological behaviors 
reported in various studies to the different states of aggregation 
of silk protein molecules, which may be associated with dif-
ferent silk solution preparation and storage times and methods. 
The two studies reporting the negligible shear-thinning effects 
used reverse dialysis against concentrated PEG/PEO solu-
tions;[120,168] while the other studied used cooled airflow.[119,169] 
A major difference between these two methods is the dynamics 
of water removal: the former is rapid while the latter is slow. 
The rapid removal of water may promote the gelation of the silk 
feedstocks.

Regenerated silk feedstocks are often dissimilar to native 
silk dopes in terms of rheological behavior. For example, the 
characteristic cross-over point between elastic and viscous mod-
ulus,[165] as well as the shear-induced nanofibrils.[171] These rhe-
ological features are relevant to fiber spinning; the cross-over 
point implies the transition from solution to gel, and shear-
induced fibrils may be the precursors for the silk fibers. The 
differences in rheological behavior imply the importance of the 
reconstitution process of silk feedstocks in analogy to native 
silk dopes. As mentioned earlier, the native silk dope contains 
specific pH, salt ions, and water content, which are known to 
influence rheological behavior[119] and fibril formation,[54] but 
are often missed in the silk feedstocks utilized in rheological 
studies as well as the artificial spinning of silks.

3.1.4. Other Considerations

Both spider and silkworm silks have been widely adopted for 
making silk feedstocks for artificial manufacturing structures 

and devices. However, the inferior mechanical strength and 
toughness of natural silkworm silks in comparison to spider 
silks is a common question (Figure 1C). This difference, how-
ever, may be due to the distinct spinning processes, such as 
pulling (spinning) direction and speed. Silkworms pull the silk 
by the head movement in the eight-figure with multiple turn-
ings,[52] leading to periodic weak points in the fibers (as seen 
chemically via alkaline digestion[172] by contrast, spiders pull 
dragline silk in a straight manner, thus avoiding fiber defects). 
In addition, silkworms pull the silk out at a relatively low speed, 
around 9.5 mm s−1.[173] By increasing the pulling (reeling) speed 
to 27 mm s−1, the strength of silkworm silks was comparable to 
that of spider silks.[174] Thus, silk feedstocks from either silk-
worm silks or spider silks should be readily useful for artificial 
manufacturing of strong and tough structures, as long as the 
spinning direction and speed are optimized.

3.2. Spinning Conditions

3.2.1. Solvent Conditions

The spinning techniques of the silk feedstocks are often clas-
sified into two groups, wet and dry spinning, mainly based on 
whether a coagulation solvent bath is used (Figure  4).[123] In 
drying spinning, the silk feedstock, i.e., the solution of pure silk 
proteins, is first constituted by adding calcium chloride and low-
ering the pH, and then extrusion into the air;[175–177] the transi-
tion from the liquid solution to solid fiber is often achieved by 
the evaporation of the solvent. For wet spinning, the spinning 
dope of silk solution is first extruded into a “coagulation” bath 
to achieve the phase transition, followed by the combination of 
several post-treatments, including water rinsing, post-drawing, 
heating, and air drying.

For wet spinning, the coagulation bath usually consists of 
ammonium sulfate[115,178,179] and alcohol (methanol and iso-
propanol).[132,134,140,180–183] The two reagents are used to pre-
cipitate proteins by salt and solvation effects, respectively.[184] 
The salt ions or miscible organic solvent added in the protein 
solution remove water from the surfaces of the silk proteins, 
i.e., hydration layer, which favors inter- and intrachain interac-
tions leading to aggregation. The role of potassium and sodium 
in silk spinning can be roughly explained by the Hofmeister 
series, as mentioned earlier.[185,186] These salt and solvation 
effects are involved in native silk spinning; however, the ammo-
nium sulfate and alcohol solutions are not present in native 
spinning, which highlights the distinct solvent conditions and, 
perhaps, different mechanisms between the artificial and native 
spinning. Particularly, alcohol is an organic and toxic solvent, 
thus challenging for cell-based spinning and also for large-
scale industrial applications. In addition, methanol rapidly 
removes water from the surface of silk proteins and generates 
β-sheet crystals, in sharp contrast to the slow removal of water 
(such as water annealing) that leads to intermediate β-turn 
structures.[187,188]

Besides the use of ammonium sulfate and alcohol for silk 
spinning, other aqueous solutions are less frequently used, 
including sodium bisulfate,[189] zinc and ferric ions,[183] and 
sodium acetate.[114] Sodium bisulfate was used to spin cellulose 
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fibers and silks. Zinc and ferric ions were chosen on the basis 
of experimental optimization in terms of silk phase transi-
tions and solidification. Sodium acetate was recently employed 
to mimic the acidification along with the spinning gland. The 
resulting as-spun silk fibers were almost as tough as native silk-
worm silks. Of note, the solution of sodium acetate does not 
mimic other spinning conditions, as discussed earlier, such as 
ion effects and dehydration.

3.2.2. Liquid Crystal Precursor

Despite the observation of liquid crystal phases in the native 
silk spinning glands of both silkworms and spiders, the experi-
mental utility of this phase in regenerated and recombinant silk 
feedstocks remains limited. However, without showing liquid 
crystal phases during artificial spinning, strong silk fibers 
were artificially spun.[115,134,160,182] The liquid crystal phase has 
been suggested as not required for fiber assembly.[186] Thus, 
the role of liquid crystalline phases in silk spinning remains 
controversial and requires further theoretical and experimental 
efforts.[190] The artificial spinning of silks with liquid crystal 
phases has been shown (Figure  2C).[127] However, there were 
significant differences in this artificial process to natural spin-
ning: 1) silk nanofibrils, instead of soluble silk molecules, were 
employed, thus implying a different assembly mechanism 
into macroscopic fibers; 2) the observed mosaic-like birefrin-
gence texture implied a lamellar phase, which is distinct from 
the schlieren texture of nematic phases in native silk dopes 
(Figure 2C).[68]

4. 3D Printing of Silks

3D printing provides advantages in comparison to traditional 
manufacturing, such as manufacturing automation, in terms 
of the ability to generate sophisticated geometries and precise 
spatial-deposition of materials.[191] 3D printing has been applied 
to a wide range of polymers and materials, such as thermoplas-
tics, photocurable resins,[192] aluminum alloy,[193] liquid crystal 
polymers,[194] optically transparent glass,[195,196] hydrogels such 
as extracellular matrix (collagen), and synthetic polymers.[197,198]

Notably, silk spinning is surprisingly similar to the extru-
sion-based 3D printing in many aspects. Silk fibers are spun 
naturally, similar to the extrusion during 3D printing; silk fibers 
as structural components constitute 3D structures such as orb-
webs and cocoons; orb webs consist of different silk fibers from 
distinct glands, representing a natural version of multiple mate-
rial 3D-printing systems. Thus, it is both logical and promising 
to translate the mechanisms and techniques of silk spinning 
into 3D-printing processes and to benefit a range of applica-
tions from tissue engineering scaffolds to smart devices.[199–201] 
Indeed, native silk dopes have inspired the development of con-
centrated polyelectrolyte inks for 3D printing.[112]

However, the 3D printing of silks, just like other protein 
materials including collagen/gelatin, is restricted due to low 
structural integrity and mechanical performance in com-
parison to their natural counterparts,[202–204] and thus often 
requires structural enhancement by using supporting and 

sacrificial materials.[205,206] Nevertheless, silk protein-based 
inks have been developed for 3D printing. The majority of silk 
inks are prepared by blending silk feedstocks with other struc-
tural components to enhance rheology and printability.[207] 
Pure silk proteins can be 3D printed by only a handful of tech-
niques to date.

4.1. 3D Printing of Silk Composites

The most common way to print silk in extrusion-based 3D pro-
cesses is to blend silk with other solution/structure-enhancing 
materials/dopants, including the use of agar,[180] hydroxypropyl 
methylcellulose,[208] gelatin,[180,209–211] PEG,[212] glycerol,[210] 
and Konjac gum.[213] The dopants usually increase the vis-
cosity and thus ameliorate the rheological behavior of the silk-
composite inks, which helps maintain the shape of the prints. 
This approach may be physiologically relevant, as many living 
tissues present composite structures, including bone, carti-
lage, ligaments, tendons, or skin. Silk-composite prints offer 
a promising approach to generate different material platforms 
(Table  2). 3D printing with silk-based composites generates a 
versatile capability for the formation of a wide range of cells 
and tissues, including bone, skin, blood vessels, cartilage, car-
diac, and brain tissues (Figure 5A).

Importantly, many silk-composite inks can contain cells 
for the direct construction of 3D cell-laden structures. In par-
ticular, silk/PEG bioinks were used to print a variety of tissue 
constructs with high resolution and homogeneity.[212] The cell-
loaded constructs maintained their shape for at least 12 weeks 
in culture. Further, a specific concentration of silk solution  
(10 wt%) facilitated cell growth, suggesting that these silk/PEG 
bioink gels may provide suitable scaffold environments for cell 
printing. In the efforts to mimic the natural hierarchical struc-
ture of silkworm and spider silk, micrometer-sized wax parti-
cles and nanoparticles were used as sacrificial materials to con-
trol the porosity at multiple scales in 3D-printed silk structures 
(Figure 5C).[213]

Silk materials in the format of fibers and particles are useful 
as reinforcements for other materials used in 3D printing. The 
integration of silk particles in a 3D-printed chitosan hydrogel 
resulted in a fivefold increase in compressive modulus.[214] 
Likewise, integrating silk microfibers and nanofibers into 
chitosan hydrogels increased the mechanical properties of 
the 3D-printed constructs without introducing cytotoxicity to 
human fibroblasts.[215] Micro- and nano-silk fibers can be used 
to reinforce silk hydrogels, with potential applications for the 
3D printing of monolithic silk structures.[172,216]

Besides blending structure-enhancing materials with silk 
for 3D printing, the silk protein can be modified to be photo-
polymerized for light-based 3D printing.[117,121,122,217] Digital 
light processing was developed to shape silk into complex organ 
structures, including Eiffel towers and tracheas (Figure 5B).[121] 
The silk ink was functionalized with glycidyl methacrylate and 
demonstrated mechanical robustness, structural stability, and 
cytocompatibility. In this case, the mechanical strength comes 
from the chemical cross-linking rather than the directed self-
assembly of proteins. This process is quite different from native 
silk spinning, but proves useful, nonetheless.
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4.2. Monolithic Silk Ink

The first 3D printing using inks of pure silk solution was based 
on the use of silk fibroin (28–30 wt%) (Figure 5D).[120,218] This 
work resulted from the combination of the advanced technical 
infrastructure of extrusion-based 3D printing (direct-writing 
system)[112] and the widely employed methanol solvent (85%) for 
silk spinning. The technical platform of direct-writing enabled 
high resolution of the printed silk filaments with diameters of 
5  µm. The 3D-printed silk scaffolds inherited the well-recog-
nized capability of silk materials to regenerate bone tissue, thus 
supporting the adhesion and growth of human bone marrow-
derived mesenchymal stem cells.[219] The use of methanol 
(85%) as a coagulation bath significantly differentiated this 
3D-printing process from natural silk spinning, as described 
earlier. The methanol also prevents the integration of organic 
solvent-sensitive biomolecules into the 3D-printed structures.

A supporting bath consisting of synthetic nanoclay (laponite) 
and PEG was also used for printing pure silk solutions.[220] The 
laponite was mainly used as a granular gel media to support 
the 3D prints.[198] PEG was used to induce the physical cross-
linking of silk inks.[221] Geometrical complexity in the sup-
porting bath was demonstrated, while the mechanical perfor-
mance of the prints was a limitation due to the assumed soft 
gels generated in this process.

To replace the methanol bath and to generate 3D prints with 
both mechanical and geometry robustness, the mechanism of 
the silk spinning was utilized as a guide, where the pH, salt ions, 
and dehydration are harnessed together in a systematic way to 
control the phase transition (solidification and gelation) of silk 
proteins.[119] Although exact in vivo solvent conditions remain 
unclear, we formulated an aqueous bath with a de novo chem-
ical composition rationally tailored for 3D printing of pure silk 

proteins (Figure  5F,G).[119] The aqueous bath contained 0.5 m 
dipotassium phosphate and 4 m sodium chloride. These salt ions 
exist in the spinning gland and impose specific salt effects on 
silk proteins. The phosphate ions result in a slightly acidic envi-
ronment (pH ≈6) that mimics the anterior part of the spinning 
gland. The high concentration of salts provides high osmolarity 
(>8 m, as one sodium chloride molecule disassociates into two 
ions), as a general principle found in animals for dehydration, 
i.e., concentrating urine.[222] The aqueous bath is thus “biomi-
metic” and recapitulates the cell-regulated, complex, and dynamic 
solvent conditions in native spinning glands. We used this biomi-
metic bath to print silk proteins in 3D successfully. In particular, 
we printed overhanging filaments 30 mm long and 85  µm in 
diameter and only mechanically supported at ends. Thus, the 
solidification dynamics of the ink must be rapid to prevent sag-
ging, thus imposing stringent requirements on the printing pro-
cess. The ratio between length and diameter of the filaments was 
around 375, significantly higher than previous results of 20 (poly-
electrolyte ink)[223] and 33 (carbomer-laden hydrogel).[224]

The 3D printing of silk fibroin is fundamentally different 
from the long-standing 3D printing of alginate,[225] albeit 
aqueous salt baths are used in both (Table 3). For 3D printing 
of alginate, the salt bath is normally composed of divalent cat-
ions, such as calcium ions, which crosslink alginate by binding 
to the guluronate blocks on alginate chains, termed “ionic 
crosslinking.”[226,227] The salt ions thus constitute an essen-
tial structural component of the cross-linked alginate. The 3D 
prints of alginate will dissolve immediately after the loss of the 
cations, e.g., by treatment with chelating agents (e.g., ethylen-
ediaminetetraacetic acid).[228] Furthermore, complex geometries 
of the 3D-printed alginate, such as an overhanging filament 
and a perfusable channel, require supporting materials like 
granular gels, which adds operational complexity.[225,229]
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Table 2.  Summary of silk-composite inks for tissue engineering.

Bioink composition Printing method Cell types Suggested applications Refs.

Alginate Inkjet bioprinting NIH 3T3 fibroblasts Vasculature [234]

Bioactive glass Extrusion printing hBMSCs Bone [235]

Bioactive glass Indirect additive manufacturing hBMSCs Bone [236]

Bioactive glass + Gelatin Extrusion printing TVA-BMSCs Bone [237]

Carbon nanotubes Extrusion printing – coaxial needle N/A Interactive biocompatible electronics [238]

Cartilage acellular matrix Extrusion printing BMSCs Cartilage [239]

Chitosan Extrusion printing BMSCs Cartilage [240]

Collagen Extrusion printing BMSCs Cartilage [240]

Gelatin Indirect additive manufacturing BMSCs Cartilage [211]

Gelatin Extrusion printing Child foreskin fibroblasts Skin tissue engineering [209]

Glycerol/gelatin Extrusion printing N/A Soft tissue reconstruction [210]

Glycidyl methacrylate Digital light processing NIH 3T3 fibroblasts Vasculature [121]

Hydroxyapatite Extrusion printing hMSCs Bone [218]

Hydroxyapatite + sodium alginate Extrusion printing hBMSCs Bone [241]

Polyethylene glycol Digital light processing NIH 3T3 fibroblasts/keratinocytes Bone [242]

Polylactic acid + hydroxyapatite Extrusion printing NIH 3T3 fibroblasts/MC3T3 osteoblasts Bone fixation [243]

Polyols Extrusion printing N/A General tissue engineering [180]

Polyvinyl alcohol Indirect additive manufacturing Chondrocytes Cartilage [244]
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Figure 5.  A) Schematic illustration of 3D printing of silk fibroin–gelatin composite inks for repairing cartilage injury in vivo and in vitro. Reproduced 
with permission.[211] Copyright 2017, John Wiley and Sons. B) The 3D prints in the shape of the Eiffel tower and Trachea by photocurable silk-MA. 
From left to right, CAD design, and the real prints. Reproduced with permission.[121]Copyright 2018, Springer Nature. C) SEM images of all-silk-
based 3D prints by femtosecond laser-induced polymerization. i) A microbowl; ii) another microbowl; iii) an overhanging microwire; iv) a truncated 
pyramid. Reproduced with permission.[122] Copyright 2015, Springer Nature. D) Schematic illustration and images (square lattice and circular web) 
of 3D direct ink writing of silk fibroin in a methanol bath. Reproduced with permission.[120] Copyright 2017, John Wiley and Sons. E) Schematic 
illustration of 3D printing with silk fibroin-Konjac gum composite ink with architectural control over multiple levels of hierarchy from macroscale to 
nanoscale. Latex nanoparticles, PCL, and wax particles are used as sacrificial templates, which can be removed by dissolution and ultrasonication 
and lead to open porous structures. Reproduced with permission.[213] Copyright 2007, American Chemical Society. F) 3D printing of monolithic silk 
fibroin using biomimetic and rationally designed aqueous salt bath. A printed two-layer overhanging orb-web composed of one arithmetic spiral and 
four radial straight lines in the width of ≈100 µm. A water droplet sits across two filaments. Reproduced with permission.[119] Copyright 2019, John 
Wiley and Sons. G) A printed vase (≈0.0033 g) with high-aspect-ratio wall (≈26) and inward inclination (63°). Three vases in a total of ≈0.01 g can 
support a six-order heavier load (1050 g) without breaking or delamination, suggesting the desired mechanical stability. Reproduced with permis-
sion.[119] Copyright 2019, John Wiley and Sons.
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By contrast, the salt bath for 3D-printing silk fibroin is com-
posed of monovalent cations, such as sodium and potassium. 
Moreover, the salt is used to mimic the natural spinning condi-
tions to induce the assembly of silk protein molecules, rather 
than forming ionic bonds as a structural component. Third, the 
silk prints are solid structures, while the alginate print is in the 
form of hydrogels and contains a large amount of water. Finally, 
the ultimate tensile strength of silk prints is at least two orders 
of magnitude than alginate. The 3D printing of silk fibroin via 
directed molecular assembly thus implies a new paradigm for 
3D bioprinting.

5. Outlook and Conclusions

As with the variety of biological structural materials, including 
bone, tendon, shells, and wood, silk has been widely explored 
for developing biomimetic materials. Notably, the biomimetic 
study of the silk spinning places more emphasis on processing 
rather than structure alone. Thus, the underlying scientific prin-
ciples of the silk spinning can be drawn from the observed rela-
tionships between processing, structure, and function.[230,231] 
The processing merits of silk spinning are particularly desirable 
and worth mimicking for industrial polymer manufacturing. In 
addition, silk spinning embodies sustainable manufacturing 
and can be recognized as a “living” nanotechnology.[232] The 
hierarchical assembly of molecules has been approximated in 
artificial systems,[233] but the mechanical superiority remains 
to be achieved with good process control and facile approaches 
amenable to scale up and industrialization.

Toward the silk spinning-inspired manufacturing of poly-
mers, challenges lie in the incomplete understanding of silk 
spinning, especially the solvent conditions-directed assembly 
of the full-length silk protein. In addition, despite some work 
to mimic the aqueous conditions during silk spinning,[114,119] 
simplified engineering systems to mimic the inherently com-
plicated biological systems involved awaited creative solutions. 
Overall, future work will need to mesh mechanistic studies 
using a variety of biotechnological tools, computational 
modeling, microfluidics, and 3D printing with integral engi-
neering platforms that exploit the advantages of the silk pro-
teins and silk spinning. Thus, synergy in these approaches is 

essential, mimicking the co-evolutionary drivers for silk fibers 
in general, mechanical robustness, and aqueous and ambient 
processing. These are key goals to embrace in moving for-
ward with sustainability and medicine as key and rewarding 
outcomes.
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